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SUMMARY

In this thesis, we use methods offered by state of the art nanofabrication and single-
molecule measurement techniques to capture polycyclic aromatic hydrocarbon (PAH)
all-organic, di-radical molecules in solid-state devices, and study their electronic trans-
port properties in different conditions with a focus on their magnetic properties.

Chapter 1 introduces the subject and, in chapter 2, the theoretical background is
sketched. In chapter 3 we use the mechanically controlled break junction (MCBJ) tech-
nique at room temperature to detect electronic transport signatures in the open-shell
di-radical, study the influence of anchoring group addition on the molecule, and carry
out reference measurements on the closed-shell precursors of the diradicals. We use
a neural-network trained to detect molecular features and reference-free clustering to
classify breaking traces measurements and distinguish features in the conductance his-
tograms.

Chapter 4 focuses on low-temperature molecular junctions formed in the MCBJ. We
probe the magnetic fingerprints of the di-radical displayed by their electronic spectra
through inelastic spin-flip excitations and Kondo resonances. We highlight the impor-
tance of the exact molecule-metal conformation when sandwiching the radical between
the two-electrodes. We also find evidence for a quench of one or both spins that can
take place because of the proximity between the electrodes and the radicals sites. As a
reference, we repeat the measurement on a molecule with a similar structure but with
a single radical center where only Kondo resonances could be observed. Finally, we de-
termine the triplet ground state of the molecular junctions by magnetic-field dependent
measurements and find an exchange coupling close to measurements in the bulk with
other methods.

In chapter 5 we report measurements of the di-radical in a three-terminal geometry
using electromigrated break junctions (EMBJ). We observe similar transport spectra as
in the MCBJ and study their gate dependence. We reversibly trigger redox reactions,
reducing the total spin of the radical from S = 1 to S = 1/2 by application of a voltage on
the gate electrode. The ground state of the spin-flip signal is studied in a magnetic field
and revealed to be anti-ferromagnetic in this measurement.

In chapter 6 we study the devices from chapter 5 that do not show cotunneling fea-
tures in the off-resonant transport regime. We use the magnetic field and temperature
dependence of the charge degeneracy points to study the change of spin entropy in or-
der to determine the ground state of the molecule. A non-linear evolution of the spin
entropy is highlighted and related to devices with spin exitations signatures in the SET
regime.

In chapter 7 we focus on the Kondo phenomena observed for the di-radical mea-
surements in the two measurements geometries. We measure the changes in the S = 1/2
Kondo resonances as a function of mechanical manipulation, electrostatic gating, mag-
netic field and temperature. We discuss cases extending beyond the single channel S =
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2 SUMMARY

1/2 Kondo effect with a transition from S = 1/2 to S = 1 by mechanical manipulation.
We observe an anomalous temperature dependence of the Kondo resonance with char-
acteristics similar to the exotic two-stage Kondo effect and highlight the similarity of the
signal with the singlet-triplet Kondo effect.

In chapter 8 we move our di-radical molecular junctions out of the solid-state devices
to the scanning tunneling microscope (STM) setup. We observe a striking resemblance
of differential conductance spectra measured with the STM with the ones obtained in the
MCBJ and EMBJ. Mechanical manipulation of the molecule in both the STM and MCBJ
setups yield a similar evolution of the spectra. The resemblance is remarkable from the
difference in junction geometry of each setups but also the different ways to obtain the
open-shell structure in experimental conditions with the constraints associated to each
setup.

Finally in chapter 9, we sum up the findings from this thesis and give a brief outlook
on the research direction for all-organic radicals in single-molecule electronics.



1
INTRODUCTION

The noblest pleasure is the joy of understanding.

Leonardo da Vinci

In this first chapter, we introduce the research field of this thesis. We start with the essential
historical discoveries that led to the field of molecular electronics and give a brief overview
of the carbon prospect. Finally, we introduce experimental techniques to contact single-
molecules, discuss the ambition of the field and provide an outline for this thesis.

3
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4 1. INTRODUCTION

1.1. AN ATOMIC WORLD
In 1827, Robert Brown, a botanist, surgeon and Scottish explorer, observed small par-
ticles from Clarkia pulchella pollen grain floating on water in a microscope. He noted
that the tiny particles are constantly moving for no apparent reason and publishes his
findings a year later in "A brief account of microscopical observations on the particles
contained in the pollen of plants, and on the general existence of active molecules in
organic and inorganic bodies" [1], pointing out that precedent observations have been
reported about this phenomenon. Without knowing it, his observation holds the final
proof for existence of atoms and molecules. The random motion of particles suspended
in a liguant or gas will later take his name: the Brownian motion. Almost a century af-
ter Brown’s observation, the French physicist Jean Perrin reproduced the experiment in
1908 and used the mathematical model developed by Einstein to determine the size of
atoms [2]. The definite proof to the discreet nature of matter, debated for centuries in
the physics community, has been reported by a botanist.

Before the validation of the atomic theory, scientists observed several indications for
the discontinuity of matter. The "laws of chemical reactions" known at the end of the
18th century, specifically mass conservation and the law of multiple proportions estab-
lished by John Dalton, paved the main track toward this idea [3]. Dalton observed that
for all compounds containing a particular element, the content of that specific element
would differ by a ratio of a small whole number. He named these units after the word
already used by pre-socratic Greek philosophers: atomos, "unbreakable". However, this
theory received much opposition from the scientific community, both from a philosoph-
ical point of view and regarding counterexamples to his theory, where compounds had
identical masses but different properties (later understood as isomers).

In 1859, James Clerk Maxwell, who would soon become famous for his theory of
electromagnetic radiations, developed a formula in idealized gases to describe the pro-
portion of particles with a velocity in a specific range: nowadays called the Maxwell-
Boltzmann distribution [4]. It is the first argument to explain temperature homogeniza-
tion, therefore explaining the tendency of these systems toward equilibrium. Only five
years later, Ludwig Boltzmann came across Maxwell’s paper and spent the rest of his life
developing the discipline. Among the groundbreaking ideas developed by Boltzmann,
the probability distribution is one of the central concepts that will later lead to quantum
mechanics [5]. A probability distribution describes the likeliness of a system to be in a
particular state as a function of its ensemble (macroscopic or thermodynamic) parame-
ters. The Boltzmann distribution, or Gibbs distribution, is given by:

pi ∝ exp

(
− ϵi

kB T

)
, (1.1)

with pi the probability for the system to be in the state with energy ϵi , the Boltzmann
constant kB and the thermodynamic temperature T . This distribution is consistent with
the state function thermodynamic relations and matches Gibbs’s definition of entropy.
Even though Boltzmann’s work was carried out around 1877, most of his work was pub-
lished in 1896 in "Lecture on Gas Theory" [6]. Before that, the term "statistical mechanic"
appeared in 1884 with Willard Gibbs’s publication [7]. At a time when German physics
journals were prevalent in the world of science communication, Boltzmann encountered
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several disputes with the editors over his use of the words atoms and molecules. He
will die a couple of years before Perrin’s publication confirming Avogadro’s and Boltz-
mann’s constant, definitely convincing the scientific community about the reality of a
world made of tiny particles.

1.2. BREAKING THE UNBREAKABLE
In 1897, J. J. Thomson realized that atoms might be composed of smaller fundamental
units by studying the properties of cathode rays [8]. He estimated the mass of the par-
ticles composing the rays by comparing the change of temperature when a ray crashes
onto a thermal junction with path deflection caused by a known magnetic field. He con-
cluded that the cathode rays are composed of particles with a mass more than 1000 times
smaller than the hydrogen atom and that this mass was the same whatever the original
atom was. He calls these particles "corpuscules" and proposed that atoms are divisible
and composed out of these "corpuscules". Soon, in 1900, Paul Drude used this discovery
to propose his model describing the electrical conduction of electrons in a metal [9]. At
that time, Ohm’s law was already established [10]:

V = R × I , (1.2)

linking V the voltage, I the current and R the resistance of an electronic circuit. Drude
took a step further by explaining some metals’ properties based on the scattering of elec-
trons engraved by immobile positively charged ions. In this theory, electrons’ movement
is similar to the marble in a pinball machine, where the small charged particles are ran-
domly deflected when bouncing against heavy immobile bumpers (the ions). Hendrik
Lorentz extended this model to relate the thermal and electrical conductivity of met-
als [11]. He used the Maxwell-Boltzmann statistics to derive his model, leading to a
semi-classical theory missing several inputs to predict accurate results. Later, in 1933,
Arnold Sommerfeld and Hans Bethe supplemented Drude’s theory with the new devel-
opments of quantum mechanics, producing the Drude-Sommerfeld model [12].

In 1900, Max Plank proposed his hypothesis to explain the black-body radiation prob-
lem from Gustav Kirchoff [13]: energy is emitted and absorbed in discrete energy pack-
ets, or "quanta" [14]. Planck describe the proportionality between energy E , and fre-
quency ν of a radiation:

E = hν, (1.3)

with h the Plank’s constant. Even though Planck insisted on the non-physical reality of
his description, Einstein used his hypothesis to develop a model of the photoelectric
effect that owed him a Nobel prize [15]. Later, Niels Bohr used this idea in his model
of the hydrogen atom to predict the discrete emission spectral lines of hydrogen [16].
Einstein then expanded it to formulate a theory on the stimulated emission of radiation,
describing light as particles carrying a discrete amount of energy [17]. The laying ground
of quantum theory was set. This period is now referred to as the "old quantum theory".
It will be the basis for describing a range of phenomena that cannot be explained by
employing classical methods.
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Only in the 1920’s did the modern formulation of quantum mechanics, with a par-
ticular development of mathematical formalism, take form with the contribution of il-
lustrious physicists. However, the apparent discrepancy between observation of the cor-
puscular behaviour of electrons and its wave nature had no convincing explanation until
1924, when Louis de Broglie introduced a theory describing electrons as standing waves
around a nucleus in his PhD thesis [18]. In his concept, he associated with the particle a
wavelength λ, with a mass m and velocity v :

λ= h

mv
. (1.4)

Schrödinger developed his eponymous equation describing the evolution of a quan-
tum system with the wavefunction formalism based on this idea [19]. Drude theory
was derived using the Maxwell-Boltzmann statistic for a gas of electrons. However, this
model’s prediction did not reproduce several aspects of the electron’s behaviour. In 1926,
Enrico Fermi published his derivation for the Fermi-Dirac statistics [20], describing a
physical system of non-interacting particles following the discovery of the Pauli exclu-
sion principle in 1925: two electrons cannot have the same set of quantum numbers
when in the same atom. For any system of identical fermions in a thermodynamic equi-
librium, the number of particles in a state i is given by:

ni = 1

e(ϵi−µ)/kB T +1
, (1.5)

with ϵi the energy of the i -state and µ the chemical potential. A couple of years earlier,
Satyendra Nath Bose published a theory explaining the occupation of the available state
at thermodynamic equilibrium, accounting for observations on superfluid helium and
coherent laser light behaviour [21]. Einstein extended the idea to describe the behaviour
of particles that do not follow the Fermi-Dirac statistic [22]. All the known subatomic
particles constituting the universe can be split among these two categories: the ones
following the Fermi-Dirac statistic, named fermions, and the others obeying the Bose-
Einstein statistic, named bosons.

At its root, the difference between these two classes of particles arises from a prop-
erty named spin. The spin is often described as an intrinsic angular momentum held
by particles. This property was isolated in 1922 in the experiment designed and con-
ducted respectively by Otto Stern and Walther Gerlach [23]. Spin holds its name from
the similarity with classical magnetic dipole spinning, which would yield precession in
a magnetic field because of the torque arising from the Lorentz force. However, unlike
other types of angular momentum, such as orbital angular momentum, this quantity has
no counterpart in classical mechanics.

Interestingly, spin existence can be deduced from the Pauli exclusion principle and
vice versa. The spin quantum number s of a given particle defines the number of spin
states this particle can take 2s+1. This number takes half-odd-integer values for fermions
and integer values for bosons. The smallest non-null value a spin can take is s = 1/2, cor-
responding to the electron spin with two distinct spin states. The two spin states of an
electron have opposite values and experience opposite shifts of their potential energy
when exposed to a magnetic field.
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Besides its fundamental interest in explaining experimental results, such as the hy-
perfine structure of hydrogen, the concept of quantum spin underlays a range of prac-
tical applications. Nowadays, it is used in a variety of devices for digital data storage
with giant magnetoresistive (GMR) drive head technology in hard disks, for non-invasive
medical imaging with magnetic resonance imaging (MRI), for chemical spectroscopy
with nuclear magnetic resonance (NMR) and electron spin resonance (ESR) etc... Among
its promises for future applications, quantum computing and spintronics propose to use
the spin properties of electrons instead of their charge to engineer a new generation of
logic devices [24]. Spintronics takes advantage of spin currents, which does not imply
charge carriers to move, resulting in lower power consumption. Quantum computing
was initiated in the early 1980s by Yuri Manin and Richar Feynmann, suggesting the pos-
sibility of taking advantage of quantum phenomena for efficient computation [25, 26]. At
the same time, Paul Benioff described a Turing machine with quantum formalism [27].
Qubits, the equivalent of bit for quantum computers, based on spin encoded informa-
tion, have been proposed [28] among the promising candidates [29] to build these de-
vices.

1.3. ORGANIC ORGANISATION
Carbon is the fourth most abundant element in the periodic table after hydrogen, he-
lium and oxygen. If we exclude helium, a noble gas with a filled valence band that does
not interact, and add a few elements such as nitrogen, sulfur and boron, more stable
structures can be built than all the remaining chemical elements of the periodic table.
By adding a couple of other species to act as reacting centers, we obtain all amino acids,
the structural blocks of life.

Understanding the chemistry of carbon has been a long-running interest in science,
from the synthesis of the first organic molecules to the breakthrough from early XIXth

century industrial chemistry. One of the carbon specificities is its ability to form ver-
satile structures. It can form four covalent bonds, allowing for various, complex and
stable structures. This property is one of the bases for the vast diversity of organic com-
pounds found in living organisms and the many materials essential to life. Carbon ex-
ists in several allotropes with unique properties, the two most known being diamond
and graphite. Due to their three-dimensional lattice structure, diamonds are among the
hardest known substances and excellent heat conductors. On the other hand, graphite
consists of hexagonal lattices of carbon atoms arranged in several layers, with good elec-
trical conductivity and excellent lubricant properties. Finally, carbon is the backbone of
organic chemistry, forming the basis for life. Carbon-carbon bonds are stable yet reac-
tive, allowing diverse and complex organic molecules to form. Its ability to form long
chains by bonding with each other and forming branched structures is fundamental for
biomolecules such as nucleic acids, carbohydrates, and proteins.

These tunable properties shed light on the sixth heaviest element of the periodic ta-
ble, making carbon a cornerstone of XXIth century chemistry, material science and bi-
ology, with promising properties for future applications. Among the exciting structures
formed by carbon-based backbones are aromatic rings, such as benzene, which exhibit
unique properties. Aromatic compounds are more stable than their non-aromatic coun-
terparts, characterized by conjugated π bonds in cyclic structures. This highly stable
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electronic structure is attributed to the delocalization of π electrons over the entire ring,
resulting in a lower energy state than localized bonds. In resonant structures, the posi-
tion of π electrons can be shifted, contributing to the overall stability of the compound.
Polycyclic aromatic hydrocarbon (PAH) molecules are composed of multiple aromatic
rings. When the π electrons delocalize across multiple resonant structures, the system’s
overall energy is lowered, yielding more stable compounds. This stability can even take
the form of chemical inertness. These properties are advantageous for experimental
characterization of all-organic radicals, as they make aromatic compounds less prone
to undergo undesired reactions. At the same time, the stability enhances extended con-
jugation with various organic groups, allowing the formation of larger and more complex
molecules.

Like its carbon building blocks, PAHs appear among the most frequent poly-atomic
species in the observable universe [30]. They have been observed in meteorites [31],
comets [32], planets [33] and nebulae [34]. Their abundance has been recently linked
to their synthesis in the interstellar medium [35], possibly explaining missing steps in
the abiogenesis of Ribonucleic acid (RNA) [36]. Some PAH molecules, named open-shell
structures, present the exotic characteristic of retaining an unpaired electron in a semi-
filled π-orbital, leaving the valence electronic structure unfilled. These compounds are
called radicals as they hold one or more unpaired electrons; most are unstable as they
readily react with ambient oxygen and moisture to alter the original molecule structure.
These radicals can be generated through photochemical reactions, high-energy irradia-
tion, or chemical reactions. Their reactivity makes them important intermediates in var-
ious synthetic and biological processes that appeared in the course of evolution, such as
the fascinating bird’s ability to navigate long distances with the help of the Earth’s mag-
netic field [37, 38]. Therefore, understanding the chemical reactions of PAHs in various
conditions is of fundamental interest besides their appealing properties for material sci-
ence.

1.4. CONTACTING SINGLE QUANTUM OBJECTS
Modern instrumentation has enabled scientists to manipulate a small number of atoms,
bridging the gap between the microscopic and macroscopic scales. These developments
started with the invention of modern photolithography in the mid-50s and the first patent
on transistor fabrication methods, marking the beginning of the miniaturization of mass-
produced semiconductor devices in 1959 [39]. Imagining a sustained trend of decreas-
ing size, the minimal functioning size of transistors would sit in the range of a few atoms;
the idea of building operational devices based on single-molecule building blocks had
been mentioned early (see 1.6). The idea of measuring and controlling objects at this
scale grew in the physics community by understanding the link between waves and par-
ticles. The conception of microscopes using shorter wavelengths started with the de-
velopment of quantum mechanics, first applying the concept to ultraviolet wavelengths
and later pursuing the idea with the trending cathode rays (see 1.2). In 1931, Max Knoll
successfully used magnetic lenses to image mesh grids and create the first transmission
electron microscope (TEM). Taking the idea a step further in 1972, three physicists built
a prototype instrument based on field emission to obtain a topographic map with sub-
nanometer resolution [40]. Soon after, in 1981, Gerd Binning and Heinrich Rohrer devel-
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oped their instrument, imaging features smaller than an angstrom with 10 pm depth res-
olution: the scanning tunnelling microscope (STM) [41]. Conductance measurements
of single C60 molecules on a metallic surface have been performed using this tech-
nique [42] shortly followed by experiments on self-assembled n-dodecanethiol mono-
layers [43].

1.5. SINGLE-MOLECULE DEVICES
Beyond the STM setup previously described, other techniques have been developed to
capture single molecules and study their properties. The break junction (BJ) technique
consists of two metallic wires separated by a thin gap, in the range of a nanometer, to
sandwich a molecule between them. STM-BJ are built using the tip of an STM and re-
peatedly fusing and opening a metallic gap by crashing the tip into a metallic substrate.
Mechanically controlled break junction (MCBJ) uses mechanical strain applied to a sus-
pended metallic wire to open a gap in a patterned constriction. Both methods use me-
chanical manipulation to yield a similar layout. However, the STM technique allows the
precise manipulation of the tip in both the x, y and z directions. It can select an area
on the substrate with the required molecular characteristics, while the MCBJ technique
relies on substrate bending, allowing for the control of a single degree of freedom. Upon
repetition of breaking and contacting between the two electrodes, a single molecule may
be trapped in the gap. Molecular junction formation is a random process, and experi-
ments must rely on statistics over many breaking events to obtain a reliable outcome.

Mechanically fabricated break junctions allows for a change in the molecule metal
geometry after the initial gap opening. However, the advantage is limited: the typical
layout is a two-terminal measurement. Despite the addition of a third gate electrode in
some experiments [44], their efficiency is low, and the significant charging energy typi-
cally observed in molecules limits the ability to change its charge state.

Electromigrated break junctions (EMBJ) offer the advantage of integrating a third
gate electrode, capacitively coupled to a gate potential and insulated by a thin layer of ox-
ide, to maximize the change of electrostatic potential sensed by the captured molecule.
In this way, a transistor-like device is obtained as the gate electrode can be used to align
the discrete energy levels of the molecule with respect to the electrochemical poten-
tial of source and drain electrodes, modulating transport between the resonant and off-
resonant regimes. To open a nanogap, EMBJ devices use the electrostatic interaction
of the electric field and the metallic ions (Lorentz force) and the momentum exchange
(Joule heating) between conduction electrons and the ions. However, unlike the me-
chanical break junction devices, the gap cannot be further modified once it has been
opened.
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1.6. MOLECULAR ELECTRONICS

The idea of molecular electronics appeared in the second half of the XXth century with
the goal of leveraging tailored properties of molecules to build an innovative new genera-
tion of devices differing from traditional semiconductor-based electronics. The original
aim of the field was to create molecular-scaled devices, such as transistors, diodes and
wires to revolutionize the landscape of electronic technology. The first mention of this
idea can be found in a publication from Arthur Von Hippel in 1956 [45]. He describes
a bottom-up procedure to develop electronic components from atoms and molecules
rather than from patterned materials. The first proposed device based on this concept,
described in a publication from Ari Aviram and Mark Ratner [46] in 1974, is a rectifier
diode based on donor-acceptor interactions.

Based on these discoveries, Aviram proposed in 1988 to use π-conjugated molecules
to perform computation [47]. He developed a theoretical system based on π−σ−π
mixed-valence type molecules providing a double-well potential, tunable to a single
well, for single electron operation through the device. He suggested implementing logic
gate schemes with this model, such as OR [46], AND [48], and even composed HALF
ADDER, allowing for basic computations with a molecular device. Shortly thereafter, the
first implementation of logic gates using molecules was published in 1993 by Prasanna
de Silva and coworkers [49]. They build a molecular AND gate with a fluorescent out-
put by converting signals from ionic to photonic ones. However, building more complex
architectures required the combination of several different logic gates, which could not
be proved by completing the truth table due to the binding instability of the molecu-
lar compounds. Several other implementations of more complex logic gates have been
performed over the years, such as NAND [50], NOR [51] and XOR/XNOR [52], aiming to
create the building blocks for practical molecular devices. However, commercial devices
based on these concepts do not exist, attesting to the failure of molecular electronics to
reach their original goal of building devices suitable for practical applications. The varia-
tions of properties from device to device, reliability over a long time and the impossibility
to scale production restricted commercial exploitation.

Despite the apparent setbacks, molecular electronics explored the idea of leveraging
quantum properties in practical applications and highlighted unexplored physical phe-
nomena governing the behaviour of mesoscopic systems. Investigating single molecules
allowed researchers to delve into the quantum effects that manifest at this scale, shed-
ding light on phenomena such as electron tunnelling, quantum interference, and electron-
electron correlations. Furthermore, the field’s interdisciplinary nature, involving exper-
tise in chemical synthesis, quantum chemistry, theoretical modelling, and experimental
implementation, encouraged collaborations, enhancing the understanding of molecular
interactions and driving innovation in nanotechnology and quantum computing. While
commercial applications have yet to materialize, ongoing interdisciplinary efforts con-
tinue to refine the theoretical frameworks and push the experimental techniques, hold-
ing the promise to unlock the full potential of the discipline in the future. Much like
Robert Brown in front of his microscope, molecular electronics may be currently focus-
ing on its small erratic particles, with the potential to unlock an extensive collection of
questions through an interdisciplinary vision of the extended collection of physical phe-
nomena it perceives.
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1.7. THESIS OUTLINE
In this thesis, we study di-radical molecular junctions using an all-organic polycyclic
aromatic hydrocarbon (PAH) molecule. This di-radical PAH molecule, the 2-OS, is the
same throughout the chapters, with the difference that some molecular junctions were
formed using the same backbone with the addition of sulfur-methyl groups, the Sme-
2OS. In the next chapter, we introduce the theory to understand the results obtained
with these di-radicals. In chapter 3, we present an investigation of the two di-radicals
of interest at room temperature with the MCBJ technique. As a reference, we measure
the closed-shell precursors of the di-radicals presented. In chapter 4, we carry out our
investigations with the MCBJ technique at low temperature. The magnetic fingerprints
observed in the di-radical molecular junctions are linked to the molecular charge state
and we determine the exchange coupling between the two free electrons with magnetic
field measurements. In chapter 5, we move to three-terminal measurements by using
the electromigrated break junction technique at low temperature and link the results to
those observed in the MCBJ. In chapter 6 we focus on the molecular junctions of chap-
ter 5 and study their spin entropy evolution with the aim to determine its ground state.
In chapter 7 we focus on the Kondo resonance measured over the previous chapters
with the different techniques. In chapter 8, we mechanically manipulate the di-radical
in a scanning tunneling microscope setup and compare with the results obtained from
MCBJ. Finally in chapter 9 we finish with concluding remarks and a quick outlook.
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Nothing in life is to be feared,
it is only to be understood.

Marie Curie

In this chapter, we introduce the theoretical concepts to comprehend charge transport
through single-molecule junctions. We start with a description of electron tunneling and
introduce the quantum-transport regimes in molecular junctions. We then expand our
description to three-terminal devices and introduce higher-order transport processes with
inelastic electron tunneling spectroscopy and the Kondo effect.
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In this chapter, we discuss the use of electronic spectroscopy to study single-molecule
electronic structures. We introduce the basic theory to understand transport through a
single molecule sandwiched between gold electrodes. Although valid for our approach,
the reasoning described here is compelling for other mesoscopic structures, including,
but not limited to, quantum dots, nanotubes, nanowires, and metallic islands.

2.1. ELECTRONIC SPECTROSCOPY

Electronic transport spectroscopy is performed by measuring a current I through a cir-
cuit as a function of an applied voltage V or vice-versa. The voltage is applied between
macroscopic source and drain electrodes connected to a smaller nanostructure of inter-
est to study its effects on the flow of conduction electrons. Several significant parame-
ters of the flowing electrons govern the electronic transport through the nanostructure.
Ohm’s law is valid in the linear approximation: when the mean free path, the phase co-
herence length and the de Broglie wavelength of conduction electrons are all smaller
than the circuit elements’ scale the Drude model can be used. When the size of the
wave function of the conduction electrons is of the same order or larger than the nanos-
tructure, quantum mechanical effects come into play, and non-linear behaviour has to
be taken into account. In a mechanically controlled break junction, when the wire is
stretched upon the breaking point as displayed in figure 2.2 d, the reduction in the size
of the narrower circuit element leads to the quantization of the conductance in steps, ap-
proximately equal to multiples of G0 = 2e2/h where e is the electron charge and h is the
Planck constant. Before the wire breaks, an atomic point contact may form between the
two leads, leading to a plateau around one G0 of conductance with a length proportional
to the size of a single gold atom.

Upon the wire’s opening, the conductance drops in the tunnelling regime (G ≪G0),
and a molecule may be trapped in the opened gap to form a molecular junction. Whether
a molecule links the two electrodes can be inferred from the conductance variation as a
function of electrode spacing. In a tunnel junction two metallic conductors are sepa-
rated by an insulating layer, here, vacuum. The electron wave nature leads to a non-zero
probability for tunneling from one side to the other. This process is probabilistic, and the
odds for an electron to tunnel are determined by the height and width of the potential
barrier formed by the insulator, as well as intrinsic particle properties such as its mass
and energy. This setup can be modelled by two electron reservoirs, each with its density
of state determined by the Fermi-Dirac distribution, separated by a potential barrier.
This layout is represented in figure 2.1 a,b and using Wentzel-Kramers-Brillouin (WKB)
approximation [53] the resulting current can be modelled as a function of bias voltage
V (see figure 2.1 c) and insulator thickness d (see tunnelling conductance under G0 on
figure 2.1 d). In an empty molecular junction, the current thus decays exponentially and
appears as a straight line in a semi-log plot of the conductance as a function of electrode
spacing (as displayed in figure 2.1 d).

2.1.1. CHARACTERISTIC SCALES

When capturing a molecule in an electronic circuit (see figure 2.2 a), the properties ob-
served depend on the interplay of several physical quantities. Due to their small size,
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Figure 2.1: (a) Representation of a molecular junction in two-terminal measurements. A box of size d is
connected to a source (S) and drain (D) electrode. A bias voltage V is applied in a two-point measurement
scheme while the current is measured. The electrode-box interfaces (blue faces of the cube) behave
as a tunnel barrier: (inset) the hopping can be modelled as a capacitor in parallel with a resistor. (b)
Representation of a metal-insulator-metal junction such as in an empty mechanically controlled break
junction (MCBJ) with two electron baths separated by a potential barrier of heightφ0 and width d . When
there is a potential difference, eV , between the two electrodes, the barrier changes from a rectangular
to a triangular shape. (c) Tunnelling current in an open junction as a function of bias voltage. The non-
linear behaviour is captured by the Simmons model [53]. The change of conductance depends on the
potential barrier’s height, width and shape. (d) Conductance of a pristine gold mechanically controlled
break junction as a function of electrode displacement; conductance is plotted on a logarithmic scale.
The sloped line at conductance values under 10−1 G0 corresponds to the tunneling current between the
two electrodes, highlighting the exponential dependence of the current on the potential barrier width.

spatial confinement between the charge carrier leads to a spectrum of discrete energy
values. Level spacing is dictated by the confinement energy (∆) that can be roughly esti-
mated from the particle in a box model. The smaller the box, the larger the value taken
by the confinement energy:

∆= ħ2

2me

(π
d

)2
, (2.1)

with ħ the reduced Planck constant, me the free electron mass and d the box length. In
a molecule with a typical size of about a nanometer, the confinement energy is a few
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hundred meV. The small size of molecules and their large confinement energy imply
that the charge carriers are close, and Coulomb repulsion plays an important role. This
interaction is accounted for by a charging energy:

Ec = e2

2C
, (2.2)

with e the electron charge and C the molecule capacitance to its environment. In ad-
dition to the effect of capacitance on the energy spectra, the molecule’s configuration
in the junction also determines the probability for an electron to tunnel from one elec-
trode into the molecule and tunnel out into the other electrode, resulting in a net current.
These interfaces between the molecule and the conductor can be described in terms of
tunnels couplings (Γ in figure 2.2 a,b), i.e., a resistance in parallel of a capacitor, giving
the rate at which an electron tunnel from an electrode to the molecule and vice-versa.
These couplings are linked to the characteristic time an electron spends on the molecule:

τ= ħ
Γ

(2.3)

The electrons tunnelling through the molecule see their interactions bound by this
characteristic time. In the strong coupling regime Γ≫ ∆,Ec , large couplings lead to a
short time on the molecule as many charge carriers are hopping on and off; an electron
does not have the time to interact, and transport is coherent as electrons preserve their
phase. In the weak coupling regime Γ≪∆,Ec , it is the opposite: the long time spent by
the conduction electrons on the molecule allow for interactions and dephasing, leading
to incoherent transport through the structure.

2.1.2. MOLECULAR ORBITALS
Realistically, the discrete energy states of a charge carrier bound in the molecule are de-
scribed by its wave function. In an isolated atom, this function is called an atomic orbital
and is determined by the potential landscape formed by the atom nuclei. Orbitals follow
the Pauli exclusion principle: they are, at most, occupied by two electrons. Electrons
populate the molecular orbitals, starting with the lowest available energy and succes-
sively filling higher ones. In a molecule, multiple atoms combine by forming valence
bonds, and the atomic orbital cannot be considered individually anymore but are deter-
mined by the molecule as a whole. Combining atomic orbitals composing the molecule
yields molecular orbitals. The filled molecular orbital with the highest energy is called
the highest occupied molecular orbital (HOMO). In the same way, the empty molecular
orbital with the lowest energy is called the lowest unoccupied molecular orbital (LUMO).
HOMO and LUMO levels are the discrete equivalents of valence and conduction bands
(respectively) for semiconductors. They are the most critical levels for understanding
transport phenomena in quantum dots and molecules.

The precise electronic structure of a molecule can be inferred from quantum chem-
istry calculations such as density functional theory (DFT). However, such methods are
computationally expensive and reproduce experimental results only to some extent. The
complexity of these calculations grows exponentially with the number of elements to
consider. In a molecular junction, van der Waals interactions and metallic ions play an
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essential role in the exact molecule conformation and the potential landscape it experi-
ences, which is not possible to model precisely in the context of a particular experiment.

a b

c d0

Figure 2.2: (a) Schematic representation of a molecular junction: a set of molecular orbitals is sand-
wiched between source and drain electrodes acting as an electron reservoirs. Tunnel barriers with hop-
ping parameter ΓS,D represent each molecule-metal interface. The molecular orbitals alignment with the
electrode potential can be adjusted using a third gate electrode capacitively coupled to the molecule. (b)
When there is more than a single site on the molecule (in a di-radical for this example), another poten-
tial barrier can model their coupling strength. When this barrier is smaller than the tunnel couplings, the
two impurity molecular orbitals are hybridizing, and the junction is equivalent to (a). When the molecule
barrier is large, the two electrons are decoupled and act as two independent S = 1/2 molecules. The po-
tential can be different between the two sides of the barrier, leading to differential gating of the molec-
ular orbitals. Measurements of a three-terminal device summarized in stability diagrams of differential
conductance (c) and current (d): sweeping the source and gate voltage bias and measuring the current
through the junction: (d) typical molecular devices display alternating regions of high current (blue and
red) and blocked transport (white); the slope separating the high and low current regions is determined
by the capacitive coupling of the molecule to the electrodes.
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2.2. LANDAUER APPROACH
Describing charge transport through a molecule goes back to counting the number of
electrons tunnelling through the structure in a selected direction. The transport pro-
cesses allowing electrons to tunnel are energy-dependent and can be summed up in a
transmission function T (E) and the resulting current through the junction is obtained
using the Landauer-Buttiker formula:

I = 2e

h

∫
T (E) [nS (E)−nD (E)]dE , (2.4)

with nS,D the Fermi-Dirac distributions of the source (S) and drain (D) electrodes. At
0 K, the electrode’s chemical potential is defined as the Fermi energy (EF see figure 2.2 ).
At equilibrium, when µS = µD , the chemical potential of both electrodes is equivalent,
and there is no net current. When a symmetric bias voltage is applied, the chemical
potential of the electrodes is shifted, and the energy range between the two is called the
bias window. If no molecular orbital is present in the bias window, electrons do not have
the energy to populate or leave the energy level: the current is blocked. Increasing the
bias voltage up to a bias window aligned with a molecular level opens a new channel for
transport, thereby increasing the current through the junction.

2.2.1. RESONANT TRANSPORT
In a first-order (resonant) process, i.e., when an electron spends a longer time in an or-
bital than the time it starts to lose coherence, electron transport is incoherent. As dis-
played in figure 2.3 a,b these tunnelling processes can happen through the ground state
of the molecule, i.e. the LUMO, but also through an excited state. During these pro-
cesses, the total charge of the molecule goes from N → N +1 and its total spin change
by ±1/2; this is called sequential or single -electron tunneling (SET). When an electron
tunnels to the molecule by SET and is expelled toward the other electrode in a distinct
SET event, this incoherent charge transport produces a net current through the junction.
Note, that an electron can tunnel from an electrode to the molecule and then to the same
electrode again. This is proportional to the hybridization of the molecular levels with the
metallic electrodes, leading to a Lorentzian broadened density of state. This hybridiza-
tion depends on the tunnelling rate between the molecule and the electrodes, and the
overall hybridization of the molecular orbitals needs to be accounted for both contacts
Γ= ΓS +ΓD .

The alignment of the molecular chemical potentials with the bias window can be ad-
justed using a third electrode. This third electrode, capacitively coupled to the molecule,
influences the electrostatic environment without charges flowing through this path (oth-
erwise leading to leakage currents). Charging the gate positively/negatively, i.e., ap-
plying a positive/negative bias voltage, attracts/repulses the electrons occupying the
molecular orbital, yielding a shift of the alignment of the molecular levels with respect
to the Fermi energy. This process allows for reducing/oxidizing the molecule, and thus
changing its ground state by pushing a molecular orbital through the Fermi energy.

Typical measurements to characterize such devices involve sweeping the bias and
gate voltage and measuring the current flowing through the device. Results are summa-
rized in colour-coded current maps called stability diagrams displayed in figure 2.2 c,d.



2.2. LANDAUER APPROACH

2

19

The molecular junction diagrams are characterized by alternating regions of high con-
ductance in an hourglass shape in the SET regime and diamond-shaped regions of blocked
current called Coulomb diamonds. Moving from one diamond to another implies chang-
ing the charge state of the molecule. Excited states appear as bright slanted lines in the
stability diagrams. The resonance between two Coulomb diamonds is called the charge
degeneracy point (CDP), where the molecule can be in either one of the charge states of
the neighbouring diamonds. A capacitive coupling exists between the molecule and the
gate, CG, and between the molecule and the electrodes, CS,D. The ratio between these
couplings defines the slope of the diamond edges: C /CG = 1/α = 1/β+1/γ, with α the
gate coupling parameter, β the positive diamond slope and −γ the negative diamond
slope (see figure 2.2 d).

2.2.2. HIGHER-ORDER PROCESSES

We considered resonant tunnelling processes up to now, where a single electron tun-
nels from the source to the molecule to the drain. We will now consider higher-order
processes involving more than a single particle. The current in the SET regime scales
with Γ while the latter scales with Γ2, making it more sensitive to the couplings with the
electrode.

Resonant transport cannot occur as the number of electrons on the molecule is fixed.
However, an electron can tunnel from a molecular level to the drain if another elec-
tron tunnels into the molecule in a time capped by the Heisenberg uncertainty principle
as displayed in figure 2.3 c. During the time lap where the number of charges on the
molecule changes its state is "virtual": the molecule is neither reducing nor oxidizing.
This process is called cotunneling (COT) as it implies multiple tunneling event for trans-
port. The electron tunnelling out of the molecule does not necessarily occupy the same
level as the incoming electron. Suppose the electron tunnelling from the source to the
molecule occupies an excited state while the electron leaving the molecule to the drain
is on a different level. In that case, the process is inelastic as the total molecule energy is
not conserved between the initial and final state.

Following energy conservation, inelastic processes can only occur if the bias win-
dow is equal to or larger than the energy separation between the ground and excited
states. When the bias voltage exceeds this energy, another transport channel opens, in-
creasing the conductance of the molecular junction. In the Coulomb diamonds, inelastic
COT excitations appear as horizontal lines (when the energy spectra of the molecule are
gate-independent in a single charge state; a counter-example can be seen in [54]). This
method is used to detect excited states; it is called inelastic electron-tunneling spec-
troscopy (IETS) and can happen through vibrational or excited electronic states. When
the excited state is a different spin state, these processes are called inelastic spin-flip ex-
citations, as the electron spin on the molecule has been flipped during the process. As
these excitations occurs in the low condutance regions of the stability diagrams (Coulomb
Diamonds) it is more convenient to display the differential conductance derived from
the IV measurements. An example is shown on figure 2.2 c where a spin-flip signal is
visible in the right diamond at an energy of about 3 meV. As the allowed spin transitions
are determined by spin-selection rules [55], one can follow the evolution of the excita-
tions with respect to an applied magnetic field and infer the electronic spectra of the
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molecule by lifting the degenerated molecular orbitals and following the corresponding
transitions on an equivalent of a stability diagram where the magnetic field replace the
gate voltage (an example is displayed in figure 4.3).

a b

c d

Figure 2.3: Schematic representation of real (a and b) and virtual (c and d) charge transport processes in single-
molecule junctions. (a) When a molecular level is aligned within the bias windows opened by the electrode’s po-
tential, an electron can hop from the source electrode to the molecular orbital in a sequential electron tunnelling
(SET) event. Current flows through the junction if this electron tunnels toward the other electrode in a distinct SET
event. (b) This SET process can also happen through any excited state of the molecule provided that it lies within
the bias window. (c) When both the ground and excited state of a molecule are outside the bias window, a higher
order process can participate to transport through the junction. (d) If the bias voltage between the source and drain
electrodes is larger than the energy difference between the ground and excited state ∆, an electron can tunnel to
the excited state of the molecule while, and in the meantime, another electron tunnels from the molecule to the
drain electrode in a cotunneling (COT) process. (c) If the two electrons tunnel toward and from the same molecular
orbital energy transfer is elastic. (d) The energy difference leads to inelastic transport if the electrons tunnel toward
and from two distinct molecular levels.
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2.2.3. KONDO EFFECT

When the coupling of a molecular orbital is larger than the energy difference in a de-
generate level, multiple spin-flip events can occur, leading to the screening of the un-
paired electron(s) localized on the molecule by the conduction electrons in the leads at
the Fermi level. As a result, a many-body singlet state forms, coupling the spin of the lo-
calized electron with anti-ferromagnetic interaction to the nearby conduction electrons
leading to a total spin of zero. The effect is named after its discoverer, the Kondo effect. It
has been predicted theoretically and observed in bulk for diluted magnetic impurities in
metallic alloys [56] and has been observed in a variety of nanostructures since [57]. The
Kondo effect in molecular junctions takes place in the case of strong coupling between
the molecule and the lead under a threshold value, TK, the Kondo temperature. Below
this temperature the screening electrons form a Kondo-cloud around the molecule to
compensate its spin. As a result, a zero-bias resonance in the differential conductance
spectra appears in the low-conductance regions of the stability diagrams, whose width
is related to the Kondo temperature.

The effect is typically found in S = 1/2 molecules, where a single magnetic impurity
is interacting with the electrodes. Kondo correlations are more significant for an odd
number of electrons on the molecule. However, spin systems with larger spin can also
display the Kondo effect depending on its ground state and the couplings. Applying a
magnetic field to a spin 1/2 level lifts its degeneracy through Zeeman splitting, and the
zero-bias resonance also splits in two when the Zeeman energy (gµBB) gets larger than
the Kondo energy (kBTK).

2.2.4. TWO INTERACTING IMPURITIES

When considering conductance through a poly-radical, the previous description still
holds considering the molecular spectra as an ensemble (i.e. a set of chemical poten-
tials between two tunnel barriers). However, this molecular spectrum is the result of
molecular orbitals hybridization. In a di-radical, where there are two free electrons, we
can take a step further by decomposing the molecular spectra into two molecular or-
bitals coupled to each other. This coupling is represented by a third tunnel barrier in
figure 2.2 between the two molecular levels. Note that this layout is particularly relevant
for two series-coupled quantum dots described in chapter 9. The molecular barrier is
different from the interfaces; physically, it describes the hoping of an electron from one
molecular orbital to the other. If this barrier is in the same energy range as the interfaces,
there is no exchange coupling between the two electrons, and they act as two indepen-
dent S = 1/2 molecules. This case corresponds to a bi-radical with two non-interacting
electrons. When the molecular barrier is smaller than the interfaces, Γmol ≪ ΓS,D, the
two orbitals couple together to form a new ground and excited state. For two S = 1/2
particles hybridizing together, the doublet states form a new ground and excited states,
singlet and triplets.

Whether the singlet is the lowest in energy or the triplet will define the exchange cou-
pling between the two electrons. The coupling is ferromagnetic for a triplet ground state,
and the electrons prefer to orient in the same direction, while for a singlet ground state,
the electrons will form a pair with opposite spins. This difference occurs in the symme-
try between the two Fermion wave functions. It is interesting to note that a molecule can
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have several stable conformations; in some molecules, these conformations can imply
different wave function symmetries between the orbitals. This means a stable di-radical
molecule may transition between ferromagnetic and anti-ferromagnetic ground states
for different conformations.

Also, it is worth noting that the two molecular orbitals do not necessarily have the
same gate coupling. We can imagine the case of a di-radical with one of the orbitals
strongly coupled to an electrode, far from the oxide insulating the gate, and the other
close to the gate and less coupled to the electrodes. The gate would influence the two
orbital differently, especially regarding the quadratic evolution with the distance of the
Coulomb repulsion. This effect would lead to a "differential" capacitive coupling that
could influence one of the orbitals more than the other. In this case, the gate could push
this second orbital above the Fermi energy (but not the first), changing the number of
charges on the molecule from N = 2 to N = 1 leading to the reduction of the di-radical
to a single radical leaving a S = 1/2 Kondo resonance in the differential conductance
spectra. The gate can also affect the intra-molecular coupling, modifying the coupling
strength and the wave function symmetry between the two electrons. In this way, the di-
radical triplet and singlet states would form two independent doublet. If at lease one of
these doublet is strongly coupled to one of the electrodes the differential conductance
spectra would display a S = 1/2 resonance as well. However, the two effects may be
difficult to recognize this differential gating mechanism in an experiment since a similar
differential conductance spectra is expected for both effects.



3
ELECTRONIC TRANSPORT

CHARACTERISTICS IN ALL-ORGANIC

POLY-CYCLIC AROMATIC

HYDROCARBONS DI-RADICAL

MOLECULAR JUNCTIONS

Ludwig Boltzmann, who spent much of his life studying statistical mechanics, died
in 1906, by his own hand. Paul Ehrenfest, carrying on the work, died similarly in 1933.

Now it is our turn to study statistical mechanics.

David L. Goodstein, opening of States of Matter (1975)

Polycyclic aromatic hydrocarbons (PAH) are an interesting class of compounds, amongst
their properties, free spins can exist in semi-filled π orbitals up to room temperature in
their open-shell form, making them of practical interest for spintronic purposes. In this
chapter, we show electronic transport measurements through PAH molecular junctions in
the precursor and purified di-radical forms with the mechanically controlled break junc-
tion (MCBJ) technique.
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3.1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAH) are a promising class of compounds for fun-
damental studies of molecular electronics and their possible applications. Their abil-
ity to retain an unpaired spin in a semi-filled orbital has been studied in various de-
vices such as scanning tunnelling microscope break junctions (STM-BJ) [58], mechani-
cally controlled break junctions (MCBJ) [59], electromigrated break junction (EMBJ) but
also in bulk with electron-spin resonance (ESR), superconducting quantum interference
devices (SQUID) or thin film solid-state devices. However, open-shell compounds are
highly reactive, both with humidity and oxygen in the ambient atmosphere, reducing
the radical to their closed-shell state. Recent advancement in atomically precise synthe-
sis of all-organic molecules allowed to produce new all-organic radicals stable at room
conditions with interesting properties for applications such as rectifying diods [60–62],
batteries [63–65], field-effect transistors [66–68] or light emitting diodes [69–71]. These
molecules are also sought as potential candidates for thermoelectric power harvesting
devices due to their expected high Seebeck coefficient [72–74]. Nonetheless, the mag-
netic impurities held in these molecules are promising candidates for a new class of
devices exploiting the spin properties of electrons in addition to their charge, extend-
ing the possibilities of currently developed electronics with low-power and highly effi-
cient devices. Despite these outstanding properties, integrating a single radical molecule
in a solid-state junction presents several challenges; retaining the unpaired spin in the
molecule when sandwiched between metallic electrodes is essential.

In this chapter, we study the charge transport properties of 2-OS all-organic di-radical
and the influence of sulfur-stabilizing groups’ incorporation with the Sme-2OS di-radical.
The structure of the four compounds used in this study is displayed in figure 3.1. Our in-
vestigations are based on the mechanically controlled break junctions (MCBJ) technique
at room temperature and atmospheric pressure. As a reference, we measure the 2-CS
and Sme-2CS precursors where the radical character of the PAH is absent due to the hy-
droxyl groups attached to the fluorenyl units. These compounds have been investigated
by several methods: at low temperature with the mechanically controlled break junction
technique (≈ 4 K, see chapter 3) and the electromigration break junction technique(see
chapter 5), and with ensemble methods such as SQUID magnetometry and ESR [75].
The detailed synthesis of the compounds is described elsewhere [76].

Previous studies focusing on single-molecule radical junctions highlighted enhanced
conductance compared to their closed-shell counterparts [58, 59]. Our approach allows
us to study both the radical and reduced forms of all-organic molecular junctions with-
out changing the electrostatic environment through ionic gating or solvent modification.
We measure the electronic transport properties of the 2-OS, 2-CS, Sme-2OS and Sme-
2CS molecules and use neural network [77] and reference-free clustering methods [78]
to analyze and compare the results from the experiments. The combination of highly
delocalized radical states with the inherent steric hindrance protecting them from reac-
tion with oxygen in the environment, preserve the radical character of the molecule. We
find a strong dependence of the transport properties of a radical molecular junction on
the exact molecule-metal configuration. This study also highlights all-organic neutral
radicals as highly stable compounds under ambient conditions particularly suited for
molecular electronics experiments.
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Figure 3.1: From left to right: molecular structure of the all-organic di-radicals 2-OS composed of two
fluorene moieties holding a radical center linked by two anthracene units and Sme-2OS holding extra
sulfur-methyl stabilizing groups connected to the di-radical backbone through a benzene ring. The 2-CS
and Sme-2CS are the precursors of 2-OS and Sme-2OS; the reaction to radicals is triggered by dehydrox-
ylation of the OH groups connected to the fluorenyl units.

3.2. MEASUREMENTS
Molecular junctions based on each of the four compounds displayed in figure 3.1 are
studied using the MCBJ method: a molecular solution of 0.1 mM of the selected molecule
diluted in dichloromethane (DCM) is drop-cast on top of an MCBJ device. Once the sol-
vent is completely evaporated, fast-breaking measurements are started by driving the
piezo element pushing against the flexible substrate at a speed of 50 V/s with a constant
voltage bias of 100 mV. As the 2-OS di-radical doesn’t hold any anchoring groups and is
expected to produce molecular junctions with a low yield, we use a supervised tunnelling
removal algorithm based on a neural network trained on a set of different molecule mea-
surements (details about the procedure can be found in Ref. [77]).

The results are compiled in two-dimensional histograms and displayed for the 2-OS
molecule in figure 3.2 with (top-left) the tunnelling class corresponding to empty junc-
tions and (top-right) the features class that doesn’t fit within the tunnelling category.
The features class corresponds to 5.3 % of all the traces in this experiment, close to the
yield observed for the same di-radical in MCBJ at low temperature [76]. From the 2D his-
togram categories, we see that breaking traces labelled as tunnelling appear shorter than
the features class: at electrode displacements larger than 1 nm, almost no counts are
observed. However, no clear molecular plateau is distinguishable in the data. The dif-
ferences between tunnelling and features classes are better seen in the one-dimensional
conductance histogram (bottom picture from figure 3.2), highlighting the different num-
ber of counts with respect to conductance between the tunnelling class and the features.
Normalizing the counts by the 1 G0 plateau, we observe a peak in both categories around
10−6 G0; this feature is attributed to the amplifier as its conductance shifts with respect
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to the bias voltage applied. The peak is also visible in the reference measurements taken
on bare gold before molecular deposition displayed in SI figure 3.7.

3.3. RESULTS AND DISCUSSION
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Figure 3.2: Two-dimensional conductance-displacement histogram of breaking traces labelled by the
neural network classification as (top-left) tunnelling and (top-right) breaking traces containing molecular
features for 2-OS. Bottom: corresponding one-dimensional conductance histogram of 2-OS highlighting
counts distribution with respect to conductance for (blue) tunnelling and (red) molecular features break-
ing traces.

We use the features extracted with the neural network in figure 3.2 to categorize the
breaking traces into subclass in order to separate the different features. To this end,
we use a reference-free clustering method previously detailed elsewhere [78]. We build
33× 66 pixels image of the 2D histograms with conductance range from 10−1 down to
5.10−6 G0 and displacement from -0.5 to 2.5 nm. We add the 1D histogram to the feature
vector created from the image with 100 bins. We minimize the number of classes in order
to capture distinguishable features in the conductance-displacement histogram of each
subclass. The result of the clustering analysis on the 2-OS di-radical is displayed in figure
3.3 (top). Along with a class displaying an intermediate conductance plateau, we find a
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subclass containing features in the high-conductance region (subclass 1, above 10−3 G0)
at electrode displacement below one nanometer and another with low-conductance fea-
tures (subclass 3, under 10−4 G0). The intermediate conductance plateau around 10−4 G0

displays counts up to an electrode displacement of 1-1.5 nm; it is the longest of the three
subclasses corresponding to the most extended molecule configurations in the junction.

2OS: Subclass 1 Subclass 2 Subclass 3

2CS: Subclass 1 Subclass 2 Subclass 3

Figure 3.3: Two-dimensional conductance-displacement histogram of breaking traces of the subclass
obtained from a clustering analysis on breaking traces labelled as molecular features by neural network
for (top panels) 2-OS and (bottom panels) 2-CS molecules. The three subclasses extracted present sim-
ilarities: (subclass 1) a high-conductance class and (subclass 3) a low-conductance class without a clear
molecular plateau. Subclass two contains the longest traces with molecular features corresponding to a
conductance between 10−3 and 10−4 G0.

We repeat the procedure with the non-radical precursor 2-CS (see SI figure 3.8) and
display the obtained subclasses at the bottom of figure 3.3. We note that the yield of
molecular junction formation for the precursor molecule without anchoring group is
almost twice smaller than that for the di-radical (see SI figure 3.6). The 2-CS classes cor-
respond well with the subclass obtained for the 2-OS di-radical, with the difference that
subclass 2 is significantly reduced in length with the precursor. To compare the shape of
the intermediate conductance plateaus, we build a 1D conductance histogram for each
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molecule by normalizing the 1 G0 peak height of all subclasses and display the result in
figure 3.4 (top). Excluding the conductance region under 10−6 G0, we fit the conduc-
tance peak of each class to a log-normal distribution. The bottom of figure 3.4 shows
the results of this fit for the di-radical (right) and the precursor (left): the relative heights
of the high and low-conductance features classes, respectively subclass 1 (blue) and 3
(green) are similar in both compounds. However, the extended configuration, subclass
2, displays almost twice the number of counts, with respect to the two other classes, in
the di-radical experiment compared to the precursor. This figure also shows the similar-
ities in conductance values for the different classes (e.g. comparison of the two bottom
panels).

A plausible explanation for the similarities between the two molecules involves their
3D conformations: on the insets of figure 3.3 (left pannels), the conformation in the
space of the two compounds is displayed (computed using geometry optimization -SCF
Energy- with ORCA 5.0). The 2-OS molecule has a slightly larger length between the most
distant carbon atoms due to the larger angle in the backbone axis between the fluorenyl
and the anthracene units while the extra hydroxyl groups increase the contortion of the
2-CS precursor reducing its length. We note that the mechanical manipulation, in com-
bination with bias voltage in the junction, could lead to dehydroxylation of the precursor
to a single or double radical. This process most likely results in single radicals rather than
bi- or di-radicals. since it is more difficult to remove for of them at the same time. This
result suggests that the conductance enhancement in a radical molecular junction oc-
curs only under specific molecule-metal configurations. The different in yield for both
compounds may indicates that the di-radical center on the backbone plays a role in the
stability of the molecular junction as an anchoring group. The van der Waals interactions
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Figure 3.4: One-dimensional histograms condensing results of sub-clustering (see figure 3.3). Left pannels:
the 2-CS precursor and (right pannels) the 2-OS di-radical. Both molecules display three distinct levels of con-
ductance with a broad number of counts at higher conductance (blue) for subclass 1. The lower conductance
subclass 3 (green) displays a larger number of counts (about twice in both cases) with a maximum of counts
around 10−5 G0. The mid-conductance subclass 2 (orange) distribution displays a smaller number of counts
than the low-conductance class for the precursor, while it is twice higher in the case of the di-radical.
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between the molecule and the metallic electrodes may thus be strengthened by the 3D
conformation or/and by the radicals centers in the 2-OS molecule compared to the 2-CS.

Sme-2OS: Subclass 1 Subclass 2 Subclass 3
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Figure 3.5: (Top) Two-dimensional conductance-displacement histogram of the subclass obtained from
clustering analysis on breaking traces labelled as molecular features by neural network for Sme-2OS di-
radical. (Bottom) 1D conductance histogram of the clustering analysis for Sme-2CS precursor (left) and
Sme-2OS di-radical (right). Both molecule classes display a maximum number of counts (excluding am-
plifier kick) at a high, a low, and an intermediate conductance. This maximum is larger relative to the 1 G0
plateau for the di-radical than for the closed shell molecule. Overall, the maximum number of counts is
higher in conductance for the precursor (Sme-2CS) than for the di-radical. The Sme-2OS classes feature
a flat region for conductances above the maximum number of counts of the class, which is absent from
the Sme-2CS results.

We carry on the investigation by repeating the same procedure for the Sme-2OS di-
radical and the Sme-2CS precursor containing the same backbone, as the 2-OS and 2-
CS respectively, with the addition of sulfur-stabilizing groups. The 2D displacement-
conductance histograms for the neural network analysis are displayed in the SI for Sme-
2OS (figure 3.9) and Sme-2CS (figure 3.10). Note, that the yield of molecular junction
formation is more than ten times larger for molecules with the sulfur stabilizing groups
compared to the molecules without them. The 2D histogram for each class of the clus-
tering analysis is depicted for the Sme-2OS di-radical in figure 3.5 (top): the histograms
of the three subclasses look very similar in contrast to the 2-OS di-radical. The 2D his-
togram highlights a "sliding" behaviour of the molecule: no clear molecular plateau is
observed in any of the classes; a slanted slope rupturing at different electrode displace-
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ments is, instead, observed in each subclass. This behaviour is observed when using
up to 10 classes in the clustering analysis; the result is shown in SI figure 3.11. Similar
subclassses are observed in the 2D histogram of the Sme-2CS when applying the same
procedure. In order to compare the results, we built a 1D histogram following the same
procedure as for figure 3.4 and display the results in figure 3.5 for the Sme-2CS precursor
(bottom-left) and the Sme-2OS di-radical (bottom-right).

Both for the di-radical and the precursor, the three classes display a maximum num-
ber of counts around a high, an intermediate, and a low conductance value. The po-
sitions of these maximums are at higher conductance for the Sme-2CS compared to
Sme-2CS. However, the maximum number of counts relative to the 1 G0 plateau is larger
for the di-radical than for the precursor. The 1D histograms from the Sme-CS classes
(bottom-left pannel 3.5) can be fitted with a log-normal distribution (as displayed for
molecules without anchoring groups at the bottom of figure 3.4).

In the di-radical 1D histogram, we observe a non negligible number of counts (more
than half of the maximum number) at a high conductance for all classes, making the use
of a log-normal distribution to fit the conductance peak positions less relevant. These
results indicates that the di-radical does not enhance the conductivity of the sulfur-
stabilized molecular junction in the extended molecule configuration. However, the
larger number of features at high conductance observed in the Sme-2OS point to the
radical-enhanced states at smaller electrode distances. This feature may be linked to the
stabilizing group adding an extra layer of protection to the radicals centers, decreasing
the probability of molecule-metal conformations quenching the radical sites with the
metallic electrodes.

3.3.1. COMPARISON WITH LOW TEMPERATURE EXPERIMENTS

Dehydroxilation of the 2-CS/Sme-2CS radical has been performed at low temperatures
in a scanning tunneling microscope (STM), showing that the radical can be turned from
its closed-shell to its open-shell form by successive application of bias pulses through
the tip brought close to the oxygen atom attached to the molecule. It has also been
shown that the radical can exist with a single hydroxyl group attached to the carbon
backbone, yielding a single unpaired magnetic impurity localized on the molecule (see
chapter 4). In low-temperature MCBJ measurements, some molecule-metal configu-
rations displayed a characteristic zero-bias resonance corresponding to an S=1/2 Kondo
resonance arising from strong correlations between the localized magnetic impurity and
the electron bath of the gold conduction bands, suggesting that the radical states can be
quenched by mechanical manipulation in the proximity of the electrodes contacting the
molecule close to the radicals centers (see chapter 3). When embedded in three-terminal
devices, the di-radicals can be reversibly oxidized/reduced by the application of a poten-
tial on the back-gate electrode (see chapter 5). The aforementioned findings underscore
the consequences of the molecule-metal geometry on the electrical properties of the
junction. In particular, we observe contacting effects analogous to electrostatic gating
leading to oxidation of the di-radical to a single radical (see chapter 3 and 4).
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3.3.2. FLUORESCENCE SUGGEST AN UNEXPLORED SPIN-QUENCHING MECH-
ANISM

Both 2-OS and Sme-2OS di-radicals have a red colour in the powder form, tending to
pink once dissolved in a DCM molecular solution. The di-radicals 2-CS and Sme-2CS,
in contrast, have a pronounced yellow colour in their powder form, while the molecular
solutions are completely transparent optically. When exposed to light with a ultra-violet
(UV) wavelength using a commercially available UV lamp, the molecular solutions from
the precursor molecules (2-CS and Sme-2CS) revealed a fluorescent emission in the op-
tical field perceived as blue, while this fluorescence is quenched in the open shell forms
2-OS and Sme-2OS. Thus, this observation implies that, the conversion of UV light in
a larger visible wavelength, is linked to a process occuring exclusively in the precursor
containing hydroxyl groups. We verified the evolution in time by lightning older molec-
ular solutions (in DCM) that have been resting for several months up to years with the
same UV source and they exhibited the same behaviour. Additionally, it suggests that
oxidation of the di-radical in DCM solution does not revert to a closed-shell structure in
the precursor form; instead, it leads to the formation of a distinct third molecule.

3.4. CONCLUSION AND DISCUSSION
In this study, we investigated the room-temperature transport properties of molecular
junctions formed with stable open-shell di-radicals, with and without anchoring groups,
and compared the results with their neutral closed-shell precursors counterparts. Em-
ploying neural network and clustering analysis methods, we observe indications of higher
conductance configurations in classes labelled as molecular junctions. Conformations
with plateaus around 10−4 G0 conductance in both closed and open-shell molecular
junctions indicate that extended conformations of the molecule in the junction have
a similar conductance. We extended the investigations using molecules with the same
backbone but with anchoring groups incorporated to the original compounds. The re-
sults indicate enhanced transport characteristics at high conductance (> 10−3 G0) and
small electrode displacement in the case of sulfur-stabilized di-radical molecular junc-
tions. In both cases we find similar behavior when comparing the closed and open-shell
molecules. This suggest that either the 2-OS di-radical is oxidized to a single or non-
radical molecule, or alternatively that the closed shell molecule can be reduced to a rad-
ical, by the interactions with environment or electric fields. Alongside observations of
their fluorescence under UV light, we find compelling evidence for a redox reaction that
oxidizes the radical’s total spin number by a different mechanism than hydroxylation.
This study also highlight fast-breaking room temperature MCBJ as an adequate method
to select all-organic radical compounds for low-temperature studies.
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3.5. APPENDIX

Figure 3.6: Statistics of the mechanically controlled break junctions experiments for the di-radicals with-
out (2-OS) and with Sulfur-methyl stabilizing groups (Sme-2OS) and their respective presursors (2-CS
and Sme-2CS). Top: features extracted using the neural network supervised tunneling removal. The yield
of molecular junction formation with compounds with sulfur groups is orders of magnitude larger than
without. Bottom: statistics of the extracted subclasses from the clustering of breaking traces with molec-
ular features, yield is given relative to the molecular features.
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Figure 3.7: Overview of the 2-OS measurements. Top: two-dimensional conductance-displacement histogram
of breaking traces: (left) before molecule deposition (traces measured on bare gold), traces labelled as (cen-
ter) tunneling by neural network classification after molecular deposition and (right) extracted breaking traces
containing molecular features. Bottom: corresponding one-dimensional conductance histogram of 2-OS dis-
playing compiled data the from clean junction (yellow), tunneling (blue) and molecular features (red).
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Figure 3.8: Overview of the 2-CS measurements (same figure layout as figure 3.7).
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Figure 3.9: Overview of the Sme-2OS measurements (same figure layout as figure 3.7).
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Figure 3.10: Overview of the Sme-2CS measurements (same figure layout as figure 3.7).

Subclass 6

Subclass 1

Subclass 7

Subclass 2

Subclass 8

Subclass 3

Subclass 9

Subclass 4

Subclass 10

Subclass 5

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

Conductance (G 0)

C
o

u
n

ts
 (

n
o

rm
.)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

Conductance (G 0)

Figure 3.11: Clustering analysis on the Sme-2OS features extracted with neural network with the number
of classes fixed to 10; the main text (figure 3.5) shows the results using the same data set when the number
of classes is fixed to 3.
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MAGNETIC FINGERPRINTS IN

ALL-ORGANIC RADICALS

MOLECULAR JUNCTIONS

Thus, the task is not so much to see what no one yet has seen,
but to think what nobody yet has thought about

that which everybody sees.

Arthur Schopenhauer

Polycyclic aromatic hydrocarbons radicals are organic molecules with a nonzero total
magnetic moment. Here, we report on charge-transport experiments with bi-anthracene-
based radicals using a mechanically controlled break junction technique at low tempera-
tures (6 K). The conductance spectra demonstrate that the magnetism of the di-radical is
preserved in solid-state devices and that it manifests itself either in the form of a Kondo
resonance or inelastic electron tunneling spectroscopy signature caused by spin-flip pro-
cesses. The magnetic fingerprints depend on the exact configuration of the molecule in the
junction; this picture is supported by reference measurements on a radical molecule with
the same backbone but with one free spin, in which only Kondo anomalies are observed.
The results show that the open-shell structures based on the bi-anthracene core are inter-
esting systems to study spin-spin interactions in solid-state devices and this may open the
way to control them either electrically or by mechanical strain.

Parts of this chapter have been published in Nano Letters 22, 8086–8092 (2022) by T.Y. Baum*, S. Fernández, D.
Peña, H.S.J. van der Zant.
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4.1. INTRODUCTION
Over the last years, atomically precise synthesis of radicals involving polycyclic aromatic
hydrocarbons (PAH) has gained attention [75, 79, 80]. These open-shell graphene nanos-
tructures exhibitπ-paramagnetism which leads to more delocalized, mobile and isotropic
spin states than those generated by electrons in e.g. d or f-orbitals. These newly avail-
able structures thus emerge as an ideal solution to combine spin-transport properties
with large diffusion length and long coherence time. Taking advantage of these proper-
ties, organic radicals may play a key role for developing a new generation of low-power
devices [24] using spin polarization instead of charge as information carrier, storage and
processing.

4.1.1. MAGNETIC FINGERPRINTS
In single-molecule transport studies the magnetic signatures of a radical are typically
revealed by the observation of Kondo resonances [57]. For example, previous scan-
ning tunneling microscopy and break junction experiments focused on all-organic rad-
icals [81] display Kondo temperatures (TK) ranging from a few [82] K up to tens [83–85]
of K. Studies on other charge transport phenomena such as magnetoresistance [86, 87]
and magnetic-field induced variation of inelastic electron tunneling spectroscopy (IETS)
have also been reported [88, 89].

Using IETS, spin-spin interactions in all organic di-radicals have been studied, demon-
strating interesting properties such as large exchange couplings [90, 91] or ground-state
inversion by electrostatic gating [92]. Here, we report on measurements of all-organic
mono- and di-radical molecules in a mechanically controlled break junction (MCBJ).
For this study we selected bi-anthracene-based radicals 1-OS and 2-OS, which are con-
sidered as stable open-shell PAHs due to the steric hindrance around the radical cen-
ters [93]. For both molecules, Kondo resonances were observed with Kondo tempera-
tures ranging from 7 to 50 K; only for the di-radical IETS signals are found that reveal
spin-flip excitation with exchange energies of about 10 mV.

The di-radical 2-OS is composed of two fluorene moieties each hosting a C atom with
an unpaired electron, linked by two anthracene units. The mono-radical version 1-OS
has the same structure without one of the fluorenes ends. Both molecules do not host
sulfur-based linker groups to stabilize the binding with the electrodes; the electrode-
molecule contacts thus rely on van der Waals interactions between the aromatic cycles
and the gold atoms of the electrodes or the formation of Au-C bonds [94].

4.1.2. METHODS
We employed lithographically defined mechanically controlled break junctions (MCBJs)
to measure the conductance of 1-OS and 2-OS. The substrate with the device is held
in a 3-point bending mechanism at the bottom of a cryogenic stick in a vacuum cham-
ber; measurements are performed at low temperature by plunging the stick in a liquid
helium bath (T ≈ 7 K) or in some cases in a helium dewar with a 8 T magnet. The elec-
tronic transport characteristics are measured in a two-probe scheme by applying a small
voltage, V , and reading out the current, I (see Fig. 4.1b). The differential conductance
dI /dV is then computed numerically with a Savitzky-Golay filter (Fig. 4.1c-d).

We prepared a solution at ambient conditions from a small quantity of 1-OS or 2-OS
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Figure 4.1: (a) Schematics of the single radical 1-OS (upper drawing) and the di-radical 2-OS (lower draw-
ing) in between the electrodes of a mechanically controlled break junction (MCBJ). (b) Colored scanning
electron microscopy picture of a MCBJ device. Electronic transport across the molecule is measured
by sweeping the bias voltage across the electrodes while measuring the resulting current. (c,d) Typical
molecular features observed in the differential conductance (dI /dV ) of a 2-OS molecule (breaking series
XIV, see SI table S1 ): (c) a dip around zero-bias caused by an inelastic spin-flip excitation (dotted line: fit
to the data using the model of Ref. [95]) and (d) a peak centered around zero-bias with a full width half
maximum (FWHM) of 6.7 mV. The Kondo resonance (d) is obtained by increasing the distance between
the electrodes from an initial position (x0) in (c) by 50 pm.

in powder form diluted in dichloromethane (DCM) at approximately a 0.1 mM concen-
tration. The solution is then dropcasted on the devices and the chamber of the dip stick
containing the sample space is pumped to evaporate the solvent. Subsequently, the sam-
ple is cooled down by putting the dip stick in a vessel with liquid helium. The junction is
then broken rapidly to the point where the gold atoms no longer link the two sides of the
electrodes (we chose this point to be G < 0.3G0), where G0 = 2e2/h is the conductance
quantum with e the electron charge and h Planck’s constant. Afterwards, the gap spac-
ing is increased in small steps of about 5 pm and current-voltage characteristics (IV ’s)
are acquired at each step. The conductance of the junction is measured while separating
the electrodes until the current drops below the noise level of 10−6 G0. The electrodes are
then pushed back together and the procedure is repeated to statistically assess different
molecule-metal configurations. The IV ’s acquired during one stretching event belong
to the same breaking trace.
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4.2. RESULTS
We measured 2114 different breaking traces in five different samples with 2-OS. In total
34805 IV ’s were taken from which two molecule features were identified in the dI /dV
spectra: a zero-bias peak (Fig. 4.1d) and an inelastic electron tunneling spectroscopy
(IETS; Fig. 4.1c) feature with a clear suppression of the current around zero bias. Over all
devices measured 55 junctions (about 2.7 % of the total) showed a zero-bias peak and 18
(about 1 %) showed an IETS signal with current suppression around zero-bias with a flat
region around V = 0. We note that most junctions do not show molecular features either
in the IV ’s or breaking traces: more than 50% of breaking traces showed an exponential
decrease of the zero-bias conductance with gap spacing, consistent with direct, single
barrier tunneling without a molecule.
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Figure 4.2: (a) Statistics on the widths of the zero-bias peaks of the 2-OS di-radical molecule as determined from a fit
of a Lorentzian function to the dI /dV spectra. Each color corresponds to a different sample. The Kondo temperature
is approximated from the extracted full-width half maximum (FWHM) using equation (4.2). The average width is
7 mV corresponding to a Kondo temperature of 34 K. (b) Same statistics as in (a) for the 1-OS mono-radical reference
measurements showing a smaller number of peaks with a wider distribution. (c) Magnetic field dependence of
a zero-bias peak which has TK(B = 0) = 30 K (measurement performed on an 2-OS molecule, offset vertically for
clarity). (d) Mechanical manipulation of a Kondo resonance measured on an 2-OS molecule with a peak initial
width at x = x0 of 6.9 mV (TK ≈ 33.5 K). The peak width and Kondo temperature reduce when increasing the spacing
between the electrodes: breaking the electrodes 0.5 Å further apart yields a peak width of 6.4 mV (TK ≈ 30 K).
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4.2.1. KONDO RESONANCES
We assign the zero-bias resonance peaks to a Kondo resonance and fit a Lorentzian func-
tion to them (Fig. 4.1d):

f (V0,γ) = 1

πγ

[
γ2

(V −V0)2 +γ2

]
, (4.1)

where V0 is the resonance center taken to be zero and 2γ is the full width half maximum
(FWHM). The FWHM is used to approximate [57] the Kondo temperature, TK:

FWHM = 2

e

√
(kBT )2 +2(kBTK)2, (4.2)

where kB is the Boltzmann constant, and T is the sample temperature. We apply this
fitting to each dI /dV with a zero-bias peak and the results for the FWHM are summa-
rized in Fig. 4.2a. Most FWHMs lie between 4 and 10 meV corresponding respectively to
a Kondo temperature of 7 and 50 K; the variation indicates that the electronic coupling
between the spin and the metal electrode can differ substantially. A Kondo temperature
of a few tenths of K is typical for resonances observed in molecular devices [96, 97] but
is large compared to values found for spin-1 molecules [98].

We also measured 4235 breaking traces in the presence of the 1-OS single radical (see
Fig. 4.1a). We observed zero-bias peaks in 107 breaking traces (about 2.5 %). A fraction
of the resonances had a FWHM value similar to that of the 2-OS molecule (see Fig. 4.2b);
some zero-bias features, however, exhibit a larger FWHM in the range of 20−30 mV. Most
likely, these do not originate from Kondo physics and we speculate that they correspond
to transport involving a nearby resonance (see appendix, Section II-c).

When applying a magnetic field, B , one expects the Zeeman energy to compete with
the Kondo temperature thereby lifting the degeneracy of the spin states involved in trans-
port through the molecule. This competition leads to a splitting of the zero-bias reso-
nance by approximately 2gµBB where g = 2 is the g-factor of the electron spin and µB is
the Bohr magneton. In the strong coupling limit (T ≪ TK) this splitting is expected to
take place beyond the critical field, Bc given by: [57, 99, 100] :

Bc = 1

2

kBTK

gµB
. (4.3)

Applying this formula to the Kondo resonance displayed in Fig. 4.2c, Bc would be
11 T. In our set-up, the maximum magnetic field available is B = 8 T and with this field,
we could not split the Kondo resonance, consistent with the single spin- 1

2 Kondo physics
discussed (Eq. 4.2).

Typically, a single breaking trace shows a few IV ’s with zero-bias anomalies; in some
cases, the junction is more stable during stretching of the device allowing the zero-bias
anomaly to be measured over distances up to 0.5 nm. An example is shown in Fig. 4.2d
where the width and height of the peak decrease when the separation increases between
the electrodes. At the same time, the average conductance background of the spectra
also decreases because direct tunneling between the electrodes is reduced. In Fig. 4.2d,
the FWHM decreases by about 10% whereas the height decreases by about 50%. This
behavior is consistent with a lowering of one or both electronic molecule-electrode cou-
plings when moving the electrodes apart.
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4.2.2. INELASTIC SPIN-FLIP SPECTROSCOPY

We now turn the analysis to the step-like increases of the conductance in the dI /dV
spectra (Fig. 4.1c). These signals indicate the opening of an inelastic spin-flip tunneling
channel via an excited state of the molecule. For the 2-OS system this is the singlet-triplet
excitation with the corresponding energy scale, Jex, of the two-spin system formed by
the unpaired electrons of the di-radical molecule. We fit the Ternes model [95], a model
commonly used in the scanning tunneling microscopy community, to the data as shown
in Fig. 4.1c (fits are the dotted lines). We note that these IETS spectra were not observed
for the 1-OS molecule, pointing to the importance of the presence of two spins for its
observation.

We have extracted Jex from the fits of the IETS signals and plot their absolute values
in Fig. 4.3a; see SI for additional spectra and the fit parameters (Table S1). Most counts
are around an energy of 11 meV, close to the value found in SQUID magnetometry [93].
The IETS signal from Fig. 4.3b was stable enough for magnetic field measurements. The
magnetic field lifts the degeneracy of the triplet state and changes the excitation energy
depicted in the inset of Fig. 4.3c. The lifting of degeneracy initially suppresses the small
zero-bias contribution and a step appears around zero-bias above 3 T. The same data
are shown in the colormap of Fig. 4.3c where the corresponding transitions are depicted
by white arrows. The transitions correspond to an open-shell triplet (S = 1) ground state
with a singlet (S = 0) excited state (ferromagnetic coupling). This behavior is well cap-
tured by the Ternes model (dotted lines of Fig. 4.3b) but in the data a larger suppression
of the current around zero-bias is present compared to numerical simulations (more de-
tails can be found in 4.4).

We observe a range of singlet-triplet energy gaps ranging from 7 to 14 meV. The
magnetic field measurement from Fig. 4.3b-c shows that the exchange coupling of the
spins in this device is ferromagnetic. Within the Ternes model, the small zero-bias en-
hanced conductance is also explained by having a triplet ground-state due to higher-
order Kondo contributions. On the other hand, two IETS spectra show a conductance
overshoot at the step-edges in the absence of zero-bias increases (as in Fig. 4.1c). These
overshoots may be an indication of an anti-ferromagnetic ground state (no magnetic
field measurements were performed on these samples) and are further discussed in sup-
plementary information II-b.

In the 2-OS molecule, the two anthracene units linking each moieties hosting an
unpaired electron have a rotational degree of freedom that impacts the overlap of the
two unpaired electron wavefunctions [101]. This effect can result in different values of
the exchange coupling between them. The hybridization with the electrodes producing
the Kondo resonances can also contribute to the delocalization of the unpaired elec-
trons and thus modify this overlap. A variation of the exchange coupling and change
of sign have been observed in other organic radicals [92] where both ferromagnetic and
anti-ferromagnetic ground states were found indicating that the conformation of the
molecule is important in determining the spin-spin interactions on it. The large mag-
nitude of the exchange coupling in the 2-OS molecule is in contrast with previous mea-
surements where values are one order of magnitude lower [102, 103]. Similar values of
the exchange coupling in an S = 1 di-radical system have been reported for a triangulene
dimer [90], highlighting the magnetic properties of free electrons in carbon lattices.
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4.3. CONCLUSION
The two magnetic fingerprints discussed depends on the molecule-electrode geometry.
The geometry defines the charge injection points into the molecule (see Fig. 4.4). The
absence of specific anchoring groups may allow for a larger range of electronic coupling
in the junction compared to sulfur-anchoring group containing molecules. Configura-
tions with strong molecule-electrode coupling involving transport across one of the un-
paired spins induce S = 1/2 Kondo resonances in the dI /dV spectra. With a small gap
between the electrodes, several configurations may involve electron pathways interact-
ing mainly with one of the radical centers. Fewer configurations of the molecule bridging
the electrodes are possible at larger distances favoring an extended molecule configu-
ration; electrons flowing through the molecule in this configuration interact with both
radical centers leading to spin-flip S = 1 features in the spectra.

electrodes

S = 1/2: Kondo S = 1: inelastic spin flip

separating

Figure 4.4: At small electrodes distances, the geometry of the molecule in the junction allows injection at sev-
eral points into the molecule; some configurations may only involve transport across one radical center giving
rise to spin- 1

2 effects in the dI /dV spectrum. At larger distances between the electrodes, fewer configurations
of the molecule bridging the two electrodes are possible. This favors an extended molecule configuration in
the gap as shown on the right. The electrons flowing across the junction interact with both radical centers
leading to spin-flip features in the differential conductance spectrum.

In summary, we contacted PAH radical molecules in solid-state devices. We show
that the free electrons of these radicals are preserved after integration in mechanically
controlled break junctions and the open-shell character persists against mechanical ma-
nipulation. We observed spin-1/2 Kondo resonances in the electronic transport spectra
of both the mono- and di-radicals and spin-1 inelastic spin-flip effects for the 2-OS de-
vices only. The exchange coupling of the di-radical was found to be in the range of 10
meV with predominantly a triplet ground-state. The MCBJ technique allows to probe
different molecule-metal configurations so that an extended picture of the behavior of
the radical molecules in a solid-state device is obtained. Understanding the associated
variations in parameters is important for future use in these devices. From a fundamen-
tal point of view, the robustness of the radicals and the different physical effects highlight
these systems as excellent models for the investigation of magnetic effects on electronic
transport at the single-molecule scale.
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4.4. APPENDIX

4.4.1. REFERENCE MEASUREMENT
In the same conditions, we made reference measurements on clean mechanically con-
trolled break junctions (at liquid helium temperature). Overall, on 600 breaking traces
and 7185 IVs, none show a molecular feature in the spectra such as a zero-bias peak or
an IETS-like signal.

4.4.2. FITS OF IETS SPECTRA 2-OS
We use the scilab code provided in ref. [95] to fit the IETS spectra using the following
parameters in the model:

• Physical parameters

– Jex: exchange coupling (in mV)

– Teff: effective temperature (in K)

– Jρs : Kondo scattering term

– T 2
0 : the tip-sample interaction strength (linked to the electronic coupling, Γ,

in our case)

– g : g-factor of the spin, which has been taken to be 2 for all fits

– BX,Y,Z: magnetic field along the corresponding X, Y, Z axis (in T)

• Data offset parameters

– b: additional background slope

– Voff: additional voltage offset

– σ0: additional background conductance

The values of the parameters used to fit the IVs displaying an IETS signals are col-
lected in Table S1. In total 14 breaking traces have been considered. For breaking series
I the parameters at different magnetic fields are given. The corresponding fits are the
ones shown in Fig. 4.3b of the main text.

For fitting, we set the program to use both 3rd order and enable interactions of elec-
trons which originate and end in the same electrode (checkbox called 3rd order scatter-
ing with other spin systems in the program). Most spectra can be fitted using a negative
exchange coupling (ferromagnetic coupling/triplet ground state), and most are better
fitted without including the rates equations in the model. Thus, the two spectra with a
positive exchange coupling (anti-ferromagnetic coupling/singlet ground state) are de-
scribed by the model with large bias overshoots (shown in Fig. 4.1c of the main text and
Fig. 4.5b that are better fitted including the rates equations. Another indication for triplet
ground state spectra is the zero-bias conductance enhancement (Fig. 4.3b of the main
text and Fig. 4.5a that can be captured by the model using a ferromagnetic exchange
coupling.

We fix the value of the g -factor to be 2 in all of the fits as a different value in the
carbon lattice of PAH is unlikely. The value g = 2 is the best fit to capture the evolution
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Breaking series Fit parameters
I Jex (mV) Teff (K) Jρs T 2

0 b Voff (mV) σ0 ∆x (Å) inc. rates
B = 0 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 1 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 2 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 3 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 4 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 5 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 6 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 7 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no
B = 8 T -10.14 6.8 -0.02 0.0012 0.0017 0 0.435 no

II-1 -12.7 7.2 0 4 -0.0006 -0.78 0.15 0 yes
II-2 -12.7 7.2 0 4 -0.0006 -0.78 0.15 0.15 yes
III-1 -12.1 7.2 0 1.8 -0.0019 -0.39 0.75 0.47 no
III-2 -11.5 9.7 -0.08 1.3 -0.0015 -0.39 1.15 0.63 no
III-3 -11.2 7 -0.04 1.3 -0.0015 -0.69 1.15 0.79 no
III-4 -11.2 7 -0.01 1.7 -0.0014 -0.69 0.85 0.94 no
III-5 -10.5 7.7 0 2.93 -0.0005 -0.69 0.33 1.10 no
III-6 -10.5 9.7 0.05 1.7 -0.0008 -0.87 0.86 1.26 no

IV 11.5 6.8 0 4.79 0 -0.4 0.24 yes
V 6 9 0 1.5 -0.004 -0.37 0.99 yes

VI-1 -9.04 8.3 0 0.78 0.0019 -1.16 2.24 0 no
VI-2 -9.04 8.3 0 0.78 0.0013 -0.76 2.24 0.10 no
VII -11 7 0 3.63 -0.0102 0 0.28 yes
VIII -11.5 7 0 10.57 0.005 -2.7 0.17 yes
IX-1 -11.4 15.4 0 19.2 0 -0.58 -0.24 0 no
IX-2 -11.1 15.4 0 20 0 -0.73 -0.26 0.09 no
IX-3 -10.9 15.4 0 21.5 0 -0.73 -0.24 0.19 no
IX-4 -10.9 15.4 0 21.5 0 -0.73 -0.24 0.29 no
IX-5 -10.6 15.4 0 21.6 0 -0.73 -0.24 0.39 no
IX-6 -10.6 15.4 0 21.6 0 -0.73 -0.24 0.49 no
IX-7 -10.6 15.4 0 21.6 0 -0.73 -0.24 0.58 no
X-1 -8.3 10 0 0.003 0.002 -1.53 3.8 0 yes
X-2 -8.6 10 0 0.003 0.002 -1.53 3.7 0.09 yes
XI-1 -7.05 11.5 -0.03 0.039 0 -0.47 0.112 0 no
XI-2 -6.94 9.93 0 0.035 0 -0.3 0.2 0.08 no
XII -9.7 7 0 0.099 0 0.08 0.036 no

XIII-1 -12 9.9 -0.055 0.028 0.0012 -2.16 2.06 0 no
XIII-2 -12 9.9 -0.055 0.028 0.0012 -2.16 2.12 0.12 no
XIII-3 -11.5 9.9 -0.045 0.028 0.0012 -2.12 2.15 0.22 no
XIII-4 -12 9.9 -0.045 0.028 0.0012 -2.1 2.16 0.22 no
XIII-5 -12 9.9 -0.045 0.028 0.0012 -2.1 2.16 0.22 no
XIII-6 -12 9.9 -0.045 0.028 0.0012 -2.1 2.16 0.22 no

XIV -14.2 10.7 0.008 0.011 -0.0004 -0.34 0.095 no

Table 4.1: Fit parameters of the Ternes model for 14 breaking traces. Each IV fitted is labelled with its breaking
series number (Roman numbers) and an integer number in case more IV are measured for the same breaking
series. ∆x corresponds to the electrode displacement in Ångstrom with respect to the first IV of the series
(with value 0). The other fit parameters are defined in the text, see previous page.

of the steps in the dI/dV spectra around 10 meV at different magnetic fields (IV with
series number I, shown in Fig. 4.3b of the main text) but the opening of the zero-bias dip
is better reproduced with a value larger than 2. In the Ternes model, the g -factor is the
only parameter that has an effect on the width and height of the zero-bias dip (in the
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Figure 4.5: Four dI /dV spectra from different breaking traces. a) dI /dV from series XIII-1 with zero-bias
contributions ascribed to a triplet ground state. b) dI /dV from series VII with large bias overshoots at
the steps positions indicating a singlet ground state. c) dI /dV from series XIV can be both fitted with a
singlet and a triplet ground state. d) dI /dV from series III-6 with another step opening around zero-bias
with stretching; this feature can be reproduced in the model using a positive Kondo contribution Jρs .

case of ferromagnetic couplings between the spins) but its origin may not be captured
in the perturbative approach of the model. Most of the temperatures deduced from the
model are consistent with our estimation of 7 K, but some of them are higher (IV with
series number IX-1 with 15 K for example). The temperature during the measurement of
a single breaking trace is stable.

The exchange coupling, Jex, is almost constant across a breaking series as can be
seen in Table S1. In the series III-1 to 6, Jex decreases from −12.1 mV (with a large Kondo
contribution around zero bias) to −10.5 mV (without this Kondo contributions). This is
also seen in the IV ’s from breaking series IX-1 to 7 where the exchange coupling starts at
−11.4 mV to end with a value of -10.6 mV.

The slope of the background conductance is captured by the b parameter, introduc-
ing an asymmetry over the bias voltage range. This asymmetry is also present in the high
bias-range, beyond the IETS steps. Inside the steps, the slope is different and no pa-
rameters in the model allow to reproduce this feature. The same applies to asymmetries
of the zero-bias features. In particular, the bias overshoots present an asymmetry with
different amplitudes for the overshoots (see Fig. 4.5b).

We observe the opening of a step around zero bias in the spectra of Fig. 4.5d with me-
chanical stretching reminding the effect of Fig. 4.3b of the main text without magnetic
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field applied. This step can be reproduced in the Ternes model using a positive Kondo
scattering term Jρs . The same is used for the IV from breaking series XIV in Fig. 4.5c.

4.4.3. 1-OS MONORADICAL
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Figure 4.6: Two zero-bias resonances in the dI /dV spectra for two different breaking traces with an 1-OS
molecule. The resonance on the left has an FWHM of 7 mV corresponding to a Kondo temperature of
34 K, while the peak on the right is more asymmetric and has a width of 23 mV (TK = 131 K). The left
spectrum is compatible with Kondo physics while the right one most likely does not originate from the
same physics (see discussion in the text).

In the 1-OS molecular junction we also observed zero-bias peaks in the dI /dV spec-
tra measured. A typical resonance is shown in Fig. 4.6a with a FWHM in the same energy
range as features observed in 2-OS molecular junctions (around 7 meV). However, the
range of the FWHM extracted from the fits of these spectra is larger than that displayed
in Fig. 4.2b of the main text. An example is shown in Fig. 4.6b where the resonance is
found to have an FWHM of 23 meV corresponding to Kondo temperatures of hundreds
of K. Most likely, these signals do not arise from Kondo physics and are thereby excluded
from the main text figure.

We also observe that mechanical manipulation of the zero-bias peak can shift the
center of the resonance with electrodes spacing (see 4.7); as a consequence the cen-
ter is no longer found at V = 0 (see Fig. 4.6b and 4.7). This behaviour is different from
the observations for the 2-OS molecule where the width and height of the peak reduces
while the center of the resonance stay close to zero-bias (as shown in Fig. 4.2d of main
text). Another interesting feature of the 1-OS measurements is the presence of the large
peaks in the spectra, symmetrically located around zero bias as shown in Fig. 4.8a. In
some spectra, a small zero-bias resonance between these large structure was present
(see Fig. 4.8b) which could indicate the presence of a Kondo resonance.

The features in the aforementioned paragraph can be explained by the proximity of
an energy level close to the Fermi energy. When this energy level approaches the Fermi
level of the electrodes, enhancement of the conductance through the molecule appears
in the IV ’s. This energy level alignment depends on the injection point of charge carri-
ers in the molecule and on the conformation in the junction; consequently, not all IV ’s
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exhibit this behavior. It would be interesting to understand which configurations lead
to this better level alignment. Future work and calculations are needed to address this
crucial aspect in single-molecule electronics.
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positions of the same breaking traces of 1-OS molecular junctions. The right spectrum also shows a
zero-bias resonance which may be an indication that the 1-OS molecule has an odd number of electrons
(S = 1/2 Kondo).
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C’est avec la logique que nous prouvons
et avec l’intuition que nous trouvons.

-
We prove with logic

and we find with intuition.

Henri Poincaré

In the previous chapters, the measurements were carried out using the mechanically con-
trolled break junction (MCBJ) and the scanning tunneling spectroscopy (STS) techniques.
In that case, transport through the molecule is probed in a two-terminal configuration.
This chapter focuses on measurements using the electromigration break junction (EMBJ)
technique, in which a gate electrode has been integrated. Both methods display similar-
ities in the differential conductance (dI /dV ) spectra confirming the similitude between
the geometries observed in the two systems. The correspondence is remarkable, especially
given the absence of systematic studies comparing the transport characteristics obtained
with both techniques. We hereby note that the precise geometry of each molecular junc-
tion is different, leading to variations in the coupling with the electrodes and in the overall
electrostatic environment experienced by the molecule, which defines the precise features
observed in the device.
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5.1. INTRODUCTION
All-organic polycyclic aromatic hydrocarbons (PAH) radicals have seen a continuously
growing interest in the last decade both for their fundamental aspects [104, 105] and po-
tential application [106–109]. Despite the early reported synthesis in the 1900 [110], only
the recent advancement in atomically precise bottom-up synthesis of carbon nanostruc-
tures allowed to obtain these compounds with sufficient purity for the study of their out-
standing properties, such as large delocalisation of their charges, long coherence time
and preservation of their radical character up to room temperature [93, 111]. The ab-
sence of metallic compounds in these molecules (in opposition to single-molecule mag-
nets) leads to a magnetism originating from semi-filled π-orbitals, which is more delo-
calised and isotropic than that from d or f -orbitals.

Investigations with scanning tunnelling microscopes (STM) on radicals conducted
at the individual molecule scale focus mainly on π-extended nanographene structures
adsorbed on metallic [112–114] surface, or more recently on insulating substrates [115–
117]. Neutral organic radical molecules have also been integrated into solid-state de-
vices and showed remaining magnetism in molecular junctions by detection of Kondo
resonances and spin-flip spectroscopy signals at low-temperature both in two and three-
terminal devices [82, 118] and displayed properties such as redox gating of the exchange
interactions [88], or exchange coupling inversion controlled with gate voltage [92]. How-
ever, studies comparing different investigation tools using the same molecular system
still need to be carried out.

In this chapter, we report on the detection of unpaired spins in all-organic di-radical
molecular junctions in a three-terminal solid-state device geometry. The magnetic prop-
erties of the di-radical (see 2OS schematic in figure 5.1.b) and its sulfur-methyl stabilised
derivative (SMe-2OS in figure 5.1.c) are probed through the observation of Kondo res-
onances originating in the strong coupling between at least one of the magnetic im-
purities and the conduction electrons in the leads [56, 57] and inelastic spin-flip spec-
troscopy signals indicating that the di-radical character of the molecule remains in spe-
cific configurations once integrated in a solid-state device. The similarity of the results
with the di-radical measurements in the STM(cite stm pickup here) and mechanically
controlled break junction (MCBJ) [76] geometries is discussed.

The three-terminal electromigration break junction (EMBJ) technique allows elec-
trostatic control of the molecule’s spectra, independently from the Fermi energies in the
leads [119]. The possibility to push an energy level of the molecule across the Fermi level
of the electrodes, thereby crossing a charge degeneracy point, depends on the molecule
/ gate coupling, which relies on the exact position of the molecule in the junction rel-
ative to the electrodes and the gate [120]. The result is that only one charge state can
be accessed in some cases 5.3, while in others, the gate voltage can be used to switch
between two ground states with the addition of one electron (or hole) (see section 5.2.2
and chapter 6).
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Figure 5.1: (a) Scanning electron micrography of an electromigration break junction (EMBJ) device. A
10 nm thick gold layer (orange) deposited in a bowtie shape on top of a palladium gate (blue) insulated by
a few nm aluminium oxide layer. A nanometer sized gap is opened in the gold bowtie using a feedback-
controlled electromigration and self-breaking procedure (top-right insert). (b,c) Representation of the
two all-organic di-radical used to form 3-terminal molecular junction with (c - Sme-2OS) and without (b
- 2OS) sulfur-methyl anchoring groups. The sulfur atoms in (c) are colored in yellow.

5.1.1. ELECTROMIGRATED DI-RADICAL JUNCTIONS: FABRICATION AND MEA-
SUREMENT SET-UP

Electromigration break junction (EMBJ) and mechanically controlled break junction
(MCBJ) devices operate by opening a nanometer-sized gap in gold electrodes to trap
a molecule between the source and drain electrodes. Still, there are some critical differ-
ences in their designs and operations. In a MCBJ, the geometry and the tunnel/capacitive
couplings can be modified by adjusting the distance between the electrodes [76]. In the
EMBJs, the gap opens using the feedback-controlled electromigration technique [121–
123] and self-breaking [124] procedure which does not allow for changes in the molecule-
metal geometry without risking irreversible damage to the junction. Consequently, we
only measure a few molecule-electrodes geometries using EMBJ devices while hundreds
to thousands are explored in a single MCBJ experiment.

EMBJs are fabricated on a silicon substrate by depositing a thin layer of gold in a
bowtie shape on top of a palladium gate, insulated from this gate electrode using an
aluminium oxide deposited by atomic layer deposition (ALD) of less than 10 nm thick-
ness (see Figure 5.1). Using a local gate close to the measured molecule in the junc-
tions allows for a significant change in the electrostatic environment of the molecular
junction (i.e., a large capacitive coupling α between the captured molecule and the lo-
cal back-gate) compared to devices using a silicon doped substrate buried under few
hundreds nanometer of silicon dioxide called a global back-gate. Using the capacitor
formula C = ϵA

d , we see that the capacitance scales proportionally to the area A and in-
versely proportional with the distance d between the two conductors, in this case, the
molecule and the local gate. ϵ is the dielectric constant of the dielectric layer. The area
of the molecules studied is typically nanometer-sized, way smaller than devices using
two-dimensional materials, which for example, can reach micrometers up to millime-
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ters scale. These parameters highlight the importance of the insulator thickness; ALD
is necessary to obtain a thin, uniform, high-quality dielectric insulating film. Finally,
another adjustable parameter is the dielectric constant of the insulator ϵ, which can be
tuned by choosing a specific insulating oxide constrained by the deposition technique
employed.

The devices are loaded in a measurement system equipped with a 1 K pot, allowing
for monitoring and controlling the temperature during the electronic transport mea-
surements (in the range of 1.8 to 100 K, as for higher temperatures, the junctions are
unstable). A perpendicular (out of the sample plane) magnetic field can be applied up
to 9 T. The gap is opened in the gold bowtie by ramping a current up and down between
a maximum and a minimum bias voltage value through the device while gradually in-
creasing this maximum value. At the same time, the resistance across the gold bridge is
measured. Once this resistance is in the range of 15 to 20 kΩ, we let self-breaking of the
junction occur in the presence of the solution containing the molecule at 0.1 mM con-
centration, i.e., no currents flow through the gap region at this stage. The built-up stress
during the first part of the electromigration scheme allows for the opening of the gap
assisted by the surface diffusion of gold atoms. Within an hour after self-breaking, the
vacuum chamber is pumped to low pressure, and the insert with the devices is cooled
down to Helium temperatures. Resistances in the range of MΩ to GΩ typically indicate
the formation of an nm-sized gap with at least one molecule linking the two electrodes;
empty junctions typically display a resistance of several GΩ or larger, leaving only noise
to be observed in the spectra.

5.2. RESULTS
We measured five EMBJ samples with 75 different break-junctions following the proce-
dure described in the previous section. Two chips were measured in the presence of
the 2-OS di-radical (schematic of the molecule is displayed in figure 5.1.b; it is the same
molecule as in the MCBJ experiments from the chapter 3), and the three others with the
Sme-2OS, with a similar structure except for the addition of a benzene ring linked to
the sulfur-anchoring groups in the para position of the fluorenyl unit (displayed in fig-
ure 5.1.c). The measurements are summarised in table 5.1. Out of the 75 junctions, 11
displayed signatures of a molecule captured in their electronic transport spectra. The
fingerprints observed are similar to the ones observed for the 2-OS molecular junction
formed in the MCBJ: a zero-bias peak (bottom plots from Fig. 5.2) or a dip with sharp
steps and a flat bottom ascribed to a spin-flip inelastic spectroscopy signal (top plots
from Fig. 5.2). Spin-flip signals are found in the presence of both the 2-OS and Sme-2OS
indicating that the spin properties of the molecule are resilient upon integration of the
sulfur-methyl termination groups to the fluorenyl units in the chemical structure of the
open shell di-radical. This result indicates that some molecular conformations observed
in EMBJ, and therefore the corresponding charge state of the molecule, are similar to the
ones observed in MCBJ and STM.
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Figure 5.2: dI /dV spectra of 2-OS molecular junctions obtained (left) with EMBJ and (right) with the
mechnically controlled break junction (MCBJ) technique at low temperature (≈ 6 K). In both devices
(bottom figures) a zero-bias peak is observed with an energy scale compatible with spin-1/2 Kondo
physics; the width of the peaks diplays a similar full-width half maximum of 7.1 mV for the EMBJ spec-
trum (bottom-left figure) and 6.7 mV for the MCBJ one (bottom-right figure) corresponding to respective
Kondo temperatures of 40 K and 35 K. (top figures) Both devices also display a flat dip with sharp steps
and bias overshoots at the steps position corresponding to inelastic spin-flip signals. The exchange cou-
pling in both devices is of a similar order of magnitude of about 5 to 10 meV. Dashed lines in the top figure
are fits to the model of Ternes [95] and fit to a lorentzian resonance on the bottom figures with full width
half maximum (FWHM) displayed.

5.2.1. STABILITY DIAGRAMS DISPLAYING A SINGLE CHARGE STATE

Out of the eleven different junctions displaying molecular features, seven were found
in a single charge state in the gate voltage range accessible without leakages, i.e. no
charge degeneracy point (CDP) has been observed in their stability diagram. We will
first focus on these devices with an emphasis on device A, C, and D from figure 5.3 that
display similar cotunneling (COT) signals (see chapter 4) as observed in the previous
MCBJ experiments.

In device A, the increasing dI /dV conductance on the right part of the map indi-
cates that a charge degeneracy point is close, but increasing the gate voltage further
than 2 V led to gate leakage in the device. The gate leakage threshold varies from de-
vice to device as it relies on the oxide quality at the interface between the gate and the
electrodes. In this junction, a zero-bias peak is accompanied by two excitations around
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-4 mV and +8 mV. These excitations in the dI /dV map can be better followed using the
second derivative as displayed in figure 5.9. Note, that with increasing gate voltage, the
zero-bias peak broadens in a similar way as seen for device E (it can be better seen in the
second derivative displayed in appendix figure 5.9), while the two satellites excitations
are slightly shifting toward positive bias. This behaviour is expected from a Kondo reso-
nance due to the renormalisation of the exchange coupling interaction with the proxim-
ity of the CDP. The gate dependence of the Kondo resonances is discussed in more detail
in the chapter 7. The temperature and magnetic-field dependent measurement shown
in (chapter 7 kondo gate dependence device A) (bottom right) is in agreement with the
expected behaviour for an S=1/2 Kondo resonance with a Kondo temperature of 20 K as
shown in Fig. (chapter 7 kondo temp dependence device A).

Device B shows a variety of features in the same stability diagram: a flat dip in the
center of the spectra tunable with gate voltage, a zero-bias peak on the right side of the
map (for positive gate voltage) shifting to positive bias for lower gate voltage, and two
excitations around 10 to 13 meV. A conductivity suppression is observed around a gate
voltage of -4 V for a voltage bias above 7 mV, leading to negative differential conduc-
tance. It is a typical example of a complex situation requiring more detailed analysis to
understand its origin. However, such an analysis is non-trivial and may not give insight-
ful information on the system and, therefore, is not further investigated here. Similar
resonance lines, however, may be found in other devices (for example, in device F from
figure 5.4 two similar pair resonances can be seen around ±10 mV).

The spectra from device C with sharp steps around 10 mV are similar to the ferro-
magnetic inelastic spin-flip spectra observed in MCBJ (see figure 4.3 from chapter 3). A
similar spectrum is also observed in other devices (see appendix) but did not show any
magnetic field dependence as highlighted in MCBJ. The slight change of exchange cou-
pling with gate voltage is better seen in figure 5.9; the dip width increases with about
1 mV/V with respect to the bias applied to the gate. As for the Kondo resonance from
device A, this may be explained by the renormalisation of the exchange coupling arising
when approaching the charge-degeneracy point, which is out of the reachable window
in this case.

Device D displays a double peak centered around zero bias. Similar spectra have
been observed in MCBJ. They are compatible with the two-stage Kondo effect, where
Kondo correlations in combination with an antiferromagnetic exchange coupling with
the same order of magnitude in energy leads to a zero-bias centered peak in the differ-
ential conductance with slight suppression of the conductance around zero-bias. The
second derivative of the differential conductance map (displayed in appenix figure 5.9)
shows that the energy position of this feature is independent of the gate voltage, which
is different from the signal observed in Device C. EMBJ devices have a heater close to the
sample position. We can use it to control the temperature of the device and gain more
insights on the observed phenomena (see section 7).

5.2.2. REDUCTION AND OXIDATION CONTROLLED BY GATE VOLTAGE

We will now focus on the cases where a cotunneting signal was observed, and the charge
degeneracy point could be crossed. When a cotunneling signal without a CDP is ob-
served (such as devices A and C from Fig. 5.3), using the warm-up procedure up to 100 K



5.2. RESULTS

5

55

Device A Device B

Device C Device D

Figure 5.3: Differential conductance map (dI /dV in units of G0 = 2e2

h ) as a function of source-drain bias
voltage (V ) and gate potential (VG) for four different junctions in EMBJs displaying a single charge state.
In Device A (top-left), the dI /dV shows a zero bias resonance. Device B (top-right) is a more complicated
example with a zero-bias resonance at positive gate voltage shifting to positive source-drain bias with
a mirror excitation displaying negative differential conductance around a gate voltage of -4 V.. Device
C (bottom-left) shows an example of an inelastic tunnelling signal with sharp steps at around ±10 mV.
Device D (bottom-right) displays a double peak centred around zero bias.

and subsequently cooling down the device can increase the molecule diffusion in the
junction leading to a new conformation and different capacitive coupling to the gate. It
is the case for device E on the left of figure 5.4 that has been obtained by warming up the
device E1 (see table 5.1) first showing an IETS signal with slight tuning of the exchange
coupling with gate voltage (the change of exchange coupling may be an indication that
a CDP is nearby being responsible for the renormalisation of the exchange coupling).
Similar cotunneling fingerprints are observed in the stability diagram of device F with
the 2-OS di-radical. On the other side of the CDP, we follow a Kondo resonance ascribed
to the single magnetic impurity left on the molecule. Further analysis of the zero-bias
peak behaviour while varying other parameters such as gate, magnetic field, and tem-
perature are shown in chapter 7. In the present section, we will focus on the inelastic
spin-flip signal on the right side of the Coulomb diamonds.
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Figure 5.4: Stability diagrams with∆N = 2 from two devices (right - device E with 2-OS / left device F with
Sme-2OS). On the left of the Coulomb diamond, in the cotunneling regime, a zero-bias peak compatible
with an S=1/2 Kondo resonance indicates the screening of a single magnetic impurity (see chapter 7). The
right side shows an inelastic spin-flip signal with an exchange coupling of about 3 meV corresponding to
a doubly occupied state on the molecule. The bottom-left edge of the Coulomb diamond is missing in the
stability diagram from device F. This feature has been observed in other devices. These two devices are
good examples of similar phenomena observed in the COT regime with different coupling parameters:
the gate coupling extracted from Device E is 0.9 % while Device F is 0.5 %. The conductance range is two
orders of magnitude larger for Device F, where no SET excitation are observed in a broader bias range
than for Device E, where both COT and SET excitation can be seen.

5.2.3. GROUND STATE DETERMINATION AND MAGNETIC FIELD DEPENDENCE

OF THE INELASTIC SPIN-FLIP SIGNAL

In the previous experiments with MCBJ, co-tunneling signals ascribed to inelastic spin-
flip scattering signals were also observed. For the device measured in the presence of an
external magnetic field, the ground state was found to be ferromagnetic (see figure 4.3).
Some features in the dI /dV spectra can be used to determine the system’s ground state.
A small zero-bias conductance enhancement at the bottom of a flat dip (as in the MCBJ
examples from Fig. 4.3) indicates a ferromagnetic/triplet ground state. This zero-bias
enhancement origin is linked to the Kondo correlations arising from the hybridisation
of localised magnetic impurities with the electron bath of the gold electrodes. The hy-
bridisation strength can be modelled by an exchange coupling parameter, J , between
the localised magnetic impurity (electron in the molecule’s semi-occupied orbitals) and
the electrode’s electron bath. An enhancement of the conductance at zero bias is found
(in the ferromagnetic ground state case) with an increased value of G(0 V ).

The Kondo hybridisation strength is also influencing the bias overshoot prominence
of the steps at the edges of the dip. For a singlet ground state, the step at finite bias cor-
responds to an electronic transition to the first excited triplet state that is three times
degenerate (see the energy spectrum depicted in figure 5.5 c). The triplet levels allow
for transitions between them, enhancing the conductance at these points, resulting in
larger bias overshoots for an antiferromagnetic/singlet ground state than for the fer-
romagnetic/triplet ground state. These features have also been observed in the MCBJ
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experiments: an example of potential antiferromagnetic ground state is shown in the
top-right figure 5.2 where significant bias overshoot without conductance enhancement
at zero-bias is shown. The case on the top-left of figure 5.2 shows a more ambiguous ex-
ample where slight bias overshoots are visible but small enough to be compatible with a
ferromagnetic ground state where the Kondo correlations are too small to be observed at
the bottom of the dip. For the IETS signals observed in a stability diagram with a charge
degeneracy point (see figure 5.4), the bottom of the dip is flat, while bias overshoots are
also present, indicating an antiferromagnetic/singlet ground state.

We confirm this interpretation of the dI /dV spectra features by ramping an external
magnetic field up to 9 T aligned with the z-axis of the device while recording its transport
characteristics. We see a different step opening from the one observed in the MCBJ (see
figure 4.3). In this case, there is no opening at zero bias, while the steps positioned at
finite bias corresponding to the exchange coupling energy are blurred. In the picture
where the exchange coupling is antiferromagnetic, this level is the degenerate triplet
state split by the magnetic field. Instead of two new intermediate conductance plateaus
appearing, as expected close to a 0 K temperature, we observe a widened dip at the top of
the steps and a shrinkage at the bottom, appearing as an increased slope in this region.
This effect is due to thermal broadening that is expected to be of 3.5 ×kB T (in this case,
the temperature was 1.7 K corresponding to kB T = 0.15 meV and 3.5kB T = 0.5 meV)
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Figure 5.5: (a) dI /dV of the spin-flip signal of device E at VG = −4.05 V in the cotunneling regime at
different applied external magnetic field (solid lines), dashed lines correspond to the best fit with the
Ternes model using an exchange coupling of Jex = 3 mV and Kondo coupling strength Jρs = 0.1. (b)
dI /dV as a function of applied bias V and magnetic field B. The splitting expected with a magnitude of
gµB B ≈ 120 µV/T is depicted by the dashed white lines. The singlet ground state transitions allowed by
selection rules from the scheme (c) are depicted by the white arrows.

5.3. INTERPRETATION AND DISCUSSION
No signs of a ferromagnetic ground state have been observed in the five EMBJ samples
measured. Both Sme-2OS and 2OS showed indications of a singlet ground state with the
reduction of the molecule by tuning the electrostatic environment with the gate elec-
trode. To push the SET resonance in the chemical potential range of the electrodes, the
molecule must have a sufficient capacitive coupling to the gate; a molecular junction
conformation compatible with this requirement is the adsorption of the radical on top
of the aluminium oxide covering the gate electrode, at the bottom of the gap formed be-
tween the two gold electrodes. In this case, the strong van der Waals interactions tend to
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planarize the molecule on the surface, reducing the conformational degrees of freedom
and favouring an antiferromagnetic exchange coupling between the two radical centers.
The STM experiments complement this interpretation (PUT A SENTENCE HERE - see
chapter 4).

The proximity of the CDP is renormalising the energy separation between the ground
and excited of the molecule, tuning the strength of the magnetic exchange coupling in-
teraction. Beyond that resonant point to the more negative voltage side, the molecule’s
total charge number is reduced, leaving a single electronic spin 1/2 characterised by a
Kondo resonance in the dI /dV spectra around zero-bias voltage. The correlations of the
Kondo coupling can also be tuned by the gate electrode and are discussed in further de-
tail in chapter 7. Contacting the molecule in specific ways can also lead to a reduction of
the total charge, making the di-radical a single radical, in which case a S=1/2 Kondo res-
onance is observed in some EMBJ spectra (see figure 5.3) which are very similar to MCBJ
observations [76]. In this scenario, the image charges at the interface with the electrodes
play a preponderant role in the electrostatic environment experienced by the molecule.

The exact mechanism behind this redox reaction is not explicitly defined. The wave-
functions of the partially filled orbitals within the molecule may be significantly influ-
enced by the surrounding electrostatic environment, leading them to fully localise within
the fluorenyl units. This localisation suppresses any interactions or overlap between
these orbitals, resulting in two non-interacting S=1/2 systems, as indicated by the pres-
ence of Kondo resonances. A geometric configuration with an oxygen atom close to the
molecule may induce a shift of the energy levels in the order of magnitude of an elec-
tronvolt. Based on calculations in the gas phase, the reduced radical, which contains
one or more hydroxyl groups, tends to adopt a less planar conformation. In such cases,
we anticipate changes in the molecular conformation and tunnel couplings if an oxygen
group interacts with the di-radical to induce reduction.

Based on the measurements presented in this chapter, we observed that the tun-
nel and capacitive couplings remain relatively unchanged when crossing the charge de-
generacy point (CDP). However, it’s essential to note that even a slight alteration in the
shape or thickness of the barriers would result in significant differences in the recorded
electronic spectra.Estimating the strongest tunnel coupling using Kondo correlations
between the localised magnetic impurity and the screening electrons from the gold elec-
trodes, we see that the parameter Jρs is in the same order of magnitude for both inelastic
spin-flip and Kondo resonance sides of the Coulomb diamond.

5.4. CONCLUSION
The magnetic fingerprints of the all-organic 2-OS di-radical, and its sulfur-stabilized ver-
sion the Sme-2Os, are preserved in three-terminal devices at low temperatures. The
molecule charge state is reversibly reduced or oxidised involving a change from a S = 1

2
to S = 1 state by tuning the electrostatic environment with gate voltage. Measuring spin-
flip inelastic spectra as a function of an externally applied magnetic field, an antifer-
romagnetic exchange coupling is found when the molecule is in its even charge state.
These results complement the observations from previous studies with the MCBJ and
STM techniques. Based on the similarities between the different methods, we expect
the EMBJ’s molecular junctions geometries to be more or less planar like the ones in
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the STM setup with an adsorbed molecule constrained on the gate or/and on one of the
electrode surfaces with indications for a singlet ground state. These results indicate that
the exchange coupling of the 2-OS and Sme-2OS di-radicals can vary from triplet to sin-
glet ground state as already indicated from the MCBJ measurements. The value of the
magnetic exchange coupling depends on the angle between the anthracene and fluo-
renyl units; physisorption of the molecule on a surface is likely to restrain this exchange
coupling to small antiferromagnetism or two non interacting spins 1

2 .

Chip Molecule junc. mol. Sample ∆N Fingerprint

1 2-OS 17 3
A1 1

Kondo
(TK ∼10 K)

A 1
Kondo

(TK ∼8 K)

F 2
Kondo-IETS

(TK ∼16 K / Jex ∼3 meV)

2 2-OS 17 2
I 2

SET resonances
(Cgate ∼2.7 % / no COT)

H 2 Spin-blockade

3 Sme-2OS 16 2
D 1

Double peak - Two-stage Kondo
(TK1 ∼60 K / TK2 ∼20 K)

B 1 Unusual resonance

4 Sme-2OS 21 2
G 2

SET resonances
(Cgate ∼1.9 % / no COT)

C 1
IETS

(Jex ∼8 meV)

5 Sme-2OS 4 2

E1 1
IETS

(Jex ∼2 meV)

E 2
IETS-Kondo

(Jex ∼3 mV / TK ∼10 K)

E2 2
IETS-Kondo

(with Spin-blockade)

J 1
Kondo

(TK ∼10 K)

Table 5.1: Summary table of devices measured and their corresponding molecular features in the EMBJ
molecular junctions experiments formed in the presence of the 2-OS and Sme-2OS di-radicals. The third
column correspond to the number of working junction before electromigration and the fourth column to
the number of junction displaying molecular features. Each junction has a label (ordered as they appear
in the chapter). When a number is in the label, this junction has been obtained after a change of conduc-
tance from the smaller label number (i.e., junction A2 has been obtained after a change of junction A).
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5.5. APPENDIX

5.5.1. ELECTROMIGRATION PROCEDURE

Figure 5.6: Statistics of 2-OS and Sme-2OS di-radical molecular junctions formation in elec-
tromigration break junction (EMBJ) devices .

The electromigration procedure consists of ramping the voltage between a minimum
voltage value to readout the resistance of the junction and a maximum threshold value
gradually increased by the operator. When a change in the resistance of more than 10 %
is observed, this maximum threshold is slightly reduced to avoid too abrupt opening
which can lead to large gap such as some displayed in figure 5.7.

Figure 5.7: SEM pictures of gold bowties after the electromigration procedure without a molecule. The gap size and
shape can vary greatly from device to device

The optimal devices typically display a slow drop of conductance depicting a parabola
on the current/bias migration diagram sin figure 5.8

5.5.2. DATA PROCESSING
The current-voltage characteristics are acquired with a home-built DAC system to apply
a DC bias voltage and amplify the output current in a readout voltage saved with a Keith-
ley DMM. The dI /dV curves are obtained by deriving the current using a Savitzky-Golay
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Figure 5.8: (Right) Resistance as a function of time and (left) current-bias diagram of the electromigration procedure
on a pristine EMBJ device. The threshold current is gradually increased by the operator until the resistance changes
by more than a few percent. These increases of resistance happen fast as depicted by the jumps in the top figure.

filtering method. The second derivative of some devices can be used to better see shifts
of the features such as displayed in figure 5.9.

Device A Device B

Device C Device D

Figure 5.9: d2I/dV2 of the devices with no crossing of the charge degeneracy point in the stability diagram. In device
A, the zero-bias peak intensity is increasing at positive gate voltages, the two excitation at −5 and +6 mV are shifting
toward positive bias in the meantime. The exchange coupling in device C is slightly increasing (about 0.5 mV/V)
with gate voltage. The features in device D do not show any dependence on the gate voltage.
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5.5.3. ADDITIONAL DATA ON SPIN-FLIP SPECTRA

Figure 5.10: dI /dV of a spin-flip signal in a Sme-2OS molecular junction (device C see table 5.1) in func-
tion of applied external magnetic field along the normal of the device plane

TEMPERATURE BROADENING

The spin-flip signal from device C was measured in a system without a 1 K pot in very
close conditions to the mechanically controlled break junctions (MCBJ) devices at an
estimated temperature of 6 K. This device was measured with an external magnetic field
along the z-axis of the device, yielding the stability diagram displayed in figure 5.10. This
measurement do not show any feature shifting with respect to the applied magnetic field.

Figure 5.11: dI /dV in function of temperature of a spin-flip signal in a Sme-2OS molecular junction from
device C. Dashed lines indicates the energy scale for thermal broadening of respectively kB T (black) and
3kB T (red). No clear change of the spectra is observed up to magnetic field of 8T.

Measuring the temperature dependence of the inelastic spin-flip signal of device E
displayed in figure 5.11, we see that the step broadening with respect to the temperature
scale better with the red dotted lines (corresponding to a splitting of 3kbT ) than with the
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black dotted lines (corresponding to a splitting of kbT ). We speculate that the observed
signal was a singlet ground state where the splitting of the step at 8 T gµbB ≈ 1 meV while
3kbT ≈ 1.6 meV.

BACKGROUND ASYMMETRY

Both for the 2-OS and Sme-2OS radicals we observed a change of background asym-
metry in the differential conductance spectra between two distinct Coulomb diamond
regions. In both devices E and F, we observe a position background slope in the even
charge state and a negative slope in the odd charge state.

Device E Device F

Figure 5.12: dI /dV linecuts in the (red) even and (blue) odd charge states from figure 5.4.





6
GROUND-STATE INVESTIGATION

WITH ELECTRICAL GATING IN

ALL-ORGANIC DI-RADICAL

MOLECULAR BREAK JUNCTIONS

. . . j’me sens comme un imprimeur :
j’fais qu’penser au papier.

Issa Lorenzo Diakhaté - Ancelotti

This chapter focuses on all-organic di-radical molecular junctions displaying features
in the resonant transport regime. Some devices show these in both the off-resonant co-
tunneling (COT) and resonant sequential electron tunneling (SET) regimes. Other devices
display differences of several orders of magnitude between the noise in the COT and the
SET regime; in this case, determination of the ground state with inelastic spin-flip signa-
tures - as described in the previous chapters- is not possible. By following the chemical
potential shift of the charge neutrality point with respect to the temperature, we extract
the evolution of the spin-entropy of the molecule as an indication of its ground state.
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DI-RADICAL MOLECULAR BREAK JUNCTIONS

6.1. INTRODUCTION
In three-terminal devices, the electrostatic environment and the alignment of the

molecular orbitals’ energy with the electrodes’ chemical potential can be varied by ap-
plying a potential to the third gate electrode [119]. Pushing a molecular orbital through
the chemical potential difference across the junction increases the conductance where
the molecule switches between two different charge states, as discussed in chapter 1.
This effect is typically detected in molecular devices by observation of an increased con-
ductance around specific values of the gate voltage. The ability to manipulate molecular
junctions through gate voltage opens possibilities for the development of memory stor-
age [125] and molecular wires for nanoscale circuits [126] with the potential to evolve
computing and data storage by providing compact, low-power alternatives to traditional
semiconductor technologies [24].

Focusing on the spin properties of these devices, the gate voltage has been used to in-
duce redox reactions of the radical or modify the spin-coupling properties [82, 88, 92] ob-
served in the cotunneling (COT) regime as discussed in the previous chapter. Helpful in-
formation can also be extracted from the resonant transport regime in devices with non-
trivial conductance properties where characteristics such as spin-phonon coupling [127,
128] can be investigated. Extracted quantities, such as the spin-entropy evolution with
temperature, can yield insights on the ground state of the system and/or the precise lo-
cation of the unpaired magnetic moments [129, 130].

In this chapter, we discuss 2-OS and Sme-2OS molecular junctions in a three-terminal
geometry with a stability diagram displaying a charge degeneracy point (see table 5.1)
and focus on the features in the sequential electron tunnelling (SET) regime. We will
first focus on the SET resonances appearing as thin excitation lines parallel to the edge
of the Coulomb diamond for devices I & J in figure 6.1. We measure the evolution of
these excitations and the charge degeneracy point (CDP) as a function of applied exter-
nal magnetic field. The shift of the latter points at a saturation phenomenon that may be
linked with spin-anisotropy. Finally, we discuss stability diagrams with indications for
spin-blockade (see device G & H in figure 6.1).

6.2. RESULTS
We used the 2-OS di-radical (synthesis is described in [76]) and Sme-2OS di-radical hold-
ing a similar backbone with the addition of a benzene and sulfur-methyl chemical groups
participating to a steadier anchoring of the molecule with metallic electrodes. Both di-
radicals are shown in insets b and c in figure 5.1. We fabricated 2-OS and Sme-2OS
molecular junctions with the electromigration break junction (EMBJ) technique at low
temperature (∼2 K), which is described in chapter 5. The current-voltage characteristics
of the molecular junctions are obtained by sweeping a bias voltage between the source
and the drain electrodes and recording the output current. This measurement is re-
peated for different values of the gate-electrode potential, and results are summarized
in a differential conductance (dI /dV ) map as a function of source-drain and gate elec-
trode bias called a stability diagram (figure 6.1). The signals observed in the 75 junctions
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Device G Device H

Device I Device J

Figure 6.1: Stability diagrams displaying two charge states. Device G (top left panel) shows a Kondo
resonance on the left part of the diamond while an inelastic excitation of about 3 mV is observed on the
right side. Device H and J (panels on the right) do not shows co-tunneling excitations (on the left and
right hand side of the diamond) but multiple excitation lines in the sequential electron tunneling (SET)
regime. Device I is another example of a charging device that exhibits a clear excitation in the SET regime,
which in this case has a larger conductance than the edges of the Coulomb Diamond.

measured are summarized in table 5.1. Once at low temperature, six junctions display a
sufficient gate coupling to switch the molecule between two different charge states, dis-
playing a characteristic pattern in their stability diagram involving Coulomb diamonds,
typically observed in quantum dots and single-electron transistors. Two of these de-
vices have been discussed in chapter 5. This chapter focuses on other devices where the
charge degeneracy point could be crossed.

When a molecular orbital is energetically aligned between the chemical potential of
the two electrodes, a new transport channel opens for conduction electrons via an ex-
cited state of the molecule (see chapter 1) and resistance of the junction decreases. This
regime where first-order processes are the main components of the transport is referred
to as sequential electron tunnelling (SET), where an electron tunnels between the two
electrodes by jumping on the available molecular level and tunnels to the other elec-
trodes in a subsequent process. The SET regime scales linearly with tunnel coupling to
the leads (Γ), in contrast to the co-tunelling (COT) regime, including higher order pro-
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cesses where charging of the molecule is virtual and the current scales quadratically with
the coupling (Γ2). When Γ, the total tunnel coupling is in the proper range, both COT
and SET regime diplay sharp resonances containing information on the spin state (i.e.,
device E from figure 5.4). At larger values of Γ, the SET regime saturates (for example, de-
vice G from figure 6.1), yielding broad resonances in overall higher conductance regions.
Finally, at small values of Γ, a sharp conductance resonance separates the SET and the
COT regimes (see devices H, I and J from figure 6.1), but the cotunneling regime displays
a weak, noisy signal restraining deeper analysis.

The diamond structure is linked to the capacitive couplings between the molecule,
the electrodes and the gate [119] by the relation C

CG
= 1

α = 1
β + 1

γ where β and γ are the
slopes of the two lines in the stability diagrams separating SET and COT regimes. This
gate coupling parameter takes typical value in 1-2 % range: device G (0.9 %) or device H
(1.9 %), but larger values are observed in device I (4.5 %) and J (2.8 %) typically accom-
panied with a larger tunnel coupling asymmetry between the source and the drain. We
note that, at most, only one diamond is visible in the gate bias range accessible. This is
expected in molecular junctions where the addition energy is in the range of hundreds of
meV or larger. The diamond’s corners of devices H and J close at zero source-drain bias,
forming a clear charge degeneracy point (CDP); this feature is less clear for devices G and
I. In device I, the highest conductance resonance is at finite bias in the SET regime; at a
first glance, the signal is similar to a non-closing diamond, but looking in more detail, a
faint white diamond closing at zero bias can be observed. In devices H and J, many exci-
tations are visible in the SET regime, more than ten for Device H in both the upper and
lower part of the Coulomb Diamond. Also, dark lines parallel to the opposite diamond
edge suppressing the conductance in the lower source-drain bias region can be seen.

To further study the SET excitations in sample H, we fixed the gate voltage close to
the charge degeneracy point (-350 mV) and measured dI/dV spectra when applying an
external magnetic field perpendicular to the sample up to 9 T (figure 6.2). Note, that the
charge degeneracy point is slightly shifted compared to the original stability diagram.
Some excitation shifts toward positive bias with a magnetic field, while others shift to
a more negative bias voltage. The ground state evolution with magnetic field (solid red
line close to 0 V in figure 6.2 a and b) is consistent with a Zeeman effect gµtextr mB B ; we
expect it to shift by 0.12 meV/T (taking g=2), drawn as dashed black lines. Two of these
excitations, around -8 meV, are "fusing" together above 2.5 T and seem to shift toward
positive bias with increasing magnetic field (see figure 6.2 c). This non-continuous shift
does not fit with the magnetic field evolution expected from Zeeman splitting of a free
electron.

Without the possibility of using the COT signal to determine the ground state of the
molecular junctions, we can use the shift in gate potential of the degeneracy point when
applying a magnetic field and changing the temperature to get further insights. We de-
termine this shift by recording the zero-bias conductance as a function of gate voltage
called a gate trace and find the maximum of the current for device H (Fig. 6.3) and device
J (Fig. 6.4). The latter shows a linear chemical potential shift with the magnetic field and
temperature, while the first shows a nonlinear one. The difference in degeneracy, dN

and dN−1, from the states with N and N −1 electrons is expected to shift the charge de-
generacy point toward the lowest magnetic quantum number state, ms , with increasing
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Figure 6.2: Magnetic field dependence of the excitations in the SET regions for device H taken at a fixed
gate voltage of -350 mV (upper left panel). The other panels shows the same data but in different voltage
range with adjusted color scale highlight the splitting occurring for the resonance at the edge of the SET
regime. The observed splitting is consistent with a Zeeman splitting energy scale with an electron spin
g-factor of 2 (dashed black lines).

temperature [130]:

∂µ

∂T
= 1

2
∆SN−1→N . (6.1)

This equation relates the CDP shift as a function of T with a change in spin en-
tropy ∆S = SN−1→N −SN = ktextr mB [ln(dN)− ln(dN−1)] between the two ground states
of the molecule. The shift of the conductance maximum observed in the stability dia-
gram is connected to the capacitive couplings to the leads and to the gate: ∆VGpeak (T ) =
∆µmol(T )/α. In a di-radical with a transition between a doublet to a singlet ground
state, the change of degeneracy between the two states is expected to go from dN−1 = 2
to dN = 1 yielding a shift with a slope of 1

2 kB ln(2). Quantitatively, the magnitude of
the shift is in the range expected for a singlet-to-doublet transition in device H as dis-
played by the dashed black line in figure 6.3 c. Nevertheless, a change in the shift di-
rection is observed above a temperature of 5 K. Interestingly, this change of direction
happens at an energy of kBT (T = 5.5 K ) ≈ 0.47 meV, which is close to the energy at
which a saturation happens in the magnetic field dependence of the SET resonances
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Figure 6.3: Conductance vs. gate voltage across the charge neutrality point of device H as a function of
temperature (left panels) and magnetic field (right panels). The gate bias value at which the maximum
of the current in the gate sweep is observed is plotted on the bottom pannels for both cases. The maxi-
mum value of the current as a function of the gate voltage VG is converted to a chemical potential shift
∆µmol using the gate coupling parameter extracted from the Coulomb diamonds α. (Bottom left) No
monotonous shift of the CDP with respect to the temperature is observed but the magnitude of the shift
is in the range of 1

2 kBT ln(2) (black dotted line). (Bottom right) Non-linear shift of the chemical poten-
tial with respect to the magnetic field; no hysteresis is observed between positive and negative direction
of the magnetic field. Both magnetic field and temperature dependence of the CDP are non-linear with
changes observed in the same range of energy.

(kBT (T = 1.8 K )+gµBB(B = 2.5 T ) ≈ 0.45 meV) in figure 6.3 d (i.e. the CPD does not shift
further with stronger magnetic field). In contrast, device J from figure 6.4 c displays a lin-
ear shift of the chemical potential, but in this case, the magnitude is different, suggesting
a change in spin-entropy with a different origin than a singlet-to-doublet transition.

We measure this shift with respect to an applied external magnetic field (see b and d
in figures 6.3 and 6.4). In this case, similar to the case with varying temperature, the shift
is not linear with respect to the magnetic field. At low fields, no clear shift is observed up
to 2 T. The peak is then rapidly shifting to more negative values of the gate voltage until
reaching a threshold above 6 T, where the peak does not move with increasing magnetic
field. Again, the magnitude of this shift is in reasonable agreement compared to the black
dashed line, but a deviation from this trend is observed. On the other hand, the same
measurement on device E (figure 6.5) shows good agreement between experimental data
and the expected trend, although a slight difference in the two directions (+z for circular
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Figure 6.4: Current vs. gate voltage across the charge neutrality point of Device J as a function of temper-
ature (left panels) and magnetic field (right panels) in a similar way as for Device H in figure 6.3. (Bottom
left) A shift of the CDP with respect to the temperature is observed but the magnitude of the shift is
larger than the expected 1

2 kBT ln(2) (black dotted line). (Bottom right) Device J shows a linear shift of

the chemical potential with respect to the magnetic field with a magnitude close to 1
2 gµBB ln(2) (black

dotted line). A slight hysteresis is observed between positive (squared markers) and negative direction
(round markers) of the magnetic field. Both magnetic field and temperature dependence of the CDP are
linear, unlike Device H.

dot, -z for squared ones) is observed in this case while device H show identical results for
both. Note, that in both devices shifts of their charge degeneracy point occur toward the
same direction (negative gate value) when a magnetic field is applied in both directions.

We have reiterated the measurement on device G (from figure 6.1 obtained from de-
vice E 5.4). The result for both positive (a, c and e) and negative (b, d and f) magnetic
field directions are compiled in figure 6.5 where the conductance resonance as a func-
tion of the gate bias is displayed in a and b, the shift of the resonance center is shown in
c and d, and the change in height is visible on e and f. In c and d, the shift of the CDP
as a function of the magnetic field is displayed with a black dashed line reporting values
from equation 6.1 with a change in spin entropy corresponding to a singlet-to-doublet
transition, showing that the shift is in the range expected from Zeeman splitting. Finally,
the height of the peak varies linearly with increasing magnetic field. This is consistent as
the height of the peak is expected to scale with 1/T [119]; the slope is shown in the inset
of the figures.
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6.3. SPIN-BLOCKADE PHENOMENA
Device G from figure 6.1 displays a Coulomb diamond with three distinct levels of con-
ductance. On the right of the CDP, the lowest conductance zone is at the bottom of a
spin-flip signal with Jex ≈3 mV, while on the left of the diamond, a Kondo resonance in-
dicates that the radical is in its reduced spin 1/2 state. This behaviour has been described
in the previous chapter as this device has been obtained after heating of Device E (fig-
ure 5.4). Thus in Device G, the excitation in the SET regime isn’t distinguishable and a
uniform zone of high conductance is visible, except for the bottom part of the Coulomb
diamond where the right corner is missing, leaving a diamond structure non centered
on zero-bias. An asymmetric Coulomb diamond not closing at V = 0 mV is the typical
signature expected from a spin-blockade phenomena. To further study the effect, we
applied a magnetic field of 9 T to the device expecting the transition to become avail-
able again with application of an external magnetic field, however, no clear change of
the blockaded region of the Coulomb diamond has been observed up to the maximum
magnetic field available. This indicates that the energy of spin-excitations is too large for
the magnetic field to lift this blockade.

Device I from figure 6.1 shows an excitation in the SET regime with an order of mag-
nitude larger conductance than the resonance at its charge degeneracy point (CDP). The
two solid red diamond corners above +5 mV and under -2 mV depict a case where SET
transport is blocked up to a finite bias. This effect is expected from a spin-blockade where
the difference between the two ground state multiplets, ∆S > 1

2 for which selection rules
forbid the transitions close to zero-bias. In this device, the cotunneling (COT) regime is
not visible

6.4. CONCLUSION
In this chapter, we investigated all-organic di-radical molecular junctions exploiting fea-
tures in the sequential electron tunneling (SET) regime. We show that the resonance in
the SET regime is potentially linked to the ground state of the molecule and investigated
this relation by measuring shift of the charge degeneracy point (CDP) as a function of
the temperature and external magnetic-field applied. The non-linear temperature and
magnetic dependence observed in device H suggest presence of magnetic anisotropy in
the molecular junction. We highlight the chemical potential shift method as an addi-
tional method for ground state determination of a molecular junction applicable even
when the co-tunneling regime is not accessible. At the same time, the variations from
device to device with the different behaviours observed highlight the different junction
geometries available in the electromigrated break junctions devices.
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Figure 6.5: (a and b) Conductance vs. gate voltage across the charge neutrality point of device E at differ-
ent temperatures from a negative value to a positive value of the gate voltage (forward - left) and opposite
direction (backward - right). (c and d) chemical potential shifts as a function of the magnetic field ex-
tracted from the center of the charge degeneracy point and capacitive coupling to the gate∆µmol =α∆Vg

with α=. The shift is in accordance with a value of 1
2 gµBB and uncertainties are in the range of 30%. (e

and f) Conductance of the charge degeneracy point as a function of the magnetic field; insets display the
value of the best fit to the data (black dotted line) similar for both directions.
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Any moron can obtain weapons,
but what he does with these weapons is the factor

which will determine the success or failure of a particular operation.

William Powell - The Arnachist Cookbook

In this chapter, we compile observations of the Kondo effect in all-organic di-radical molec-
ular junctions formed in two different devices geometries: the mechanically controlled
break junctions (MCBJ) and the electro-migration break junctions (EMBJ). By applying
mechanical strain in the MCBJ and gate voltage in the EMBJ, the Kondo correlations can
be modified and the ground state of the di-radical can be reduced/oxidized between an
N = 1 and N = 2 occupancy on the molecule. Using resonances width, broadening with
temperature and magnetic field splitting, we observe both the fully screened S = 1/2 and
underscreened S = 1 Kondo regimes. Finally, we discuss cases extending beyond the single
channel S = 1/2 Kondo effect and point out the similar qualitative behavior of the con-
ductance at low temperature between the two-stage Kondo effect and the singlet-triplet
Kondo effect.
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DEVICES

7.1. INTRODUCTION
Since their first synthesis in the early 1900 [110, 131, 132], polycyclic aromatic hydrocar-
bons (PAHs) polyradicals have gathered renewed attention over the last decade [75, 111,
113]. Their appealing properties harvested interdisciplinary investigations both for their
fundamental interest and potential applications [24, 109, 133]. The semi-filledπ-orbitals
of PAH radicals can retain unpaired magnetic impurities up to room temperature ow-
ing to large delocalisation of the charge and steric hindrance increasing stability against
chemical reactions [93]. Furthermore, π-magnetism exhibits a higher degree of delo-
calisation and isotropy, and is less impacted by decoherence compared to magnetism
originating from d-orbitals. Nevertheless, these characteristics come with a high sen-
sitivity of the electronic configuration on the geometric conformation of the molecule
and its surrounding electrostatic environment due to the polarisability of carbon-carbon
bonds.

A fundamental manifestation of the interaction between a localised magnetic mo-
ment and its environment is the Kondo effect [56], where conduction electrons form
a spin cloud around the magnetic impurity screening it. The strong electron-electron
interactions lead to a pronounced zero-bias Kondo resonance in the differential con-
ductance spectra that cannot be accounted for in a single-particle model. Since its first
experimental observation, the Kondo effect has been studied in a variety of systems,
including semiconductor quantum dots [134–136], magnetic atoms [137–139], carbon
nanostructures [113, 140, 141] and also in single molecules using scanning tunneling
microscope [142, 143], mechanically controlled break junctions [82, 98, 144] and single
molecule transistors [88, 118, 128]. The many-body highly correlated state arising from
this phenomenon may help to understand better decoherence and screening of the elec-
tronic states in nanometer-sized systems.

In this chapter, we report on Kondo resonances arising from the unpaired spins of all-
organic PAH di-radical 2-OS and Sme-2OS molecular break junctions at low temperature
in the two and three-terminal device configurations. The two di-radicals used, 2-OS and
Sme-2OS, are depicted in figure 7.1 (a, top and bottom respectively). The backbone of
both molecules is composed of two fluorene moieties hosting radical centers linked by
two anthracene units. Sme-2OS (figure 7.1 a) holds additional sulfur-methyl groups with
benzene rings stabilizing the molecule-metal interfaces. More details on the synthesis
of the di-radical can be found in [76] and [145].

Previous work demonstrated that these di-radicals retain their magnetism upon in-
tegration in solid-state devices and that the molecules can be gate-tuned through a re-
versible redox reaction between singly and doubly occupied states (see chapter 5). When
the molecule is in the N = 2 state, the exchange coupling between the radical electrons
can be either ferromagnetic (triplet ground state, S = 1) or anti-ferromagnetic (singlet
ground state, S = 0) depending on the exact molecule conformation in the junction.
Some configurations lead to the quenching of one of the magnetic impurities, leaving
the radical in a S = 1/2 state. Alternative configurations with small to no singlet-triplet
splitting may lead to two independent S = 1/2 impurities, leaving the molecule in a
biradical state. We find Kondo temperatures that range from a few K to several tens
of K, allowing for a study of Kondo crossovers regimes at relatively high temperatures
(above a Kelvin). We compare the effects of mechanical manipulation, electrostatic gat-
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Figure 7.1: (a) Schematic representation of the (top) 2OS and (bottom) Sme-2OS di-radical molecules.
The magnetic impurities are localised in the fluorene moieties separated by two anthracene units with
a angular degree of freedom. The Sme-diracical holds additional sulfur-methyl groups with benzene
rings acting as anchoring groups. (b) Top: schematic representation of a di-radical molecular junction
where two molecular orbital with a tunneling amplitude τ between them, giving rise to an exchange
coupling Jex coupled to source and drain electrodes through tunnel coupling terms Γ. Bottom: when a
molecular orbital is strongly coupled the conduction bath, the Kondo effect leads to a polarisation of the
conduction electrons cloud around the localised magnetic impurity in order to screen it. (c) Scanning
electron microscopy (SEM) image of a mechanically controlled break junction (MCBJ) device and (d) an
electromigration break junction (EMBJ) device.

ing, magnetic field splitting and temperature dependence of Kondo resonances in these
all-organic di-radical molecular junctions and outline compatibility of the results with
S = 1/2 Kondo effect. Then, by comparing the transitions of the electronic transport
fingerprints, we point out cases extending beyond the single screening channel spin- 1

2
Kondo effect.

Di-radicals measurements are carried out using two different methods: the electro-
migration break junction (EMBJ) technique and the mechanically controlled break junc-
tion (MCBJ) technique, depicted respectively in figure 7.1 c and d. By mechanical manip-
ulation with the MCBJ technique, the molecule-metal geometries can be adjusted while
recording the two-terminal current-voltage (IV ) characteristics of the molecular junc-
tion. MCBJ allow the probe of many different junction geometries in a single experiment,
while an EMBJ gap is fixed once it has been opened and supports the measurement of
only a single configuration per junction. By incorporating a third gate electrode, the
EMBJ devices are able to tune the electrostatic environment by applying a voltage to the
gate and adjusting the alignment of the molecular orbitals with respect to the chemical
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potentials of the electrodes. Additionally, EMBJ devices support temperature-dependent
measurements. In both cases, we measure the current, I , as a function of applied DC bias
voltage, V , between the source and drain electrodes and use a numerical Savitzky-Golay
filter to obtain the differential conductance dI /dV .

7.2. RESULTS
We measured 75 devices in EMBJ and 6646 in MCBJ, both in the presence of Sme-2OS
(respectively 41 for EMBJ and 4532 for MCBJ) and 2OS (34 for EMBJ and 2114 in MCBJ).
Inelastic spin-flip tunnelling spectra are observed in the dI /dV spectra in 1 % of the
devices with an exchange coupling in the range of 10 meV. 2.7 % of 2OS MCBJ devices
display Kondo resonances, 1.9 % in the SMe-2OS and 5.9 % in the 2OS EMBJ devices and
7.3 % in the Sme-2OS EMBJ device. The statistics are summarized in SI figure 7.8. Here,
we will highlight different examples on how to quantify and control the Kondo physics
in di-radical molecular junctions.

Figure 7.2: (left) Differential conductance (dI /dV ) as a function of bias voltage of a 2-OS molecular junc-
tion in MCBJ at low temperature for increasing electrodes-electrodes distance (∆x). (right) Fitting the
Kondo resonances to a Lorentzian, the extracted full-width half maximum (FWHM; blue curve) as a func-
tion of electrode distance decrease monotonically resulting from the Kondo temperature reduction due
to the increased tunnel barrier length. Differential conductance at zero-bias (red curve) display a jump
after 0.4 Å electrode spacing increase while the FWHM decreases in the meantime indicating relaxation
of the tensile stress in the gold electrodes resulting in an increased amount of direct tunneling between
the two electrodes relative to scattering through the quantum transport channel.

7.2.1. MECHANICAL MANIPULATION OF TK
The MCBJ devices allow for adjustment of the size of the gap to further modify the ge-
ometry of a junction once a molecule is sandwiched between the metallic electrodes,
and rearrange the molecule couplings to the source and drain (Γ on figure 7.1 b). On
the left side of figure 7.2, we show successive differential conductance spectra of a 2-
OS MCBJ molecular junction for increasing electrodes spacing (∆x). By changing the
gold electrode gap, the tunnel couplings (and therefore the capacitive couplings) of the
molecule with the electrodes increase. The dependence of the gap size on the electrode
spacing is not necessarily monotonic and continuous as the reorganisation of gold in
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the electrodes may spontaneously release mechanical stress, restructuring the junction
geometry and changing the conductance. Fitting the Kondo resonances to a Lorentzian
(the procedure is detailed in Appendix 7.4.1), one can estimate the Kondo temperature
for a S = 1/2 screening from the extracted full-width half maximum (FWHM):

FWHM = 2

e

√
(πkBT )2 +2(πkBTK)2, (7.1)

with kB the Boltzman constant, T the temperature and TK the Kondo temperature. On
the right side of figure 7.2, we see that the characteristic energy of the Kondo effect, the
Kondo temperature, decreases monotonically for increasing electrode distance, i.e., in-
creasing the tunnel barriers.

Figure 7.3: (left) Stability diagram (dI /dV as a function of bias and gate voltage) of a 2-OS molecular
junction in EMBJ at low temperature (device F from chapter 5). Dashed lines highlight the corners of
the Coulomb diamond with the charge degeneracy point at V = 0 V. (b) Kondo energy (left axis) and the
corresponding Kondo temperature (right axis) extracted from zero-bias resonances fits to a Lorentzian
(see SI 7.4.1) with T = 2 K. The black line correspond to the best fit to the Haldane relation 7.3 with
Γ= 90 mV, U = 240 mV assuming a charge degeneracy point at VG = 0.4 V.

7.2.2. GATE DEPENDENCE OF TK
The many-body singlet state formed by the localised magnetic impurities with the con-
duction electrons occurs through an exchange process where an electron jumps off the
molecule to the electrodes bath. At the same time, another one must replace it on a
time scale h/ϵ0, where ϵ0 is the energy level of the molecule. An antiferromagnetic
Heisenberg exchange interaction, J , describe such a cotunneling process in an inter-
action Hamiltonian:

Hint =
∑
λ

Jλsbath ×Sλ (7.2)

between the λ spins in the molecule Sλ and the sum of spin operators of the conduction
electrons sbath. We can represent the di-radical molecular transistors by two molecu-
lar orbitals, |1〉 and |2〉, coupled to source and drain leads through tunnel barriers (see
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figure 7.1 b). Each magnetic impurity has a screening channel with a Kondo tempera-
ture, TKλ ∝ Γλ = ΓλS +ΓλD . When the radical is in its N = 1 state, or if the experimental
temperature is in the range TK2 ≪ T ≤ TK1, only one screening channel is effective as
depicted in the bottom figure 7.1 b. However, the binding energy is not simply propor-
tional to this coupling strength. The Kondo temperature dependence on the barrier size
is described in the relation developed by Haldane [146]:

kBTK =
p
ΓU

2
e−πϵ0(−ϵ0+U )/ΓU , (7.3)

where the Kondo temperature is expressed as a function of, U , the on-site repulsion,
ϵ0 the energy level of the molecule through which transport occurs and Γ, the sum of
the tunnelling barriers widths. The exponential dependence of TK on Γ highlight the
susceptibility to the exact molecule-metal geometry. In EMBJs, the tunnel barriers are
fixed. However, the capacitive coupling of the molecule to the gate allows for tuning
the alignment of the molecular molecular orbitals with the chemical potentials of the
electrodes.

At sufficiently large bias voltages, an accessible level is present in the range between
the chemical potentials of the two electrodes, leading to resonant tunnelling through
the molecule, producing a peak in the dI /dV . Thus, the gate bias shifts the source-drain
voltage at which resonant transport occurs. Measurements of dI /dV as a function of
different gate voltages are compiled in a "stability diagram" as displayed in the left plot
of figure 7.3. Typically, in molecular devices, a single molecule transistor is characterised
by a hour glass like structure where the current is blockaded on both sides where the
molecule maintains a consistent charge state. When the gate voltage is tuned to align
a molecular orbital with the Fermi energy in the junction, resonant tunnelling occurs at
zero bias and the molecule transition between distinct charge state. This point is referred
to as the "Charge degeneracy point" (CDP) of a Coulomb diamond. The dependence on
the location of the chemical potential ϵ0 is employable to fit the gate dependence of a
S = 1/2 Kondo resonance.

In the left plot of figure 7.3, we show a stability diagram from a 2-OS molecular junc-
tion in an EMBJ device. Edge of two Coulomb diamonds (highlighted by black dashed
lines) indicates a change in the molecular charge state between the left and the right side
of the diamond. The blockaded region on the right of the CDP displays a small spin-flip
signal with large Kondo correlation compatible with a doubly occupied singlet ground
state. On the left side of the diamond, the odd charge state displays a zero-bias res-
onance with tunable height and full-width half maximum using the gate voltage. The
Kondo resonances are fit to a Lorentzian, and using equation 7.1; the corresponding
Kondo energy and Kondo temperatures are displayed on the right plot of figure 7.3 as a
function of gate voltage. The exponential dependence of the Kondo temperature on the
gate bias expected from the Haldane relation 7.3 is displayed as the dashed black line in
the right figure 7.3. A good correspondence is found.

7.2.3. MAGNETIC FIELD DEPENDENCE
A S = 1/2 Kondo resonance is expected to split by 2gµbB in the presence of an external
magnetic field due to the Zeeman effect. The doublet ground state degeneracy of a single
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Figure 7.4: (left) dI /dV as a function of bias voltage and external magnetic field up to 9 T. The white
dashed lines corresponds to a splitting of 2gµb B with g = 2 above a critical magnetic field of 4.1 T. (right)
dI /dV vertical linecuts from left figure for different magnetic fields applied along normal direction of the
device.

magnetic impurity is thus lifted with a magnetic field. An exchange interaction between
the two states arises, and a dip appears around zero bias in the dI /dV spectra due to
the associated inelastic spin-flip processes. This results in splitting from a single Kondo
peak to two distinct peaks taking place above a threshold magnetic field BC. The relation
between BC and TK has been studied using the numerical renormalisation group (NRG)

yielding a critical field BC = 0.5kBTK
gµB

for a S = 1/2 screening with g = 2 [147]. Some mea-
surements in MCBJ highlighted Kondo temperatures corresponding to several tens of K,
too large to be split with an 8 T magnetic field.

The magnetic field dependence of the dI /dV spectra in an EMBJ Sme-2OS molecular
junction in the odd charge state of a Coulomb diamond is displayed in figure 7.4. The
dashed lines on the left panel represent a splitting of | 2gµbB | corresponding well to the
opening of the conductance dip at zero-bias with g = 2. The FWHM of the resonance at
0 T extracted from the fit to a Lorentzian is 2.8 meV at 1.7 K, corresponding to a Kondo
temperature of 11 K. The opening of the dip matches well with the value expected from
0.5kBTK

gµB
≈ 4.1 T. We note the constraint that the thermal excitation must be smaller than

the critical magnetic field T < gµBBC
kB

(see SI section 7.4.3).

7.2.4. TEMPERATURE DEPENDENCE
The results presented can be explained by a single S = 1/2 impurity coupled to a single
Kondo screening channel. The total spin effectively screened can be larger than 1/2, and
Kondo resonances in the even charge state of molecular devices have been experimen-
tally observed [148]. The two molecular orbitals, each occupied by a radical electron, can
have different couplings to the electrodes yielding two distinct energy scales, TK1 and
TK1. In this picture, as the Kondo energy scale depends exponentially on the coupling
strengths, a large number of molecular junction geometries lead to two different Kondo
temperatures TK1 ≫ TK2. If the temperature of the experiment is above the lowest Kondo
temperature, TK2 ≪ T < TK1, a single screening process is apparent and resonances are
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Figure 7.5: (left) dI /dV as a function of bias voltage for different temperatures in Sme-2OS molecular
junction in EMBJ. (right) Normalised zero-bias conductance as a function of T /TK extracted from left
figure. Dashed lines corresponds to the best fit to equation 7.4 with parameters TK = 9 K, Gb = 0.54 and
s = 0.7 corresponding to a S = 1 Kondo temperature evolution.

in the underscreened regime. The logarithmic dependence of the zero-bias conductance
as a function of temperature is contingent upon the total screened spin, as highlighted
in the formula described by Goldhaber-Gordon et al. [149]:

G(T,V = 0) = G(T = 0)(
1+ (21/s −1)(T /TK)2

)s +Gb, (7.4)

with s the empirical spin parameter (where s = 0.22 for S = 1
2 and s = 0.7 for S = 1),

G(T = 0) the peak conductance at 0 V in the T → 0 K limit and Gb the background con-
ductance at finite voltages. Equation 7.4 enables one to estimate the total spin screened
in a molecular junction by recording dI /dV for different temperatures. Larger tempera-
tures activate vibrational modes that can result in increased noise in the junction. Ther-
mal energy also increases the diffusion of the molecule and, with it, the probability of
changing the molecule-metal geometries. Figure 7.5 displays an example of tempera-
ture dependence measurements of a Kondo resonance in the dI /dV spectra of Sme-2OS
molecular junction in EMBJ device.

The sharp resonance of figure 7.5 at an initial temperature of 1.7 K broadens and
reduces to half of its conductance around a temperature of 10 K. The full-width half
maximum of the Kondo resonance fit to a Lorentzian is around 2 meV at 1.7 K, corre-
sponding to a Kondo temperature in the 10 K range. We fit the zero-bias conductance of
the Kondo peaks using equation 7.4 on the right side of the figure. The result of the fits
converge to higher spin values than s = 0.22, indicating the temperature evolution of a
S = 1 Kondo resonance. In this junction, the molecule could not be reduced or oxidised.
A fit to s = 0.22 (displayed in SI figure 7.10) converge to an inconsistent Kondo tempera-
ture of about 20 K with a smaller Gb. Note, that a broad range of temperatures should be
measured to fit the Goldhaber-Gordon relation 7.4 with reasonable accuracy, especially
on the plateau at fractions of the Kondo temperature in the strong coupling regime.
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Numerical and analytical investigations focusing on the electron-phonon coupling
relation with Kondo correlations confirmed that vibronic modes can alter the spin 1/2
impurity behaviour. Intramolecular electron-electron interactions and couplings to the
leads are renormalised by additional interaction with a phonon mode, leading to an
increased value of TK, a weak gate voltage dependence and anomalous behaviour of
Coulomb diamond edges [150]. The zero-bias peak in figure 7.5 did not split up to an
applied magnetic field of 9 T (figure SI). We note that such a signature has been dis-
cussed in the context of strong electron-phonon coupling when the on-site repulsion
can be renormalised to a negative value in specific cases [151].

Figure 7.6: (left) dI /dV as a function of bias voltage and electrodes spacing in a 2OS molecular junction
in MCBJ. (right) dI /dV linecuts from left figure for increasing electrodes spacing. Some signals display
different behaviour with the same background conductance highlighting the importance of the exact
molecule-metal conformation defining the fingerprint observed in the dI /dV . The sharp Kondo reso-
nance accompanied by two satellites peaks initially turns in a flat inelastic spin-flip excitation with a
change of background conductance highlighting the mechanically induced charge state transition from
N = 1 to N = 2.

7.2.5. MECHANICAL MANIPULATION OF KONDO REGIME

When the number of screening channels n < 2S, the impurity is partially screened by
conduction electrons forming an underscreened Kondo resonance. Mechanical manip-
ulation can influence this screening regime by tuning either the number of screening
channels or the total spin of the molecule. An example of mechanical manipulation
with a transition from a completely screened to an underscreened Kondo resonance in
a 2-OS MCBJ molecular junction is shown in figure 7.6. At small electrode distances, the
dI /dV spectra display a zero bias resonance accompanied by two satellite peaks around
±10 mV. In the first four spectra, increasing the electrode distance increases the Kondo
correlations and the background conductance. Between the 5th and the 6th spectras,
around ∆x ≈ 0.7 Å, the background slope changes sign and Kondo correlations disap-
pear, leaving a spin-flip signal with an exchange coupling close to 10 mV. This change
of background asymmetry in the differential conductance spectra is also observed be-
tween the left and right sides of di-radical junction displaying Coulomb diamonds: we
observe a positive conductance background slope as a function of bias voltage in the odd
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states and a negative slope in the even states (see SI figure 7.14). The four spectra follow-
ing this background change show a decrease in the Kondo correlations at the bottom of
the dip and an overall decrease in the conductance simultaneously. These characteristic
fingerprints indicate a transition to an underscreened Kondo state with a change of the
ground state from S = 1/2 to S = 1 and a single screening channel. The underscreened
Kondo resonance at the bottom of a ferromagnetic spin-flip signal splits with a magnetic
field of 2gµBB above a smaller threshold magnetic field than for S = 1/2 screening [76].
This result shows that the electrodes-molecule geometry not only influences the tunnel
couplings (through Γ in the Haldane relation 7.3) but also the relative position of the
level, ϵ0, up to oxidising or reducing the di-radical beyond the CDP.

Figure 7.7: (left) Double peak centered around zero-bias in the dI /dV spectra of a 2OS EMBJ molecular
junction for increasing temperatures from 5 to 60 K. (right) Differential conductance at zero-bias as a
function of temperature extracted from the left plot. The dip around zero-bias is closing first, increasing
the zero-bias conductance up to the first Kondo temperature TK1 around 10-20 K. The height of the re-
sulting resonance decreases as well at temperatures above TK2 ≈ 50 K.

7.2.6. TWO-STAGE KONDO

When the experimental temperature is below both Kondo energy scales (TK1 and TK2),
a second screening channel opens for the impurity to be fully screened. This situation
referred to as the two-stage Kondo effect, leads to a non-monotonic behaviour of the
zero-bias conductance as a function of temperature [152]. In the case of a singlet ground
state, S = 0, the Kondo resonance is expected to be in the overscreening regime if there is
one or more screening channels (n > 2S). In case the exchange coupling between the two
impurities is larger than the level broadening, screening is absent around zero-bias at
the bottom of the dip in the dI /dV spectra, and the current is blocked (see SI figure 7.14
device E). The Kondo correlations recover at finite bias when the difference of chemical
potential between the source and drain exceeds the energy to the triplet transition in the
form of step’s conductance overshoots in the IETS spectra. On the left side of figure 7.11,
the conductance at zero bias increases with increasing temperatures while the height
of the two symmetric peaks around zero bias reduces until a single peak is visible in the
differential conductance spectra. Increasing the temperature further yields a decrease in
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the zero-bias conductance, and the resonance continues to broaden. The correspond-
ing zero-bias conductance displayed as a function of temperature (right side of figure
7.11) is in agreement with the evolution expected for a two-stage Kondo effect [152]. In
a magnetic field, when the singlet and lowest triplet state are close in energy, the split
resonance is expected to restore to a single peak above a magnetic field B > Jex

gµB
for an

antiferromagnetic exchange coupling or to only split further in case of ferromagnetic
coupling (as observed in [153]).

When the ground and excited states are degenerate (exchange interaction is close to
0), the tunnelling amplitude between the two radicals sites is renormalised by Coulomb
interactions. The two spins can act either as two independent S = 1/2 impurities (as a
biradical at small tunnelling amplitudes) or be in a crossover regime between the triplet
and the locked singlet resulting in the singlet-triplet Kondo effect [154] (at intermedi-
ate tunnelling amplitudes). This situation leads to a non-monotonic G(T ) with a pro-
nounced peak around kBT = Jex which is broadening with increased inter-dot tunnelling.
In this case, when the singlet-triplet transition energy, Jex, is smaller than the level broad-
ening from the degenerate state participating to Kondo assisted transport, Γ, we can ex-
pect contributions to the conductance around zero-bias. The resonance appears as a
split peak centred around zero-bias as in the right charge state of the Coulomb diamond
in figure 7.3. The distance between the two peaks corresponds to the exchange coupling
between the ground and excited states and the bottom of the dip at zero-bias has a higher
conductance than the background at larger bias voltages. This behaviour is described in
the calculations from Ref.[155], which predict a non-monotonic evolution with temper-
ature of the zero-bias conductance when the inter-dot tunnelling amplitude is in the
range of t ∼

√
U ′TK with U ′ the on-site extended Coulomb repulsion and Jex ∼ TK.

7.3. CONCLUSION

In conclusion, we reported on Kondo resonances originating from the unpaired spins of
the all-organic PAH di-radicals, 2-OS and Sme-2OS, in low-temperature, two- and three-
terminal device configurations, and highlight the influence of mechanical manipulation,
electrostatic gating, magnetic field splitting and temperature broadening on the con-
ductance spectra. We determined the Kondo temperatures with three complementary
methods (bias width, magnetic field splitting and temperature dependence) and pointed
out their limitations. The di-radical can be reduced to a single radical either by gate volt-
age or mechanically, yielding a S = 1/2 Kondo screening effect in agreement with the
expected behaviour in this regime. The large Kondo temperatures of PAH polyradicals
allow observation of both the completely screened S = 1/2, the underscreened S = 1 and
the singlet-triplet Kondo regimes in a temperature range above a Kelvin. Some devices
diverge from the expected behavior, such as the one with a narrow resonance unaffected
by an external magnetic field with indications for a S > 1 spin state. We also showed with
an example of the behaviour compatible with the two-stage Kondo effect as described in
the literature and emphasiszed the similarities with the singlet-triplet Kondo effect when
the binding energy is larger than the exchange coupling between the two magnetic im-
purities.



7

86
7. KONDO RESONANCES IN ALL-ORGANIC DI-RADICAL MOLECULAR BREAK JUNCTION

DEVICES

7.4. APPENDIX
We measured di-radical molecular junction formed with the 2-OS and Sme-2OS di-radical
in 7 different mechanically controlled break junction (MCBJ) devices and 74 electromi-
gration break junction (EMBJ) devices. The features observed are compiled in figure 7.8
for both MCBJ, EMBJ and all devices. The MCBJ devices are broken and fused back to-
gether yielding a different molecule metal-geometry each time the junction is broken. A
detailed description of the MCBJ measuring technique can be found in [156, 157].

Figure 7.8: Statistics of the measured features in the dI /dV spectra of 2OS and Sme-2OS molecular junctions
(top-right), in EMBJ (bottom-left) and MCBJ (bottom-right)

7.4.1. FIT OF THE KONDO RESONANCE
We used a Lorentzian function to estimate the Kondo temperatures from the full-width
half maximum extracted of the fits:

y(x) = A× 1

1+ ( x−x0
Γ/2

)2 +Bx +C, (7.5)

with A a scaling parameter, B the slope of the conductance, C a background conduc-
tance offset, x0 the center of the resonance and Γ the full width at half maximum.

7.4.2. FITS TO THE HALDANE RELATION
In figure 7.10, we fit the zero-bias conductance of the resonances displayed in 7.5 as a
function of temperature to the Goldhaber-Gordon relation (eq. 7.4 from main text) and
constrain the spin parameter s = 0.22 corresponding to a spin-1/2 screening. The best fit
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Figure 7.9: dI /dV as a function of bias of a Kondo resonance from figure 7.2. The black dashed line
correspond to the best fit found to formula 7.5.

Figure 7.10: Best fit to the Haldane relation of the Kondo resonance amplitudes in function of the tem-
perature for a S = 1/2 screening. Solution converge to a background of 0.24 and a Kondo temperature of
19 K.

converge to a Kondo temperature of 19 K, almost twice as expected with s = 0.7, with a
background conductance of 2.3 ×10−5 G0, half of the S = 1 fit background (5.2 ×10−5 G0)
which is corresponding well with the background observed experimentally in the dI /dV
spectra.

In a similar way, we fit the double peak in the differential conductance spectra to the
sum of two Lorentzian with different height and width as displayed in figure 7.11 and ap-
ply this procedure for the range of temperatures displayed on the right plot. The subtrac-
tion of the two fitted Lorentzian yield the black dashed line. The two heights extracted
from Lorentzian fit are compared to the Goldhaber-Gordon relation and find that solu-
tion converges better to S = 1/2 for the outer resonance (red curve in 7.11) with a Kondo
temperature of 55 K (which is the temperature at which the overall resonance broaden
and zero-bias conductance decrease) and to S = 1 for the inner resonance (orange curve
in 7.11) with a Kondo temperature of 13 K (corresponding well to the temperature where
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Figure 7.11: (left) Double peak in the dI /dV spectra of a 2OS molecular junction in EMBJ centered around
zero-bias. We fit the signal using substraction of two lorentzian displayed as red and orangecurves yield-
ing the black dashed line superposed to the blue data points. (right) dI /dV spectra as a function of tem-
perature from 5 K to 60 K. The smaller resonance is closing first, increasing the zero-bias conductance up
to the first Kondo temperature TK1. The FWHM of the larger resonance is then decreasing as well as the
zero-bias conductance at temperatures above TK2.

the zero-bias dip vanishes leaving a single peak in the spectra) and show the results in
figure 7.12.

Figure 7.12: Best fit to the Goldhaber-Gordon relation of the Kondo resonances height extracted from fits
of the sum of two Lorentzian (as displayed in figure 7.11) a function of the temperature. The first fit to
TK1 is converging to a Kondo temperature of 55 K and a S = 1/2 temperature evolution while the second
fit converge to a lower TK2 ∼ 13 K with a spin 1 evolution.
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7.4.3. MAGNETIC FIELD DEPENDENCE
The splitting of Kondo resonances in the dI /dV spectra as a function of external mag-
netic field is displayed for different 2-OS and Sme-2OS molecular junctions in figures
7.13. For the splitting to be observed the measurement temperature must be under the
critical magnetic field energy gµbBC/kB. The bottom-left signal is extracted from the
ferromagnetic spin-flip signal in 2-OS MCBJ of[76], in this case the ground state is S = 1,
therefor we expect a small critical magnetic field under the value observed of about 3 T
corresponding to a temperature broadening of 4 to 5 K consistent with our measure-
ments. Some zero-bias peaks are splitting while others are not, we doesn’t expect the

resonances to split if we meet the condition BC > kBT
gµB

corresponding to a temperature
T < 0.5TK in S = 1/2 single screening channel case.

Figure 7.13: dI /dV as a function of bias voltage and magnetic field up to 8 T of 2OS and Sme molecular
junction in MCBJ and EMBJ.

7.4.4. BACKGROUND MAGNETORESISTANCE
The magnetoresitance of the molecular junction highlight interesting features: in some
cases where a Kondo resonance is observed in the differential conductance spectra, the
background conductance is changing of more than 20 % at a magnetic field 8 T. We ob-
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serve both an increase of the background conductance in some junction and a decrease
in other examples. These observations are interesting to put in contrast with other ex-
periments [144] where a larger magnetoresistance was observed for molecular junction
that doesn’t display Kondo resonances in their dI /dV spectras.

7.4.5. ASYMMETRY ODD/EVEN
We observe a change of background asymmetry in the dI /dV spectras when crossing
the charge degeneracy point in the electromigrated break junctions as displayed in fig-
ure 7.14. Interestingly, we observe a change from a positive slope in the even charge
states to a negative slope in the odd charge states in two different molecular junctions
(left and center panels). During mechanical manipulation in the MCBJ (right panel), we
observed a change from a Kondo resonance to a flat dip compatible with inelastic spin-
flip excitation. This change could originate from a tunable exchange coupling between
the radicals centers: when the exchange coupling is very small to null, the di-radical
becomes a bi-radical and the configuration of the molecular junction is similar to two
S = 1/2 molecules probed in parallel. Moving the electrodes changes the conformation
of the molecule and the exchange coupling get to a negative value yielding a S = 1 sys-
tem. However, considering the change of background asymmetry, this sequence is better
explained by am effect similar to electrostatic gating of the molecule from the electrodes
which results in its -real- reduction.

Figure 7.14: Comparison of the dI /dV as a function of bias voltage for: (a) Sme-2OS and (b) 2-OS in EMBJ
for gate voltages in the (red) even and (blue) odd occupations of the di-radical junction and (c) 2-OS in
MCBJ for different electrodes spacing.
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L’image du jeu est sans doute la moins mauvaise pour évoquer les choses sociales.

De la règle aux stratégies : entretien avec Pierre Bourdieu, 1985

In this study, we investigate an all-organic di-radical molecule, employing the scanning
tunnelling microscopy (STM) technique1 and compare the results with the ones on the
same compound obatined in solid-state mechanically controlled break-junction (MCBJ)
devices. Analysis of the two setups highlights the interplay between the geometry of the
molecular junction and its electrostatic environment, producing specific magnetic finger-
prints in the electronic transport spectra. The signals observed with both approaches are
remarkably similar and can be altered by mechanical manipulation: by moving the tip in
the scanning tunnelling microscope (STM) or by moving both electrodes in the mechani-
cally controlled break junction (MCBJ). Comparing the results, we underscore the limits of
each system and the spin signatures associated with the molecular junction conformation.

1The STM measurements had been performed in the group of J.I. Pascual in San Sebastián (Spain) in close
collarboration with Alessio Vegliante.
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TUNNELING MICROSCOPE SINGLE-MOLECULE JUNCTIONS

8.1. INTRODUCTION

Recent studies highlight all-organic polycyclic aromatic hydrocarbons (PAHs) polyrad-
icals bearing promising properties, such as enhanced conductance [158–160], long co-
herence time [161–163] or large Seebeck coefficient [130, 133, 164]. The semi-filled or-
bitals enable unpaired magnetic impurities to persist in open-shell compounds up to
room temperature by taking advantage of the large charge delocalization in theπ-orbitals
over the aromatic compounds and the steric hindrance of the molecule to avoid the reac-
tion to the closed-shell form with hydrogen and oxygen. Advances in atomically precise
bottom-up synthesis present new strategies to synthesize such compounds in sufficient
purity to study their magnetic properties at the single-molecule level.

Although a few studies focus on PAH’s properties at the single-molecule level [165],
the link between the specific molecular conformation and the electronic properties of
a molecular junction still needs to be explored. Integrating polyradicals in solid-state
devices for fundamental studies remains challenging due to the limited control on the
possible configurations of the molecule between metallic electrodes [82, 88, 92]. Some
configurations may lead to the quench of one -or more- open-shell spin-center(s), alter-
ing or suppressing the magnetic properties of the molecule. In this chapter, we study an
all-organic di-radical molecule, the Sme-2OS (schematically represented in figure 8.1).
We assemble single-molecule junctions in a scanning tunnelling microscope (STM rep-
resented in figure 8.1 b) and compare the scanning tunnelling spectroscopy (STS) signal
with results obtained with the same molecule measured in a mechanically controlled
break junction (MCBJ represented in figure 8.1 a).

Despite differences in molecular deposition (see next section), a striking resemblance
is seen in the dI d/dV signals observed using both setups as displayed in figure 8.2:
Kondo resonances in the same range of energy (a,b), a split peak centered around zero
bias (c,d), and spin-flip signals with a flat bottom and varying bias overshoot sizes (e,f,g,h).
The STM spectra are obtained by contacting the molecule at different sites or by ap-
proaching the tip at different positions over the molecule. As indicated by the magnetic
fingerprints in the differential conductance spectra, we will show in this chapter that the
di-radical can be oxidized to a single radical depending on the exact molecular junction
conformation, with spectra changing from a spin-flip dip to a Kondo resonance. There-
fore, mechanical manipulation can lead to redox reactions analogously to electrostatic
gating, as observed for molecular junctions formed in three-terminal solid-state devices
(see chapter 5). A spin-flip signal with a small zero-bias contribution, a magnetic finger-
print associated with the ferromagnetic -triplet- ground state, is solely observed in the
MCBJ experiments (see figure 8.2 i). The resemblance of the results in both setups indi-
cates that similar molecular conformations are formed in both set-ups, despite the dif-
ference in contacting geometry, emphasizing the single-molecule character of junctions
formed with the MCBJ technique; the ferromagnetic configuration is, however, exclusive
to the MCBJ measurement method. The comparison allows a better understanding of
the different conditions offered by the two measurement setups, their similarities and
differences, using the same compound as a probe to their environment, and gathering a
more exhaustive picture of its electronic properties.
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a - MCBJ b - STM

Figure 8.1: (a) Schematic representation of the Sme-2OS all-organic di-radical in a mechanically con-
trolled break junction (MCBJ) and (b) in a scanning tunnelling microscope (STM). The di-radical is com-
posed of two fluorene moieties holding a radical center, linked by two anthracenes with an angular ro-
tational degree of freedom, with two benzene rings linking each anthracene to a sulfur-methyl group
(orange). In the MCBJ setup the electrode spacing is controlled in the x direction by bending the sub-
strate; in a STM setup the tip position is controlled relative to the substrate, and the electrode distance is
controlled by lifting the tip in the z direction, normal to the plan of the substrate.

8.2. METHODS
Several techniques have been explored to form single-molecule devices by isolating a
molecule between two metallic electrodes. It is convenient to model this setup as a
double barrier tunnelling structure with the tunnel couplings defined by the molecule-
metal interfaces [119]. Such a layout can be obtained with a STM, depicted in figure
8.1 b. In this setup, an atomically sharp metallic tip is controlled in the x, y and z di-
rections with sub-nanometer resolution and the tunnelling current between the tip and
a conducting substrate is measured, allowing to spatially map the local density of state
(DOS) of the molecule lying on a flat metallic surface. In a STM experiment, the molecu-
lar species are typically deposited on the substrate by thermal sublimation to minimize
surface contamination. Then, the metallic tip is placed above a molecule to obtain the
double barrier junction configuration; the exact position of the tip with respect to the
molecule determines the injection points from the tip into the molecule. The spatial
resolution allows the analysis of current-bias characteristics at specific molecule posi-
tions so that dI /dV features can be linked to a particular unit in the molecular structure.
This technique is especially suited for flat molecules as the terminating atom of the STM
tip can pick up a carbon-monoxide group to obtain bond-resolved topography of PAH
species [166].

The core of the Sme-2OS molecule is similar to the 2-OS measured in previous chap-
ters; the molecule structure is schematically represented in 8.1. It comprises of two flu-
orene moieties holding the radicals centers, linked by two anthracene groups with an
angle in the carbon backbone axis. The core is stabilized and protected by benzene rings
attached to the fluorenyl and a sulfur-methyl end group. The synthesis of Sme-2Os is
detailed elsewhere [145].

In a MCBJ, the molecule is deposited on the junction by dropcasting a molecular
solution of 1 mM concentration dissolved in dichloromethane (DCM), allowing the de-
posit of the di-radical without alteration during the procedure. Once the solvent has
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been evaporated, the sample space is pumped to 10−6 mbar and cooled to liquid helium
temperature (∼ 4 K). The junction is then broken in small steps (∼ 5 picometers), and its
current-bias characteristics are recorded by sweeping the potential difference between
the source and drain electrodes while recording the output current until a molecular fin-
gerprint is observed in the spectra.

STM deposition avoids the use of solvents for molecular deposition due to stringent
cleanliness requirements within the system. Experiments are performed in an ultrahigh
vacuum in the 10−11 mbar range to allow exact control of the metallic tip position with
a sample space decoupled from room vibrations by several stages and cooled to liquid
helium temperatures (similar to MCBJ, T ≈ 5 K). Sample fabrication is as follow: a gold
substrate is heated to several hundred °C to sublimate any unwanted organic compound
on the metal and to form an atomically flat Au(111) surface. At the same time, thermal
sublimation eliminates a portion of molecular hydrogen, a source of contamination that
can react with molecules.

The Sme-2OS di-radical was initially deposited by thermal sublimation from a molec-
ular powder in an ultrahigh vacuum at a temperature of 400 K. This method yields highly
pure samples but poor control over the density of molecules deposited as it also de-
pends on the exact molecules’ properties at sublimation temperatures. This procedure,
applied to the Sme-2OS di-radical, yielded various recomposed fragments from the orig-
inal compound on the gold substrate (see appendix figure 8.6).

To prevent the molecule fragmentation we employed flash evaporation, wherein a
few grains of the compounds in powder form are deposited on a doped silicon wafer
covered with silicon oxide. Subsequently, sublimation was achieved by applying a cur-
rent through the doped silicon rapidly increasing its temperature. In order to protect
the molecule core during deposition, we used the Sme-2CS precursor molecule of the
Sme-2OS di-radical with two OH groups linked to the fluorene moieties. The structures
obtained by topography are challenging to link unambiguously to each chemical group
composing the molecule as displayed in figure 8.3 a: the conformation highlights two
central lobes in the topography, identified as the two anthracenes groups, each attached
to a fluorenyl unit with a benzene ring and sulfur-methyl group at the ends of the struc-
ture.

Once a precursor molecule is found isolated on a clean part of the substrate, the STM
tip is brought close to the presumed fluorenyl unit, where the OH is attached, and the
voltage between the tip and the substrate is slowly increased while recording the cur-
rent (see inset in figure 8.3 b). A jump in the current is observed above 2 V, signalling
the rupture of the covalent liaison between the oxygen atom and the molecular back-
bone. Bringing the tip over the molecule after this procedure yields a zero-bias peak in
the dI /dV spectrum (see figure 8.3 c), with a larger signal to noise ratio close to the flu-
orenyl with removed hydroxyls. Bringing the tip close enough to a sulfur atom with a
voltage applied yields another current jump, signalling the molecule’s attachment to the
tip. Support for this scenario is the presence of a small component close to the molecule
(see appendix figure 8.7) after the manipulation that could correspond to the detached
methyl group after the formation of a bond between the sulfur atom from the molecule
and a gold atom at the apex of the tip.
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Figure 8.2: Differential conductance (dI /dV ) spectra of Sme-2OS di-radical molecular junctions formed with
(left panels) the MCBJ technique and (right panels) in an STM. (a and b) Zero-bias resonance ascribed to an
S = 1/2 Kondo effect; (c and d) double peak centred around zero bias with a small exchange coupling and
a conductance at zero bias above the spectra background; (e and f) inelastic spin-flip signals with large bias
overshoots and a rounded bottom around zero bias; (g and h) inelastic spin-flip signals with smaller bias over-
shoots and a flat bottom; (i) small zero-bias peak at the bottom of a spin-flip signal indicating a ferromagnetic
triplet ground state. The last signal is exclusively observed in MCBJ, both in molecular junctions formed with
the Sme-2OS and 2OS di-radicals molecules.
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8.3. RESULTS

8.3.1. SINGLE RADICAL

The result of differential conductance measurements as a function of the STM tip height
is displayed in figure 8.4 (in a similar way as for MCBJ in figure 7.2). The full-width
half-maximum (FWHM) of the zero-bias peak is linked to the Kondo temperature [57],
depending on the tunnel barrier height and the alignment with the Fermi energy (see
chapter 1). In the case of an asymmetric coupling, the largest metal-molecule coupling
mainly defines the Kondo energy, as the Kondo temperature depends on the sum of the
tunnel couplings. Figure 8.4 shows dI /dV spectra while moving the tip away from the
substrate. Amid the first spectras, just after the tip is attached to the molecule, increas-
ing the tip height increases the Kondo temperature, indicating an increased total tunnel
coupling or reduced energy difference between the spin-polarized levels responsible for
Kondo correlations and the chemical potential of the electrodes (see chapter 5). After
0.5 Ångstrom of vertical displacement, the width reduces (see figure 8.4 b), and the reso-
nance is fading in the noise. In the meantime, the conductance continuously decreases:
the opposite situation is happening in the MCBJ (see figure 7.2), where the FWHM is
monotonous, but the conductance at zero-bias jumps most likely due to a reorganiza-
tion in the electrode’s gold crystallographic structure. The associated tensile stress re-
lease is not happening in STM, where the Au(111) substrate is highly stable; at the same
time, van der Waals interactions are presumably stronger in this configuration than in
the MCBJ, locking the molecule on the surface while minimizing its energy by adapting
its conformation up to the snapping point. At that point, the current drops to the noise
level, and scanning the surface shows the molecule in a slightly shifted position and an-
gle on the substrate (see appendix figure 8.7). Other similarities are observed in the two
measurement geometries such as current jumps during IV measurements as displayed
in appendix figure 8.8.

8.3.2. DI-RADICAL

We repeat the voltage-pulse procedure on the OH attached to the second fluorene group
and take new STS spectra. They now reveal spin-flip steps with an exchange coupling of
about 10 mV (see figure 8.3 c). The STS signal above the fluorenyl is similar to the dI /dV
spectra displayed in figure 4.1 b, with a rounded dip at the bottom and large bias over-
shoots. This situation corresponds to an asymmetric coupling of the molecule: strongly
coupled to the substrate electrode and less strongly coupled to the tip electrode. After
taking several long-range spectra, with the tip far away, the molecule moved, and its to-
pography changed slightly; in the STS signal, a double peak centred around zero-bias
appears with a zero-bias conductance above the background (see figure 8.2 d). The ex-
change coupling and the peak height can be slightly varied by changing the position of
the tip over the molecule. However, for these non-contact measurements the exchange
coupling and Kondo correlations appear to be mainly defined by the molecule-substrate
interactions and can only be slightly varied by the tip coupling.

In the MCBJ measurements, the di-radical molecular junction displayed similar in-
elastic spin-flip signals (inelastic electron tunnelling spectroscopy, IETS) in their dI /dV
spectra with an exchange coupling of about 14 meV, close to the values observed in
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Figure 8.3: On-surface reaction from the closed shell Sme-2CS to the open-shell Sme-2OS di-radical. (a) To-
pography of a Sme-2CS molecule and (b,c and d) dI /dV spectra taken at the green cross position at each step
of the reaction: (b) initial STS signal on a Sme-2CS molecule displaying no features, (c) spectrum after apply-
ing a voltage sweep (see inset) above one of the expected OH group position (blue star) showing a zero-bias
peak compatible with S = 1/2 Kondo and (d) spectrum after repeating the voltage sweep above the second OH
group presenting inelastic spin-flip steps with an exchange coupling of about 7 mV. Corresponding topography
images (e,f,g) taken at each reaction step with a faint lobe appearing at the position where the OH group has
been removed.

bulk [93] Signatures of a ferromagnetic -triplet- ground state have been observed under
the application of a magnetic field [76], but significant bias overshoots and absence of
resonance at the bottom of the dip also indicated an anti-ferromagnetic, singlet ground
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state in other junctions. Mechanical manipulation could turn the IETS signal into a zero-
bias resonance ascribed to an S = 1/2 Kondo physics as displayed in the left pannels
of figure 8.5, indicating the change in the total number of unpaired electrons on the
molecule from N = 2 to N = 1. This oxidation may be induced by the proximity of metal-
lic electrodes with the spin-bearing impurities, expelling one of the electrons into the
contacts.

A similar transition of the spectra has been observed in the STM measurements as
displayed in figure 8.5 b,d. This sequence has been obtained by picking up the molecule
from the sulfur atom and lifting it with the tip in the z-direction in small steps (of about
∼ 50 pm) while recording the current-bias characteristics at each step. In figure 8.5 a,b
the normalized dI /dV from the mechanical series are displayed in a color-coded map,
revealing a similar transition in both setups from an IETS signal, with an exchange cou-
pling of about 3 meV, into a Kondo resonance. This transition happens in a couple of
steps/spectra; it is not straightforward to deduce whether the exchange coupling of the
spin-flip signal is reduced before the transition happens or if the background and con-
ductance at the bottom of the dip smear out the side steps.

The main difference between the two mechanical series is better seen in figure 8.5 c

and d, where the dI /dV spectra are displayed in units of G0 = 2e2

h . In the MCBJ (fig-
ure 8.5 c), the different fingerprints are observed at the same conductance, and both the
Kondo and the spin-flip signals display a background conductance of about ∼ 10−3 G0.
In the STM (figure 8.5 d), the signal is dominated by an exponential decay of the conduc-
tance with increasing height of the tip. This indicates that direct tunnelling between the
tip and the substrate represents an increased fraction of the current measured in the case
of STM; this can be due to a larger surface of the two electrodes, as only the tip is atomi-
cally sharp in STM, while both electrodes are pointy in the case of an MCBJ experiment.

Figure 8.4: (Left) Differential conductance (dI /dV ) as a function of the bias voltage of a Sme-2OS molecular
junction in STM at low temperature for increasing tip height (∆z). (Right) Full-width half maximum (FWHM;
blue curve) as a function of tip height showing a non-monotonic behavior as a function of ∆z, resulting from
the Kondo temperature changing with the conformation of the molecule between the substrate and the tip.
Differential conductance at zero-bias (red curve) as a function of tip height displaying the high stability of
the junction in this geometry and increased direct tunnelling between the tip and the substrate relative to
scattering through the quantum transport channel.
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a b

c d

Figure 8.5: Mechanical manipulation of a Sme-2OS molecule (a and c) in MCBJ and (b and d) in STM.
The differential conductance, dI /dV , as a function of electrode displacement in MCBJ, ∆x, and tip dis-
placement in STM, ∆z, and bias voltage applied to the junction are displayed: (c and d) normalized in a
color-coded dI /dV map and (e and f) in superposed dI /dV signals in with raw conductance measured
in G0 units. The two mechanical transitions display many similarities: an initial spin-flip signal with an
exchange coupling of a few meV turns into a zero-bias resonance after increasing the molecular junc-
tion size of a few hundred picometers. The main difference between MCBJ and STM is the overall signal
decaying exponentially in STM. In contrast, both the IETS signal and Kondo resonance fingerprints are
observed at the same conductance but at different electrode positions in MCBJ.

Thereby, both the molecule conformation and the electrode shapes may change in the
MCBJ setup; concurrently, the substrate in STM junctions is highly stable, resulting in
fewer changes of the couplings to the molecules during mechanical manipulation.

Contacting the di-radical closer to the radical holding unit in the STM, we observe
the opposite transition, from a zero-bias Kondo resonance into an IETS signal with in-
creasing tip height as displayed in appendix figure 8.9. Again, a similar evolution with
increasing electrode spacing has been observed with the MCBJ. In the case of the single
radical, with a single OH group removed, a zero-bias resonance is measured in the STS
spectra independent of the tip-molecule contact position. Based on these observations,
it is less likely that the di-radical is oxidized by the tip contacting the molecule, but rather
that the interaction between the two radical centers is strongly suppressed, leaving the
molecule in a bi-radical state. In this case, the observed spectra correspond to two su-
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perposed S=1/2 Kondo resonances measured in a parallel circuit. It is not possible to
qualitatively differentiate two superposed S=1/2 Kondo resonances from an oxidized di-
radical signal. However, the exchange coupling variation observed among the molecular
junction configurations and those exclusively measured in the MCBJ devices support the
latter scenario, showing that the exchange coupling can be altered to positive and nega-
tive values. It is therefore possible that this exchange coupling take a value close to zero,
leaving the di-radical in a bi-radical state.

8.4. CONCLUSION
In this chapter, we investigated molecular junctions based on an all-organic di-radical
molecule, the Sme-2OS, using the STM technique and compared the results to those ob-
tained with the MCBJ technique. We produced the open-shell molecule starting from a
closed-shell precursor and underlined the similar magnetic fingerprints observed in the
differential conductance spectra with purified di-radical measurements in MCBJ. Be-
yond similar spectra, we also observe similar dI /dV sequences along the mechanical
manipulation of the open-shell molecule. These results highlight the single-molecule
character of molecular junctions formed with the MCBJ technique. By selecting the con-
tacting site between the STM tip and the molecule, we changed the evolution of the me-
chanical manipulation sequence, headlining the importance of the junction geometry
on the di-radical electronic and magnetic properties. The mechanical manipulation ex-
hibited oxidation of the open-shell molecule, demonstrating analogous effects to elec-
trostatic gating.

Comparing the results with measurements of the same molecule in MCBJ, we aimed
to reduce the gap between single-molecule studies and integration into functional solid-
state devices. The results highlight the improved reproducibility in the STM setup thanks
to its ability to manipulate a single molecule in real space and the enhanced stability of
the geometry using an Au(111) substrate as an electrode. On the other hand, MCBJ al-
lows the exploration of a more extensive phase space of molecular transport behavior
due to the extended variability in the electrode geometry produced during the single-
molecule junction formation. The results represent a step toward controlled manipula-
tion of all-organic molecular junctions to tune their properties for potential application.
Tailoring the exchange coupling in a di-radical molecule paves the way toward the prac-
tical usage of magnetic molecules in spintronic, quantum sensor and quantum comput-
ing devices. At the same time, it allows to explore fundamental effects such as Kondo
physics and their interplay with other quantum effects like inelastic spin-flip phenom-
ena taking place at the scale of a single molecule.
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a

b c d

Figure 8.6: (a) STM topography image of molecule chains obtained after deposition of the Sme-2OS di-radical
by thermal sublimation. (b, c and d) Some isolated structures reminding of a single molecule shape, however,
no magnetic fingerprint is observed in the STS spectra taken over these units. Panel (d) shows the topography
of (c) after lateral manipulation.

before lifting after lifting
position contact for lifting

Figure 8.7: STM topography image of a Sme-2OS di-radical molecule (left pannel) before and (right pannel)
after the lifting procedure. The tip contacting position is highlighted by the green cross. After lifting manipu-
lation, the topography of the molecule has changed. The spin-flip signal is still visible in the STS spectra taken
above the molecule after the lifting procedure.
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Figure 8.8: Current jump during a bias sweep to record a dI /dV spectrum in a Sme-2OS molecular junction
formed in (left panel) the STM setup and with (right pannel) the MCBJ technique.

0.1 0.2 0.3 0.40.1 0.3 0.5

Figure 8.9: Mechanical manipulation of a Sme-2OS molecule (left) in MCBJ and (right) in STM. The differential
conductance, dI /dV , as a function of electrode displacement in MCBJ, ∆x, tip displacement in STM, ∆z. Bias
voltage applied to the junction is displayed in a color-coded normalised dI /dV map. The two mechanical
sequences display an initial zero-bias resonance turning into an inelastic spin-flip signal with an exchange
coupling of a few meV.
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- Sometimes I wonder why we don’t put all this ingenuity into serving a noble cause.
- Because it’s less fun.
- Oh yeah right.

Orelsan and Gringe, FloBer, Navo and Kyan Khojandi - Bloqués - 43: Projet Chaos

Optimism is a strategy for making a better future. Because unless you believe that the
future can be better, you are unlikely to step up and take responsibility for making it so.

Noam Chomsky

In this chapter we conclude this dissertation by summing up the conclusions from the pre-
vious chapters. We also provide a quick outlook on the prospects for the use of all-organic
radical molecules in fundamental studies of quantum transport and single-molecule elec-
tronics.
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9.1. OVERVIEW
In this thesis, we studied charge transport through single-molecule all-organic di-radical
molecular junctions. We highlighted a collection of physical phenomena using the same
compound backbone throughout the entire study. We investigated the properties of this
di-radical embedded in molecular junctions in various conditions. We observed the
molecule’s signature at room temperature (see chapter 3) and validated the mechani-
cally controllable break junction method as a quick check to detect an organic radical in
charge transport experiments. We studied the influence of sulfur-stabilizing groups on
molecular junctions formation and transport properties, and measured the closed-shell
precursors as a reference.

Investigations at low temperatures in mechanically controlled break junction (chap-
ter 4) allowed us to explore the magnetic fingerprints of the di-radical in diverse con-
formations and gather an overall picture of the electronic structure of the molecule in
different geometries. The spin state of the molecule in the junction has been measured
both with indications for S = 1/2 and S = 1 in the differential conductance spectra of
the devices by the observation of a zero-bias Kondo resonance and inelastic spin-flip
excitation steps. The exchange coupling between the two electrons has been measured
with a ferromagnetic ground state by spin-flip spectroscopy with external magnetic field
investigations. Mechanical manipulation has shown transitions from S = 1/2 to S = 1,
highlighting a similar effect as electrostatic gating.

Using three-terminal electromigrated break junction (EMBJ) devices, we investigated
molecular junctions formed with the same di-radical with the addition of a gate elec-
trode. We could reversibly reduce and oxidize the charge state of the molecule (chapter
5). The similarity of the signals measured in EMBJ compared to the MCBJ molecular
junctions is highlighted. The exchange coupling renormalization due to the proximity
of the charge degeneracy point have been observed, and magnetic field measurements
highlighted an anti-ferromagnetic coupling in this device.

In the molecular junctions that could be charged but didn’t display a signal in the co-
tunneling (COT) regimes, we investigated the sequential electron tunneling (SET) regime
using an external magnetic field and highlighted spin-related excitations (chapter 6).
Measuring the shift of the charge degeneracy point with respect to the magnetic field
and to the temperature, we attempted to determine the ground state of the molecular
junctions using the spin-entropy evolution.

Gathering the previous results, we summarized the different Kondo effects observed
in this di-radical in the chapter 7. We checked the S = 1/2 evolution of the zero-bias
resonances with mechanical manipulation, electrostatic gating, external magnetic field
and temperature. Using these methods, we highlight cases beyond the single channel
Kondo effect and discuss the intermediate regimes observed and their corresponding
fingerprints in the conductance spectras.

Finally, we compared the results obtained with the di-radical in solid-state devices
with the ones obtained in a scanning tunnelling microscope setup (chapter 8). Beyond
the similarities of the differential conductance spectra, we highlighted similar dI /dV se-
quences during mechanical manipulation of the molecular junction. It is interesting to
note that in the two measurement systems, the di-radical was obtained using different
paths. In solid-state devices, the open-shell di-radical was directly deposited from solu-
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tion on top of the device. In STM, the open-shell compound was obtained by successive
bias voltage pulses to remove the hydroxyl groups of the precursor. The results con-
firm the single-molecule character of the molecular junctions measured in solid-state
devices and the large influence of the environment on the magnetic properties of all-
organic radical molecules.
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Figure 9.1: (a) Schematic representation of a di-radical molecular junction: two quantum dots (1 and 2)
are coupled to each others with an exchange coupling (black solid line) and linked to the circuit through
four different tunnel couplings to the source (S) and drain (D) electrodes (ΓS1,ΓD1,ΓS2,ΓD2). (b) If one
of the quantum dot has a stronger coupling to the electrodes than the other the layout is similar to that
of a side coupled dot (ΓS1,ΓD1 ≫ ΓS2,ΓD2). (c) If each dot is strongly coupled to a different electrode
the layout is that of two serial coupled dots (ΓS1,ΓD2 ≫ ΓS2,ΓD1) similar to a conformation expected in
a mechanically controlled break junction (d). (e) If both dots are strongly coupled to the same electrode
and only one of them is strongly coupled to the other electrode, the layout is similar to the one displayed
in (f), which corresponds to the lifting Scanning tunneling microscope setup (ΓD1,ΓD2 ≈ ΓS1 ≫ ΓS2, see
chapter 8).

9.2. ALL-ORGANIC POLYCYCLIC AROMATIC HYDROCARBONS POLY-
RADICALS

This work highlighted the 2-OS all-organic di-radical as a robust magnetic molecule
compatible with the various measurement methods used. The steric hindrance within
the molecule protecting the radical centers is a promising road to integrate radicals in
solid-state devices while preserving their magnetism. The van der Waals interactions
between the 2D carbon lattice of the fluorene and the metallic surface of the electrodes
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constitute a sturdy interface with a close proximity between the radical center and image
charges allowing for strong correlations between the molecular orbitals and the conduc-
tions electrons in the gold electrodes.

The high Kondo temperatures observed in the solid-state devices combined with
the variable exchange coupling between the spin centers allow to explore a wide phase
space of two interacting electrons. Magnetic fingerprints in the cotunneling regime of
the dI /dV spectra can be used to determine the ground state of the molecule, but other
methods can be explored to gather information in the absence of clear cotunneling sig-
nals, such as charge degeneracy point shifts with respect to temperature and magnetic
field. The possibility to manipulate the molecular junction parameters in a large phase
space allow researchers to study exotic regimes such as the singlet-triplet Kondo effect.
This makes the all-organic radicals a tool of interest to study physical phenomenon
at this scale, and particularly many-body and exotic effects such as the ferromagnetic
Kondo effect for example.

The possibility of altering the exchange coupling between the two spin-bearing flu-
orene moieties by changing the torsional angle between the chemical groups offers the
possibility of tuning the system in these different regimes. In particular, considering the
series-coupled conformation (see figure 9.1 c,d), a di-radical molecular junction with
two Kondo screened channels (9.2 c,d) would be an ideal system to study spin chains. In
such a layout, there are four polarised sites in series (|Source〉, |1〉, |2〉, |Drain〉). By ad-
justing the exchange coupling, we can tune the system to an S = 1/2 anti-ferromagnetic
spin chain (| ↑〉,| ↓〉, | ↑〉, | ↓〉) or to an S = 1 chain (| ↑〉,| ↓〉, | ↓〉, | ↑〉).

c

a b

d

Figure 9.2: (a) Schematic representation of a di-radical molecular junction. (b) Below the Kondo temper-
ature TK1 ∝ ΓS1+ΓD1, an anti-ferromagnetic exchange coupling arises between the localized electron on
the molecular orbital and the conduction electrons in the electrodes generate a polarized Kondo cloud
(blue). (c and d) When the temperature is below the Kondo temperatures of both spin-polarized lev-
els, each electron generate its own Kondo cloud. Depending on the exchange coupling between the two
molecular orbitals, Jex, the conduction electrons from each Kondo cloud can be polarized in (c) opposite
directions (Jex < 0) or in (d) the same direction (Jex > 0).
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The exploration advantage of single-molecule electronics is counterbalanced as its pit-
fall: exotic configurations can occur, but the molecule conformation in the junction is
stochastic. Couplings are interdependent, and the exact tunnel couplings cannot be
controlled precisely. This lack of control is a problem for reproducibility: it is improbable
that the same configuration is be obtained twice in the same MCBJ experiment. How-
ever, this complication can be avoided by using complementary methods to investigate
the same compound and compare the results, such as MCBJ and STM in this thesis.

In the same way, the advantage offered by STM and MCBJ to adjust the couplings is
counterbalanced by the lack of control of the charge state. Several experiments in this
thesis highlighted a similar effect to electrostatic gating as mechanical manipulation; in
some cases, the charge state of the molecule was even found to change by moving the
electrodes. In the same way, an electromigrated break junction (EMBJ) offers the pos-
sibility to tune this electrostatic environment at the cost of keeping the electrodes fixed
and the gap geometry immutable once it has been opened. The greater temperature
control of these devices also allows for further characterization of the molecular junc-
tion by tuning this extra external parameter.

Molecular junction devices can only be scaled for application purposes by unlocking
the ability to precisely control the molecule conformations in the junction. Mechani-
cal manipulation of objects of this dimension cannot be precise as the tunnel coupling
varies significantly on the scale of a single metallic atom. Rather than device-based so-
lutions, chemical design can be explored to improve the stability of the contacts, the
repeatability of the device characteristics and ultimately a better control of the molecu-
lar junctions. By designing metal-molecule interfaces that take advantage of atomically
precise synthesis, chemists can engineer radicals with specific transport regimes in mind
in order to study exotic phenomena or fulfil a specific task in a logic circuit.Even though
this strategy has been implemented in the labs, the mismatch between different disci-
plines and the long feedback loops involved in taking advantage of such a study has not
yet reached this goal. In the same way, chemical design is also a potential direction to
tune the exchange coupling in poly-radical molecules robustly and efficiently.

Finally, the tools developed to study single molecule hold promise for diverse re-
search areas. Bendable junctions, in particular, are interesting for exploratory investiga-
tions as they allow for strain control while studying the electronic transport properties of
a nanostructure. This technique can be applied to study transition metal dichalcogenoids
for example. The possibility to engineer electrode spacing on the order of a nanometer
opens the potential to study the properties of these materials at a mesoscopic scale. Be-
yond the potential utility of theses techniques, the molecular electronic catalogue is an
ideal tool for students to learn about the complexity of condensed matter at the scale
of hundreds to thousands of interacting atoms and the phenomenas emerging from the
collective interaction of singular quantum objects.
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