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Summary

This dissertation presents the experimental work on single-molecule charge trans-
port, particularly on the aspects of spin and orbital conformational effects in single-
molecule junctions. In this dissertation, we employ and develop various single-
molecule techniques, the mechanically controlled break junction (MCBJ), thermo-
electric electromigrated break junction (Th-EMBJ) and reversible spin Hall junction
(RSH2), to characterize the spin and conformational effects beyond simple charge
transport.

In Chapter 1, we give a brief introduction to the field of molecular electron-
ics and single-molecule charge transport studies. We discuss how careful single-
molecule electrical characterization can unveil the rich physics of molecular junc-
tions beyond charge transport, in particular conformational and spin effects. This
also draws the outline of this dissertation, which includes the studies of conforma-
tional, spin and spin-orbit effects in single-molecule junctions.

Chapter 2 introduces the experimental methods and theoretical background
for the work presented in this dissertation. First, we show the fabrication steps and
working principles of MCBJ and Th-EMBJ devices, which we use extensively in other
chapters. We then continue the discussion of the relevant theoretical background
in single-molecule charge transport. This includes the Landauer formula, the weak-
coupling regime and thermoelectric effects in single-molecule junctions.

In Chapter 3, we present experiments on conformation-induced quantum in-
terference (QI) features in paracyclophane (PCP)-based and porphyrin-based (PC1)
molecules. In the case of PCP, we show that the rules of constructive and de-
structive QI for paracyclophanes are the opposite from those in benzene rings.
This means that for a para connection to the PCP, destructive QI (DQI) is present;
whereas for a meta connection to the PCP, constructive QI (CQI) is manifested. In
the case of PC1 molecules, we focus on studying the DQI features in the molecular
junction. We observe multiple QI dip features when we apply mechanical manipu-
lation in a single-molecule junction; this suggests several orbital energy crossings
as a result of conformational changes.

Chapter 4 focuses on a mechanosenstive molecule. In this chapter, we study
a porphyrin double-decker (PC2), where a two-order-of-magnitude conductance
increase is observed in fast-breaking measurements via MCBJ. This feature is unique
for its conductance upturn while stretching, which has never been observed before
in organic molecules. This behavior is explained by an elegant interplay between
the through-bond and through-space transport pathways in the single-molecule
junction.

In Chapter 5, we introduce the first simultaneous electrical and thermoelectric
measurement at the single-molecule level. This novel technique, for measuring the
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xii Summary

thermocurrent in single-molecule junctions, is capable of capturing the full ther-
moelectric properties of molecular junctions. We further show that we can use
this technique to obtain another thermodynamic quantity, the entropy difference,
between different charge states.

Chapter 6 is dedicated to the application of this thermocurrent spectroscopy
technique in studying more exotic systems. In this chapter, we measure a strongly
Kondo-correlated molecular quantum dot, in which a clear zero-bias anomaly is
observed. With the application of a finite temperature difference across the two
electrodes, we realize a new hallmark of the Kondo effect, defined in terms of the
thermocurrent. Specifically, the slope of zero-bias thermocurrent changes its sign
when the critical magnetic field, B. is reached. This is shown to be an univer-
sal feature of the Kondo effect and suggests the great potential of thermocurrent
spectroscopy in studying fundamental transport processes.

Chapter 7 concerns the study of chirality-induced spin selectivity (CISS) in
single-molecule junctions. The CISS effect is the phenomenon where a chiral
molecule has charge transport properties that are spin dependent. This effect has
opened a whole new field of molecular spintronics based on chiral molecules; how-
ever, its origin is still controversial. In this chapter, we aim to develop a novel
technique to characterize the CISS effect at the single-molecule level, as in the
community no experimental attempt has succeeded in demonstrating this unam-
biguously so far. We first show the MCBJ characterization of chiral molecules for
the CISS study. We present the development of devices for the CISS study, includ-
ing a H-shape platinum junction and the reversible spin Hall junction (RSHJ). In
particular, we also propose a few measurement protocols using the RSHJ devices
and the possible measurement outcomes.

Finally, we give an outlook for the study of conformational and spin effects in
single-molecule junctions in Chapter 8.



Samenvatting

Dit proefschrift presenteert de experimenteel werk over ladingstransport van één
molecuul, in het bijzonder over de aspecten van spin- en orbitale conformationele
effecten in juncties van één molecuul. In dit proefschrift gebruiken en ontwikkelen
we meerdere single-molecule technieken, de mechanisch gecontroleerde breek-
junctie (MCBJ) en thermo-elektrische geélektromigreerde breekjunctie (Th-EMBJ)
en reversibele spin Hall junctie (RSHJ), om de spin- en conformationele effecten te
karakteriseren die verder gaan dan eenvoudig ladingstransport.

In Chapter 1 geven we een korte introductie op het gebied van moleculaire
elektronica en enkel-molecuul ladingstransport studies. We bespreken hoe zorg-
vuldige elektrische karakterisering van een enkel molecuul de rijke fysica van mo-
leculaire juncties buiten ladingstransport kan onthullen, in het bijzonder conforma-
tionele en spin-effecten. Dit schetst ook de contouren van dit proefschrift, dat de
studies van conformationele, spin- en spin-baaneffecten in juncties van een enkel
molecuul.

Chapter 2 introduceert de experimentele methoden en theoretische achter-
grond voor de werken die in dit proefschrift worden gepresenteerd. Eerst laten we
de fabricagestappen en werkingsprincipes zien van MCBJ- en Th-EMBJ-apparaten,
die we in andere hoofdstukken uitgebreid hebben gebruikt. Vervolgens gaan we
verder met de bespreking van de relevante theoretische achtergrond in het la-
dingstransport van een enkel molecuul. Dit omvat de Landauer-formule, het zwakke
koppelingsregime en thermo-elektrische effecten in juncties met één molecuul.

In Chapter 3 presenteren we experimenten met conformatie-geinduceerde
kwantuminterferentie (QI) kenmerken in op paracyclofaan (PCP) gebaseerde en op
porfyrine gebaseerde (PC1) moleculen. In het geval van PCP laten we zien dat de
regels van constructieve en destructieve QI voor paracyclofanen het tegenoverge-
stelde zijn van die in benzeenringen. Dit betekent dat voor een para verbinding met
de PCP destructieve QI (DQI) aanwezig is; terwijl voor een meta-verbinding met de
PCP constructieve QI (CQI) wordt gemanifesteerd. In het geval van PC1-moleculen
concentreren we ons op het bestuderen van de DQI-kenmerken in de moleculaire
junctie. We observeren meerdere QI-dip-functies wanneer we mechanische ma-
nipulatie toepassen in een junctie van één molecuul; dit suggereert verschillende
orbitale energieovergangen als gevolg van conformationele veranderingen.

Chapter 4 richt zich op een mechanosenstief molecuul. In dit hoofdstuk bestu-
deren we een porfyrine dubbeldekker (PC2), waar een twee-orde-van-magnitude
geleidbaarheidstoename wordt waargenomen in snelle metingen via MCBJ. Deze
eigenschap is uniek vanwege de toeneemende geleiding tijdens het strekken, wat
nog nooit is waargenomen in organische moleculen. Dit gedrag wordt verklaard
door een elegant samenspel tussen de moleculaire bindingen en transportroutes
door de ruimte in juncties met een enkel molecuul.
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In Chapter 5 introduceren we de eerste gelijktijdige elektrische en thermo-
elektrische meettechniek op het niveau van een enkel molecuul. Deze nieuwe
techniek, om de thermostroom in juncties met een enkel molecuul te meten, is
in staat om de volledige thermo-elektrische eigenschappen van moleculaire junc-
ties vast te leggen. We laten verder zien dat we deze techniek kunnen gebruiken
om een andere thermodynamische grootheid te verkrijgen, het entropieverschil,
tussen verschillende ladingstoestanden.

Chapter 6 is gewijd aan de toepassing van deze thermostroom spectrosco-
pie techniek bij het bestuderen van exotischere systemen. In dit hoofdstuk meten
we een sterke Kondo-gecorreleerde moleculaire kwantumdot, waarin een duidelijke
nul-bias anomalie wordt waargenomen. Met de toepassing van een eindig tempe-
ratuurverschil tussen de twee elektroden realiseren we een nieuw kenmerk van het
Kondo-effect, gedefinieerd in termen van de thermostroom. In het bijzonder veran-
dert de helling van de thermostroom bij nul voltage van teken wanneer het kritische
magnetische veld B, wordt bereikt. Dit is aangetoond een universeel kenmerk van
het Kondo-effect te zijn en suggereert het grote potentieel van thermostroomspec-
troscopie bij het bestuderen van fundamentele transportprocessen.

Chapter 7 betreft de studie van chiraliteit-geinduceerde spin-selectiviteit (CISS)
in juncties van een enkel molecuul. Het CISS-effect is de transporteigenschappen
van electronen door een chiraal molecuul spin-afhankelijk zijn. Dit effect heeft een
heel nieuw veld van moleculaire spintronica geopend op basis van chirale molecu-
len; de oorsprong ervan is echter nog steeds controversieel. In dit hoofdstuk willen
we een nieuwe techniek ontwikkelen om het CISS-effect op het niveau van een
enkel molecuul te karakteriseren, aangezien in de gemeenschap tot nu toe geen
enkele experimentele poging hiertoe ondubbelzinnig is geslaagd. We tonen eerst
de MCBJ-karakterisering van chirale moleculen voor de CISS-studie. We presente-
ren de ontwikkeling van apparaten voor de CISS-studie, waaronder een H-vormige
platina-overgang en de omkeerbare spin Hall-overgang (RSHJ). In het bijzonder
stellen we ook enkele meetprotocollen voor met behulp van de RSHI-apparaten en
de mogelijke meetresultaten.

Ten slotte geven we in Chapter 8 een vooruitblik op de studie van conformati-
onele en spin-effecten in juncties van enkele moleculen.



Introduction

In this chapter, we introduce the field of molecular electronics and single-
molecule charge transport. We discuss conceptually the interplay between
conformational and spin effects in a single-molecule system. This idea leads
to the three main topics in this dissertation: mechanosensitive molecules,

thermoelectricity in single-molecule junctions and the chirality-induced spin
selectivity effect.



2 Introduction

1.1. Molecular electronics and single-molecule stud-

1€S

Molecular electronics is the field of research which aims to utilize molecules as
building blocks for electronic applications. The idea of constructing electronic com-
ponents with molecules was introduced as early as in 1956 [1]. However, the real
commencement of the field of molecular electronics is only after the revolutionary
proposal by Aviram and Ratner for a molecular rectifier in 1974 [2]. Ever since,
there have been a lot of efforts to experimentally realize molecule-based electronic
devices. In the development of molecular electronics, the field has progressed in
two main directions: single-molecule and molecular-layer studies. The main differ-
ence between the two approaches is the number of molecules involved in charge
transport of the molecular devices. While both are valid approaches in making elec-
tronic components, it is the single-molecule studies which significantly improve our
fundamental understanding of charge transport at the nanoscale, which may lead
to electronic devices with the size of an individual molecule.

The main obstacle in the development of single-molecule devices was the lack
of reliable methods for electrically contacting individual molecules. Fortunately, in
the 1990s, there were a few important experimental breakthroughs in contacting
single molecules with metallic electrodes. These single-molecule techniques are
the scanning tunneling microscopy (STM) [3], mechanically controlled break junc-
tion (MCBJ) [4] and electromigrated break junction (EMBJ) [5, 6]. These have
brought the single-molecule approach to a level where it has become a platform
for studying novel physics and innovative applications. By now, there have been
many experimentally demonstrated proof-of-concept single-molecule devices such
as molecular wires [7, 8], rectifiers [9, 10], switches [11], optical switches [12, 13],
thermoelectric devices[14, 15], mechanical sensors [16, 17], etc.

From a fundamental point of view, the single-molecule approach is more com-
prehensive than standard electronic transport. Single-molecule junctions provide
the opportunity to study microscopic physical processes, including mechanics, ther-
moelectrics, spintronics or optoelectronics [18, 19]. These studies led to the discov-
ery of peculiar physical phenomena including the Kondo effect [20], quantum inter-
ference [21, 22], inelastic tunneling [23], spin crossover [24], spin blockade[25],
Yu-Shiba-Rusinov states [26, 27]. The single-molecule studies have thus provided
countless examples of interesting physics and continue to serve as a platform for
the research of novel physics and chemistry.

1.2. Orbital and spin effects in molecules

Molecular orbital (MO) is a mathematical description of the electronic wave func-
tions in a molecule in the so-called independent-particle picture. Within this picture,
a MO describes how an electron interacts with the nuclei and the average electric
field generated by the other electrons. In MOs, electrons are filled from the lowest
energy level according to the Aufbau principle; the electron spin configuration of
the MOs follows the Hund’s rule, as a result of the Pauli exclusion principle. MO
is an important starting point for understanding and predicting the chemical and
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physical properties of a molecule [28]. In the context of molecular electronics, MO
is also the essential basis to study the electronic properties of a molecule. Particu-
larly, it is crucial to address the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), when one discusses charge transport
in molecular junctions. The HOMO and LUMO are the closest MOs to the Fermi
energy, which contribute significantly to charge transport in molecular junctions.
They are analogous to the conduction band and valence band in a solid state sys-
tem. The energetic arrangement of HOMO and LUMO governs the basic charge
transport properties. However, to explore the more exotic physical phenomena in
molecular systems, other degrees of freedom, need to be considered. For this,
two important elements in MOs, conformational changes and spin configurations,
are commonly examined in realizing novel physics beyond basic charge transport
in single-molecule junctions.

1.2.1. Conformational change and mechanics

At the single-molecule level, the geometry of MOs in a molecule determines the
probable junction configurations. Conversely, any conformational rearrangement
of the molecular junction, and thus MO geometry, can cause a substantial modi-
fication of electronic transport in a single-molecule junction. This change can be
purely due to the geometrical rearrangement of MOs, where the orbitals are dis-
placed mechanically, and thus modifies their overlaps. Such a displacement can
lead to the reduction or enhancement of through-bond and/or through-space cou-
pling between the MOs, and therefore influence electronic transport in a single-
molecule junction [22, 29]. Alternatively, the change of electronic transport can
also be caused by a mechanically induced rearrangement of the MO energy lev-
els. When multiple MOs are nearly degenerate, the electrons with the same energy
can take multiple pathways, which can induce constructive or destructive quan-
tum interference features in electronic transport [17, 30, 31]. The change of MOs
by mechanical manipulation (mechanosensitivity), demonstrates the possibility to
modify charge transport in a single-molecule junction.

1.2.2. Spin configuration and thermoelectricity

Another fundamental aspect of MOs is the spin configuration that follows the Hund’s
rule. In the weak coupling limit, the Pauli exclusion principle suggests that in a
single-molecule junction, the type of electron spin allowed to cross a molecule from
the electrodes is correlated with the electron spin that resides on the molecule.
For example, in the absence of spin-flip, a singly occupied MO in a single-molecule
junction only allows electrons with a particular spin orientation to cross the junction,
following the Pauli exclusion principle; on the other hand, an unoccupied MO in a
single-molecule junction allows both spin-up and spin-down electrons to sequen-
tially tunnel from the source electrode to the MO and then to the drain electrode.
Therefore, the exact spin ground state of a particular MO level provides informa-
tion for spin-dependent charge transport. This leads to spin related phenomena in
single-molecule junctions such as the aforementioned spin blockade [25], Kondo
effect [20] and ground state spin transition [24], where electronic transport is spin
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dependent.

Beyond the simple charge transport in single-molecule junctions by the applica-
tion of bias voltage, these spin systems are particularly interesting to study in the
context of thermodynamics. This is because spin configurations in MOs provide the
occupation probability of an electron, and are thus directly related to the electronic
entropy of the system. Thermoelectric studies provide a means to characterize
these thermodynamic properties of a single-molecule junction, such as the spin
transition between different MOs [32], and complement charge transport studies at
finite bias voltage [33].

1.2.3. Spintronics and chiral molecules

The interplay of the molecular orbital conformation and spin configuration is yet an-
other interesting concept to consider for spin-electronic transport in single-molecule
junctions. In solid state systems, such interaction of spin-orbit coupling has led
to many unconventional physical effects, such as the spin Hall effect, anomalous
Hall effect and Rashba effect, etc. Therefore, it is intriguing to consider if similar
effects can manifest themselves in single-molecule junctions. A particularly inter-
esting subject regarding the MO conformation and spin-dependent transport is the
chirality-induced spin selectivity (CISS) effect [34]. Originally, the CISS effect was
studied in systems with large assemblies of chiral molecules [35]. It was proposed
that due to the breaking of mirror symmetry, the spins of the transport electrons
are polarized according to the chirality of the molecules. While the origin is still
being debated, it demonstrates a possible novel combined effect of spin and orbital
conformation in the context of charge transport in molecular junctions.

1.3. Dissertation outline

In this dissertation, we investigate charge transport in single-molecule junctions.
Particularly, we study the conformational and spin effects that change the charge
transport properties in single molecules. Figure 1.1 summarizes the approaches
which we employ to study the conformational, spin and “spin-orbit” effects in single-
molecule junctions. These effects are discussed in three different parts in this
dissertation. First, we study how conformational effects influence charge transport
in mechanosensitive molecules, by introducing mechanical manipulation in single-
molecule junctions. In the second part, we study spin effects, such as the spin
entropy and the Kondo effect, in radical molecules via thermoelectricity, where we
apply a temperature difference across single-molecule junctions. Finally, we study
the combined spin and conformational effect, the “CISS” effect, in chiral molecules.

The outline of this dissertation is described in the following. After this introduc-
tory chapter, the relevant experimental methods and theoretical background are
discussed in chapter 2. We then discuss the mechanosensitive molecules in chap-
ter 3 and 4. In chapter 3, we study how quantum interference, originating from
energy crossings between molecular orbitals, can be tuned by mechanical deforma-
tion of the molecular structures. In chapter 4, we focus on a molecular conductance
characteristic, where a two-order-of-magnitude conductance increase is observed
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Figure 1.1: Outline of this dissertation. In this dissertation, we investigate the conformational, spin and
the combined “spin-orbit” effect in single-molecule junctions. We go beyond the basic charge transport
by including mechanics, thermoelectricity and spin-polarized current in single-molecule junctions.

while stretching the molecule, as a result of an elegant interplay between through-
space and through-bond transport. Chapter 5 and 6 concern thermoelectric studies
in single-molecule junctions. Particularly, in chapter 5, we demonstrate the ability
to obtain thermoelectric properties and the entropy changes between charge states
in single-molecule junctions. We apply the same technique in chapter 6 to study
the magnetic-field dependent universality of the Kondo effect. Finally, in chapter 7,
we present the development of experimental platforms for studying the CISS effect
at the single-molecule level.
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Experimental methods and
theoretical background

In this chapter, we focus on two aspects of single-molecule studies, which
we use throughout this dissertation: mechanically controlled break junction
and thermoelectric eletromigrated break junction. Both devices for single-
molecule studies are created with nanofabrication processes, which we de-
scribe in detail. We discuss the measurement set-ups and protocols used
in the experimental studies of single molecules in these two devices. We
also give a short description of the relevant theoretical background of single-
molecule junction charge transport and thermoelectricity.
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Figure 2.1: (a) MCBJ sample schematic. (b) Measurement set-up for MCBJ measurement. Here, we
supply a constant bias voltage via the S4c voltage source and measure the corresponding current with
a M2m voltmeter after the logarithmic current amplification. The piezoelectric element is continuously
bending the substrate during a breaking event, controlled by the ADwin controller. The IVVI rack and
Matrix module are homemade electronics for low-noise measurements?.

2.1. Mechanically controlled break junction

Mechanically controlled break junction (MCBJ) is a versatile technique for single-
molecule studies, owing to its high stability and excellent mechanical control. It
was first proposed in the 80s as a method to characterize tunneling current at
nanoscale [1, 2] and later realized to be an excellent platform for single-molecule
studies [3]. It is now a well-established technique for studying quantum effects at
the single-molecule level at room temperature [4].

The MCBJ devices we use in this dissertation were developed by C. Martin and
the development of the technique is described in detail in Ref. [5—7]. The device
structure of a MCBJ is shown in Fig. 2.1a, where a lithographically defined Au elec-
trode is broken by the bending of a flexible Phosphor bronze (PB) substrate. The
MCBJ device is fabricated via electron beam lithography at the Kavli Nanolab in Delft,
and the fabrication steps can be found in Sec. 2.4.1. In short, the process starts
by coating a flexible conductive substrate, PB, by an insulating layer of polyimide
(PI). The treated substrate is then spin coated with MMA/PMMA double-layer resist
and patterned with electron beam lithography. After the deposition of 5/80 nm of
Ti/Au electrodes, the bridges of the MCBJ sample are suspended via an isotropic
reactive ion etching process. Afterwards, the MCBJ sample is firmly clamped onto
a MCBJ set-up for reference and single-molecule measurements.

2.1.1. Measurement and experimental set-up

In a typical measurement routine, we use a motor to pre-bend the MCBJ substrate
in the set-up; once a junction in the device is broken, we switch to a piezoeletric
element to perform the “fast-breaking” measurement. In a fast-breaking measure-
ment, a constant bias voltage of typically 100 mV is applied across the MCBJ, and
the associated current is monitored simultaneously. The piezoelectric element con-
tinuously pushes the central support of the MCBJ with a lever, and stretches the
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suspended gold bridge. During this process of stretching, the gold wire thins down
and eventually reaches a conductance value of G = G, = 2e?/h ~ 7.75 x 107°S.
Here, G, is the conductance quantum, e is the electron charge and h is the Planck’s
constant. This indicates the formation of a single-atom Au contact, which we then
rupture to create a nano gap. After the formation of the nano gap, the electrodes
continue to displace until reaching the current noise floor and the recorded conduc-
tance vs. electrode displacement curve is the so-called “breaking trace”.

Generally, prior to the characterization of a molecule of interest, a reference
measurement with 3000 breaking traces is performed on a clean gold MCBJ sample.
This ensures the quality of the MCBJ sample and also serves as a way to calibrate the
electrode separation in the measurement [8]. Afterwards, the molecule of interest
is dissolved in an appropriate solvent, typically with a concentration from 1 uM to
1 mM. The single-molecule fast-breaking measurement is then performed after
the dropcasting of the molecular solution. When a molecule with decent electron
transmission is present and forms a junction with the Au electrodes, a conductance
plateau is observed in the conductance vs. electrode displacement curve, with a
length associated with the molecular length. We overlay these curves and plot them
in two-dimensional (2D) conductance-displacement histograms, which allow us to
observe the statistical behavior of a single-molecule junction.

Figure 2.1b shows the electrical connection for the fast-breaking measurement.
The IVVI rack and Matrix module are Delft-made electronics for low-noise electri-
cal measurements’. Before the measurement, we load a home-made fast-breaking
process in the ADwin microprocessor/controller, which allows us to control and mon-
itor the experiment at a high frequency of up to 200 kHz. During the measurement,
a constant bias voltage is sent via the ADwin to the signal input, Iso-in. This signals
the voltage source, S4c, to supply a constant bias voltage to the source electrode,
Smcgy, With the drain lead, Dycpy, grounded. The corresponding current is mon-
itored with a logarithmic amplifier in the S4c module, which allows us to measure
the large dynamical range (conductance change up to 10 orders of magnitude) of a
breaking trace. The voltmeter, M2m, then measures the output of the logarithmic
amplifier and sends the signal back via the Iso-out to the ADwin, which is connected
to the computer.

2.2. Electromigrated break junction for thermoelec-

tric measurement

Electromigration (EM) is a common process in an electrical circuit where ions inside
a material move as a result of a strong electrical field. In the case of electrical
interconnects, this is an unwanted process because it essentially causes electrical
failure in electronics. However, with a proper design, it is possible to exploit this
process to create a nano gap by EM [9]; the size of nano gaps can also be elec-
trically controlled by means of computer-controlled feedback loops [10]. This is an
especially attractive method for contacting subjects with sizes of a few nanometers,
for example, molecules [11]. Such a method for contacting single molecules is the

1The details of the electronics can be found at QT work: https://gtwork.tudelft.nl/
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Figure 2.2: Electrical connections of Th-EMBJ. At the center of the sample, the EMBJ is opened and a
molecule of interest is deposited. A NNR molecule, studied in Chap. 6, is used as an example for the
Th-EMBJ device.

so-called electromigrated break junction (EMBJ), which is nhow commonly used to
form stable single-molecule junctions [12].

The electromigrated break junction thermoelectric device (Th-EMBJ) is an ex-
tension of the EMBJ for the possibility to detect thermoelectric signals in molecules.
Th-EMBJ was first developed by P. Gehring and M. van der Star, and the detailed
development of the device can be found in Ref. [13, 14]. The device structure is
shown in Fig. 2.2, where a pair of heaters are included right below the EMBJ with an
electrical insulation. The Th-EMBJ device is fabricated by standard electron-beam
lithography with double-layer PMMA 495K/950K resists, followed by electron-beam
evaporation deposition. In short, the local back gate (purple) with Ti/Pd thicknesses
of 1/7 nm is patterned on a SiO,/Si substrate with an oxide thickness of 817 nm.
The heaters (light blue) are made with Ti/Pd with thicknesses of 3/27 nm. After-
wards, a 10-nm Al, O3 gate-oxide layer is deposited via atomic layer deposition at
300°C. The Au bridge (gold) is fabricated with a thickness of 15 nm without an
adhesive layer. Finally the contact pads (orange pattern) of Ti/Au with thicknesses
of 5/65 nm are made to connect the Au bridge made in the previous step. The full
fabrication steps can be found in App. 2.4.1.

2.2.1. Measurement and experimental set-up

To perform a thermoelectric measurement in a single-molecule junction, electromi-
gration of the EMBJs is first performed in a vacuum dipstick. The EM technique we
use is controlled by a feedback loop with a microprocessor/controller (ADwin) with
a homemade software. Essentially, we start the EM by sending a bias voltage in
the range of a few hundred mV and simultaneously monitoring the current across
the EMBJ. We then slowly ramp up the voltage to a value close to 1 V, where an
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Figure 2.3: Measurement set-up for thermoelectric study of single molecules. Here, we perform the
simultaneous characterization of differential conductance and thermocurrent with a dual lock-in tech-
nique. The differential conductance measurement is performed by the top lock-in amplifier at frequency
of 13 Hz and thermocurrent measurement is sourced by a heater current from the bottom lock-in at
a frequency of 3 Hz. The IVVI rack and matrix module are the homemade electronics for low-noise
measurement.

increasing of junction resistance is observed as a result of EM. With the feedback
control to avoid sudden changes in junction conductance, the junction slowly opens
up and eventually reaches a conductance value around G = G, indicating a single-
atom contact. The EMBJ is then left alone for a self-breaking process, which creates
a nano gap for contacting molecules [15].

The electromigration is immediately followed by the dropcasting of a molecular
solution of interest, and vacuum pumping. Afterwards, the dipstick is loaded into a
Helium cooled superconducting magnet set-up. The cryogenic temperature is ben-
eficial for the single-molecule junction stability and reduces the thermal broadening
of the Fermi-Dirac distribution in energy. After device formation and cool down, the
electrical and thermoelectric measurements are carried out. In order to measure the
electrical and thermoelectric signals simultaneously, we employ a lock-in technique,
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where the AC thermal bias AT and electrical bias V.4 are applied at two different
frequencies. The differential conductance (dI/dV,4) of the single-molecule junction
is directly obtained with a lock-in amplifier. In a typical experiment V.4 = 100 pV
at w; = 13 Hz is used. A thermal bias at a frequency w, = 3 Hz is applied by
the heater and the resulting thermocurrent (I,,) through the molecule is measured
at the second harmonic 2w, with respect to the excitation. The factor of 2 in the
detection frequency of thermocurrent directly comes from the assumption of Joule
heating: P = IR « sin’(w,) « —cos(2w,), where P, I and R are the power,
current and resistance of the heater.

Figure 2.3 shows the complete measurement set-up for the thermoelectric mea-
surement. Essentially, there are two main electrical pathways of the measurement
set-up, which are referred to as differential conductance and heaters in Fig. 2.3. In
the case of differential conductance, the bias voltage is sourced with the top lock-in
amplifier through Iso-in, together with a DC voltage sourced internally with the D5
module. The combined AC+DC bias voltage is sent with a ten-times voltage divider,
S3b, to the source electrode Sgygy. The resulted signal is read out at the drain
electrode Dgypy by an nano-ammeter, M1b, whose signal is sent by Iso-out to the
top and middle lock-in amplifiers for differential conductance and thermocurrent
measurement and to the top Keithley for DC current measurement. In the case
of heaters, the heater current is sent by the bottom lock-in amplifier through the
Iso-in. The heater current is supplied by the current source, S4c, across the heater
source and drain electrodes, Syeater aNd Dpeater- The voltage drop across the heater
is also monitored in S4c and measured by a voltmeter, M2m. This voltage is sent
back to the bottom lock-in amplifier for the exact heater resistance. Importantly,
the thermocurrent, excited by the heater current, is mixed with the AC+DC elec-
trical current in the same Sgyp;-DrMps €lectrodes. Therefore, we separate these
three signals by monitoring them at different frequencies with lock-in amplifiers.

2.3. Charge transport in single molecules

2.3.1. Landauer formula

In macroscopic solid state systems, charge transport can be captured by the simple
Ohm's law. However, this transport relation becomes invalid when we shrink the
size of the system down to the nanoscale. Single molecules are nanostructures
and quantum mechanics is needed to describe the behavior of the electrons in
these systems. At first sight it seems to be a hopeless problem to solve, because
it suggests that we need to consider the microscopic geometry of the system and
all the particles involved in the charge transport. However, it turns out that it is
possible to describe the charge transport properties in a complex nanostructure in
terms of a small set of transmission functions, provided that the scattering in the
system is elastic and phase-coherent [16]. This scattering relationship is essentially
summarized by the famous Landauer formula [17]:

G(E) = Gy ) T(E), (2.1)
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where the summation is over all the conduction channels n, G, = 2¢2/h is the con-
ductance quantum and T, (E) are the transmission functions of the channels. This
scattering relation can be written in a different form in terms of physical parameters
which is relevant to an electrical measurement [18, 19]:

1) = Gofe | dEIRE) - BN 2.2)
where t(E)is the energy-dependent transmission function, f;(E) = (eF-#s)/ksT 4
1t and f;(E) = (eE~#a)/kBT 1 1)~ are the Fermi-Dirac distributions of the source
(s) and drain (d) electrodes, with the chemical potentials defined as:

=Er+eV/2,
Hs F / (23)
ug = Er —eV/2.
In the simplest case of a single-level model, t(E) takes the form of a Lorentzian peak

. Y . 4r Iy
following the Breit-Wigner formula for generic resonances, G ETAE [19].

Here, I, and I are the electronic coupling strengths between the source and drain
electrodes to the molecular level. In the limit of kgT « eV, the single-level model
yields the following expression for the current across the junction [19]:

_ 2e 4l
“h T
eV/2—E, eV/2+E, (2.4)
X |arctan T + arctan —r )|

where I' = I, + I;. However, this single-level model is not sufficient for the single-
molecule study we performed in this dissertation. Generally, the function z(E) is
difficult to find and it requires the precise understanding of the molecular orbital,
for example, through a combined density functional theory - nonequilibrium Green’s
function (DFT-NEGF) calculation [20].

2.3.2. Weak-coupling regime

In the weak-coupling regime, the physics of the single-molecule systems can be
described by the theory of Coulomb blockade [16, 21], where the electron-electron
interactions dominate. In this regime, the molecular orbitals in a single-molecule
junction are well separated in energy and can be treated as discrete energy levels.
We call this the quantum dot limit. In a three-terminal junction geometry, the
electrostatic energy for the N electrons can be written as:

N
U(N) = E;N? — eNVy + Z E,, (2.5)
n=1

where E, = e?/2C is the charging energy; C = Cs + C4 + Cg is the total capacitance
of the quantum dot, with the capacitive contributions from the source, drain and
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Figure 2.4: (a)-(c) Diagrams of chemical potential and molecular levels. (a) Off-resonance (Blockade).
(b) Resonant transport, induced by high bias voltage. (c) Resonant transport, induced by gate-tuned
molecular levels. (d) Coulomb stability diagram. The picture here is for a symmetrically coupled quantum
dot with ¢4 = C;.

gate electrodes. V., is the external electric potential, taking the form: V., =
(CsVs+CyVy +CsV;)/C. E, are the single-particle energy levels which correspond to
the states of n electrons, similar to the concept of molecular orbitals in an isolated
molecule. Summing the Coulomb interactions between all pairs of electrons at
occupied levels gives the total electrostatic energy of the quantum dot. However,
when we want to calculate the current through the quantum dot or molecule in
contact with electrodes, we need to consider the energy required to add an extra
electron into the dot. This energy is by definition the chemical potential, written
as:

u(N) =UWN) —UN = 1)

1 e (2.6)
=(N- E)? — eVext + Ey,

where Ej is the quantum energy of the N electron level discarding Coulomb in-
teractions. Similarly, the chemical potential for N + 1 electrons in the dot can be
obtained in the same fashion. We can then calculate the chemical potential differ-
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ence between N + 1 and N states, which is called the “addition energy":

Eaqqa = (N + 1) — u(N)
2 2.7)

E,qq basically tells us how far two electronic levels are separated in a quantum dot
junction.

The relevant levels discussed above are summarized in Fig. 2.4a. Figures 2.4a-
¢ provide an intuitive way to see if charge transport is possible in the quantum
dot. In the most basic picture, without considering higher-order processes, charge
transport is inhibited in the case of Fig. 2.4a, where u(N) does not lie between
us and py. The absence of states within the bias window indicates a blockade of
charge transport, which is also referred to as “Coulomb blockade”. It is only possible
for a charge to sequentially tunnel through the quantum dot when a level lies within
the bias window. This is shown in the cases of Figs. 2.4b and c, where the level
u(N) is brought into the bias window either by a higher applied external voltage or
by the electric field from the gate.

By measuring the current across the quantum dot as functions of V and V4,
the “Coulomb stability diagram” can be obtained, as shown in Fig. 2.4d. Here, we
can see that the current is inhibited in the white-colored region of the Coulomb
blockade. In the vertical direction, we can directly obtain E,qq between N to N + 1
states, by the taking the vertical distance between the two vertices of the Coulomb
blockade above and below the zero-bias axis; in the horizontal direction, we can
also obtain E,qq/a for N to N + 1, where a« = Cg/C is the gate coupling. The
Coulomb stability diagram provides a spectroscopic tool for single-charge transport
in quantum dots.

2.3.3. Thermoelectric effect in single molecules

Thermoelectricity is the coupling between thermal and electric transport. In macro-
scopic systems in the linear regime, the electrical-temperature relation can be writ-
ten as:

leiectric = VG — LAT,

Iheat = Mejectric — (Ke + Kp)AT» (28)
where, L = GS is the thermal response coefficient, G is (as usual) the conductance,
S is the so-called Seebeck coefficient, AT is the temperature difference between the
two electrodes, ITis the Peltier coefficient and «, and «,, are the thermal conductivity
from electronic and phononic contributions. These parameters are particularly in-
teresting material properties for thermoelectric device applications. Fundamentally,
it is also interesting to study these quantities in charge transport at the nanoscale.
A simple single-particle thermopower formalism in the linear response regime for
charge transport can be obtained by introducing a temperature difference into the
Landauer formula in Eq. 2.2 [22-25]. Essentially, this temperature difference is
captured in the difference of the Fermi-Dirac distributions between the source and
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Figure 2.5: Diagrams of Fermi energy and molecular levels with the source electrode at a higher temper-
ature. The green-shaded Lorentzian distribution represents the transmission function of the level. For
non-zero L, the derivative of the transmission function at Fermi energy, t’ (Er), needs to be non-zero.
By taking the slope of the Lorentzian transmission function, =’ (Eg) is zero in the case of (a), positive for
the case of (b) and negative for the case of (c), giving zero, positive and negative L, respectively.

drain electrodes, which we can expand for small bias and temperature difference:

of of (E—-E
FoB) ~ fa(E) = — b —( _ F)AT, 2.9)
where Ay = ug — g = eAV. By introducing Eqg. 2.9 into the full integral of Eq. 2.2,
there are two main components which contribute to the current I .., Written as:

Tetectric = GAV + LAT (2.10)

where, G and L are the previously mentioned conductance and thermal response

coefficient [25]:
G= EJ(D dET(E) (—£>, (2.11)

L=GS= ——f dET(E)(E — EF)< f). (2.12)

Interestingly, this recovers the relation as shown in Eq. 2.8, but now with integral
expressions for the coefficients G and S.

An important observation from this formalism is that it is possible to create a
current solely due to a temperature difference across the electrodes, which we refer
to as “thermocurrent”, I;,. This generation of thermocurrent is best illustrated in
Fig. 2.5, where we show the diagrams of the Fermi-Dirac distributions and energy
levels with the absence of bias voltage. In the simplest case in Fig. 2.5a, the
chemical potential of the molecule is aligned with the Fermi energy of the electrodes
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(E = Eg), resulting L = 0, as shown in Eq. 2.12. This means that there is no current
or thermocurrent across electrodes, suggested by Eqg. 2.10. In the case of Fig. 2.5b,
the chemical potential of the molecule is slightly higher than the Fermi energy, which
leads to a thermocurrent where electrons are moving to the right, in a typical case
of Lorentzian transmission function in the level. This thermocurrent can be seen
from Eg. 2.12. Intuitively, the hot electrode has a more broadened Fermi-Dirac
distribution, which allows electrons to populate higher energy states, leading to
the possibility to sequentially tunnel from the left electrode to the molecule, and to
the right electrode. The opposite process happens when the chemical potential of
the molecule is slightly lower than the Fermi energy of the electrodes, as shown in
Fig. 2.5c. In this case, the hot electrode has empty states available for the electron
to sequentially tunnel from the right electrode to the molecule, and then to the left
electrode.

It is possible to approximate G, L and S in Eq. 2.11 and 2.12, by means of the
Sommerfeld expansion at low temperature. This gives [25]:

G = Gor(Er), (2.13)
21,2
L(T) = GO%%TT’(EF), (2.14)
_ 7T2 kéT T’(EF)

Egs. 2.14 and 2.15 show that the thermal response and thermopower depend on the
derivative of the transmission function of the molecule, close to the Fermi energy.
For a high-performance thermoelectric molecular junction or nanostructure, it is
thus favorable to have a sharp transmission function at the Fermi energy for device
applications.

2.4. Appendix

2.4.1. Fabrication procedures
Here, we provide the fabrication steps for the MCBJ and Th-EMBJ devices discussed
in this chapter.

MCBJ
We use standard electron-beam lithography processes to fabricate the MCBJ devices
on flexible substrates. The fabrication steps are described below.

B Substrate preparation

1. Hot acetone cleaning of a phosphor bronze substrate at 50°C for 10 min, followed by the rinsing
with isopropanol (IPA) for 2 min.

2. Hot-plate baking at 110°C for 1 min.

3. Spin coating of 0.1 vol% of VM651 adhesion promoter in IPA at 3000 rpm, followed by a hot-plate
baking at 110°C for 1 min.

4. Spin coating of polyimide, PI2610, at 800 rpm.
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10.

11.
12.

13.

. Vacuum oven baking at 300°C for 30 min.

MCBJ structure

. Spin coating MMA(8.5) in 8% ethyl lactate at 3000 rpm and PMMA 950K A4 at 6000 rpm, both

followed by a hot-plate baking at 190°C for 7 min each.

. Electron beam patterning for MCBJ structure with doses of 1200 uC/cm? for the fine structure

and 1050 pC/cm? for the coarse structure at an acceleration voltage of 100 keV.

. Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

. Electron beam evaporation of Ti/Au with thicknesses of 5/80 nm, followed by lift-off in hot acetone

at 50°C.
Cutting and RIE etching

Spin coating a protective layer of PMMA 950K A2 at 1500 rpm, followed by a hot-plate baking at
190°C for 3 min.

Cutting the substrate into 10 samples with a bench-top metal shear or laser cutter.
Cleaning in hot acetone at 50°C for 10 min, followed by IPA rinsing for 2 min.

Reactive ion etching (RIE) with oxygen for 32 min. RF power = 30 W, pressure = 200 pbar, flow
rate = 50 sccm, bias voltage= -75 V.

Th-EMBJ

The Th-EMBJ devices also employs standard electron-beam lithography processes.
Here, we provide the recipe we used for the fabrication and suggestions for future
improvements.

1.

10.

o

Hot acetone cleaning for a SiO,/Si (oxide thickness of 817 nm) at 50°C for 10 min, followed by
rinsing in IPA for 2 min.

. Oxygen plasma cleaning (TEPLA) at 600 W with a flow rate of 200 sccm for 5 min.

Alignment markers

. Spin coating MMA(8.5) in 8% ethyl lactate at 6000 rpm with hot-plate baking at 190°C for 3 min.
. Spin coating PMMA 950K A2 at 3000 rpm with hot-plate baking at 190°C for 3 min.

. Electron beam patterning for markers with a dose of 1200 uC/cm? at an acceleration voltage of

100 keV.

. Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

. Electron beam evaporation of Ti/Au with thicknesses of 5/55 nm, followed by lift-off in hot acetone

at 50°C.

Local back gate

. Oxygen plasma cleaning (TEPLA) at 300 W with a flow rate of 200 sccm for 5 min.

. Spin coating MMA(8.5) in 8% ethyl lactate at 6000 rpm with hot-plate baking at 190°C for 3 min.

Spin coating PMMA 950K A2 at 3000 rpm with hot-plate baking at 190°C for 3 min.
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11.

12.

13.

14.
15.
16.

17.

18.
19.

20.

21.

22,
23.
24.

25.

26.

27.

28.
29.
30.

31.

32.

Electron beam patterning for the back back gate with a dose of 1560 uC/cm? at an acceleration
voltage of 100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

Electron beam evaporation of Ti/Pd with thicknesses of 1/7 nm, followed by lift-off in hot NMP
(N-Methyl-2-pyrrolidone) at 80°C and cleaning acetone and IPA.

Heaters

Oxygen plasma cleaning (TEPLA) at 300 W with a flow rate of 200 sccm for 5 min.

Spin coating MMA(8.5) in 8% ethyl lactate at 6000 rpm with hot-plate baking at 190°C for 3 min.
Spin coating PMMA 950K A2 at 3000 rpm with hot-plate baking at 190°C for 3 min.

Electron beam patterning for the back back gate with a dose of 1560 uC/cm? at an acceleration
voltage of 100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

Electron beam evaporation of Ti/Pd with thicknesses of 3/27 nm, followed by lift-off in hot NMP
at 80°C and cleaning acetone and IPA.

ALD of Aluminum gate oxide

Oxygen plasma cleaning (TEPLA) at 300 W with a flow rate of 200 sccm for 5 min.

Atomic layer deposition (ALD) (Oxford Instrument) of 10 nm Aluminum oxide at 300°C.

EMBJ structure

Oxygen plasma cleaning (TEPLA) at 300 W with a flow rate of 200 sccm for 5 min.

Spin coating MMA(8.5) in 8% ethyl lactate at 6000 rpm with hot-plate baking at 190°C for 3 min.
Spin coating PMMA 950K A2 at 3000 rpm with hot-plate baking at 190°C for 3 min.

Electron beam patterning for EMBJ constriction with a dose of 1560 uC/cm? at an acceleration
voltage of 100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

Electron beam evaporation of Au with a thickness of 15 nm, followed by lift-off in hot acetone at
50°C.

Contact pads
Spin coating MMA(8.5) in 8% ethyl lactate at 6000 rpm with hot-plate baking at 190°C for 3 min.
Spin coating PMMA 950K A2 at 3000 rpm with hot-plate baking at 190°C for 3 min.

Electron beam patterning for EMBJ constriction with a dose of 1560 uC/cm? at an acceleration
voltage of 100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

Electron beam evaporation of Au with a thickness of 15 nm, followed by lift-off in hot acetone at
50°C.
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We have also proposed an improvement for the recipe of Th-EMBJ by combining
the first three steps of alignment markers, local back gate and heaters in the same
lithographic step. This is done by embedding the three structures with RIE, so that
the height of the patterns is the same as that of the SiO, substrate. The proposed
first three steps, right before ALD, can be combined as the following:

1.

Note:

Note:

Note:

Hot acetone cleaning for a SiO,/Si (oxide thickness of 817 nm) at 50°C for 10 min, followed by
rinsing in IPA for 2 min.

. Oxygen plasma cleaning (TEPLA) at 600 W with a flow rate of 200 sccm for 5 min.

Alignment markers, local back gate and heaters

. Spin coating PMMA 495K A6 at 3000 rpm with hot-plate baking at 190° for 3 min. This gives a

resist thickness of about 350 nm.

. Spin coating PMMA 950K A8 at 3000 rpm with hot-plate baking at 190° for 15 min. This gives a

resist thickness of about 600 nm.

The choice of the thick resist layer is for the reactive ion etching (RIE) step performed later.

. Electron beam patterning for all the structures with a dose of 1560 uC/cm? at an acceleration

voltage of 100 keV.

Importantly, to prevent drift between different electron beams, all the three patterns have to be
written by the same electron beam.

. Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

. RIE etching (Sentech) for 6 min: RF power =50 W, P =100 pubar CHF3=25 sccm, Ar 25 sccm.

Typical bias voltage is around -200 V. This gives an etched depth of 50 nm. (The exact depth
needs to be measured by ellipsometry.)

. Electron beam evaporation of Ti/Pt with thicknesses of 3/52 nm, followed by lift-off in hot acetone

at 50°C.

For better smoothness, it is possible to use Pd instead of Pt in the evaporation. However, in
this case, the etching time should be around 10 minutes, for a trench of around 85 nm. The Pd
thickness should be increased to around 82 nm. This larger thickness of Pd is necessary for a
good contrast for marker alignment.



(1)
(2)

(3)
4
(3)
(6)
(7)
(8)
(9)

(10)
(11)

(12)
(13)

(14)
(15)

(16)

(17)
(18)

(19)

References

Moreland, J.; Ekin, J. W. Journal of Applied Physics 1985, 58, 3888—-3895.

Muller, C. J.; van Ruitenbeek, J. M.; de Jongh, L. J. Physica C: Superconduc-
tivity and its applications 1992, 191, 485-504.

Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. M. Science 1997,
278, 252-254.

Agrait, N.; Yeyati, A. L.; van Ruitenbeek, J. M. Physics Reports 2003, 377,
81-279.

Martin, C. A.; Smit, R. H. M.; Egmond, R. V.; van der Zant, H. S. J.; van
Ruitenbeek, J. M. Review of Scientific Instruments 2011, 82, 053907.

Martin, C. A.; Ding, D.; van der Zant, H. S. J.; van Ruitenbeek, J. M. New
Journal of Physics 2008, 10, 065008.

Martin, C. A. Ph.D. thesis, TU Delft 2011.

Untiedt, C.; Yanson, A. I.; Grande, R.; Rubio-Bollinger, G.; Agrait, N.; Vieira,
S.; van Ruitenbeek, J. M. Physical Review B - Condensed Matter and Materials
Physics 2002, 66, 854181-854186.

Park, H.; Lim, A. K.; Alivisatos, A. P.; Park, J.; McEuen, P. L. Applied Physics
Letters 1999, 75, 301-303.

Campbell, J. M.; Knobel, R. G. Applied Physics Letters 2013, 102, 1-5.

Van Der Zant, H. S. J.; Osorio, E. A.; Poot, M.; O'Neill, K. Physica Status Solidi
(B) Basic Research 2006, 243, 3408-3412.

Hoffmann-Vogel, R. Applied Physics Reviews 2017, 4, 031302.

Gehring, P.; van der Star, M.; Evangeli, C.; Le Roy, J. J.; Bogani, L.; Kolosov,
O. V.; van der Zant, H. S. J. Appl. Phys. Lett. 2019, 115, 073103.

Van der Star, M. Master thesis, TU Delft 2019.

O'Neill, K.; Osorio, E. A.; van der Zant, H. S. J. Applied Physics Letters 2007,
90, 2005-2008.

Nazarov, Y. V.; Blanter, Y. M., Quantum Transport, Cambridge University Press:
Cambridge, 2009.

Landauer, R. IBM Journal of Research and Development 1957, 1, 223-231.

Cuevas, J. C.; Heurich, J.; Pauly, F; Wenzel, W.; Sch n, G. Nanotechnology
2003, 14, R29-R38.

Cuevas, J. C.; Scheer, E., Molecular Electronics: An Introduction to Theory
and Experiment, 2nd Edition; World Scientific: Singapore, 2017.

25



26

References

(20)
(21)

(22)
(23)

(24)

(25)

Pauly, F; Viljas, J. K.; Huniar, U.; Hafner, M.; Wohlthat, S.; Birkle, M.; Cuevas,
J. C.; Schon, G. New Journal of Physics 2008, 10, 125019.

Thijssen, J. M.; Van der Zant, H. S. J. physica status solidi (b) 2008, 245,
1455-1470.

Berdfield, J. P.; Stafford, C. A. Nano Letters 2009, 9, 3072-3076.

Finch, C. M.; Garcia-Suarez, V. M.; Lambert, C. J. Physical Review B - Con-
densed Matter and Materials Physics 2009, 79, 2-5.

Lunde, A. M.; Flensberg, K. Journal of Physics: Condensed Matter 2005, 17,
3879-3884.

Rincon-Garcia, L.; Evangeli, C.; Rubio-Bollinger, G.; Agrait, N. Chemical So-
ciety Reviews 2016, 45, 4285-4306.



Mechanosensitivity in single
molecules:

Destructive quantum
interference

Quantum interference (QI) of electron waves is a ubiquitous phenomenon in
electronic transport in single-molecule junctions. Thanks to the recent ad-
vancement in the single-molecule studies, it is now an essential ingredient
to integrate for designs of molecular electronics. Here, we show how small
structural changes in a single-molecule junction can introduce great effects in
its electronic transmission. Such QI-origin mechanosensitivity is manifested
in the paracyclophane and cofacial porphyrin molecules, studied in mechan-
ically controlled break junctions. QI of molecules not only gives the funda-
mental insight into quantum transport at the single-molecule level but also
suggests potential molecule-based electro-mechanical sensor applications.

Parts of this chapter have been published in Journal of the American Chemical Society 2021, 143,
13944-13951 [1] and Nanoscale 2022, 14, 984-992 [2].
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3.1. Introduction

In recent years, great advancements have been made in the field of molecular elec-
tronics toward single-molecule junction studies [3]. The visionary idea of Aviram
and Ratner [4] to profit from single molecules as functional units in electronic de-
vices led to the development of several proof-of-concept molecular devices, such
as molecular wires [5, 6], switches [7, 8], rectifiers/diodes [9, 10], and thermo-
electronic devices [11, 12]. The design of molecules incorporated in such electrode-
-molecule-electrode junctions is guided by our understanding of charge transport
through the molecules. Indeed, even small structural modifications such as sub-
stituent effects [13, 14], conformational flexibility [15], and changes in the anchor-
ing groups and their positions [16—20] can result in large conductance variations.
Particularly strong variations are predicted for quantum interference (QI) effects
originating from the interplay between different transport pathways. Destructive
QI (DQI) or constructive QI (CQI) between the pathways can occur, reflected in
a low or high conductance, respectively [21]. QI effects thus become essential
molecular design elements, on the one hand enriching the variety of functionali-
ties emerging from the molecular structure but on the other hand making a full
comprehension of the molecule’s electronic transport behavior more challenging.
A detailed understanding of these QI effects and of their origin in the molecule’s
structure is thus crucial to realize their full potential in future electronic components
and devices.

In this chapter, we discuss two single-molecule systems: [2.2]paracyclophane
and cofacial porphyrin cyclphane. Both of these systems are three dimensional
entities with large mr-orbital overlaps within their double-decker structures. We study
the changes in their orbital overlaps induced by mechanical deformation, which
gives rise to QI effects that depend on the symmetry in the molecular structures.
These works provide deeper insight into QI effects in complex molecular structures
and show the potential molecular devices as nanoscale mechanical sensors.

3.2. [2.2]Paracyclophane

Relationships between substitution pattern and single-molecule conductance were
already theoretically predicted and experimentally confirmed in a variety of exam-
ples, ranging from simple phenyl rings [22] connected directly to the electrodes
to more sophisticated oligo(phenylene vinylene) (OPV) [23] and oligo(phenylene
ethynylene) (OPE)-based molecular wires [17]. Unanimously, these studies re-
port a decrease in electronic transparency upon shifting the anchoring groups from
the para to the meta position. This observation was rationalized by Yoshizawa
and co-workers [24-26], who considered frontier orbital theory for simple organic
molecules. Their set of rules predicts for benzene the para connection to be the
symmetry-allowed one for charge transport, while charge transport involving the
meta connection is symmetry-forbidden, resulting in high and low conductance,
respectively.

Because the effects of substitution patterns in planar n-systems are well de-
scribed and understood, our focus moved to three-dimensional structures like [2.2]-
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previous work:
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Figure 3.1: Schematic representation of target structures 1-4 together with the already reported model
compound. The four molecules include either para or meta connection patterns in both the central
PCP subunit and the peripheral phenyl subunits labeled in red and blue, respectively. For simplicity, the
following text refers to the structures by their prefixes, with ps as an abbreviation for pseudo, followed
by the prefix referring to the substitution pattern of the central PCP, and finally the prefix referring to
the substitution pattern of the thiol anchor group in the phenyl subunits.

paracyclophane (PCP), with two benzene systems facing each other interlinked by
a pair of C,H,4 bridges [27]. Initially, we considered the structure as a model
to investigate the through-space coupling of the stacked m-systems [28, 29] but
realized quickly that their behavior is much richer. Already the first model com-
pound [30] (ps-para-para-OPE PCP in Fig. 3.1) displayed a sharp destructive QI
feature close to the Fermi level, but the phenomenon also depends substantially
on the mechanical stress exposed to the molecule. It thus seemed that the rigid
but squeezable PCP subunit provided mechanosensitivity to the molecular junc-
tion. Interestingly, Yoshizawa and co-workers [31] already provided their orbital
view of PCP subunits and predicted that charge transport through the pseudo-
para-substituted PCP should be suppressed due to DQI, while CQI would prevail
for pseudo-meta-substituted PCP. It thus seems that the rule-of-thumb (para —
good transport due to CQI; meta — bad transport due to DQI) is inverted for the
PCP subunit.

Excited by this hypothesis, we explored the effects of the substitution pattern
in more detail and designed the four PCP model compounds 1—4 (see Fig. 3.1)
consisting of comparable subunits but with various substitution patterns. The oligo-
(phenylene)-type PCP structures combine the compactness favoring electronic trans-
parency on a detectable level with straightforward synthetic accessibility. Terminal
acetyl masked thiol anchor groups enable their immobilization in a mechanically
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Figure 3.2: Two-dimensional conductance vs electrode displacement density histograms. The first (from
the left) and second histograms are built up from 6834 and 9638 traces at 100 mV with ps-para-para-
and ps-meta-para-PCP molecules, respectively. The third and fourth 2D histograms correspond to 3780
and 10000 traces at a bias voltage at 250 mV with ps-para-meta- and ps-meta-meta-PCP molecules,
respectively

controlled break junction (MCBJ) by covalent S—Au bonds, guaranteeing both elec-
tronic coupling and mechanical stability. The latter is of particular importance to
enable subtle mechanical manipulation of the integrated single molecule. The inves-
tigation of their transport properties and the influence of mechanical manipulations
are studied with MCBJ experiments. The findings are rationalized by QI effects
emerging from the interplay of frontier molecular orbitals, discussed with a theo-
retical model based on density functional theory (DFT). The electronic transport is
described in terms of the Landauer formalism [32], expressed through nonequilib-
rium Green’s function (NEGF) methods.

3.2.1. Results and Discussion

The synthesis of the PCP-based model compounds were performed by our collab-
orators, K. Reznikova and A. Gallego, in Prof. M. Mayor’s group, and the details of
the synthesis protocol can be found in the supporting information of Ref. [1].

The single-molecule electronic transport properties of PCPs 1-4 were investi-
gated by integrating them into an electronic circuit using an MCBJ setup operated
at ambient conditions. Two types of measurements were performed: fast-breaking
and electrode displacement modulation experiments. Details of the MCBJ tech-
nique, providing a pair of mechanically adjustable electrodes with a distance reso-
lution of atomic dimensions, have been reported previously [33, 34] and are already
discussed in chapter 2.

In the fast-breaking experiments, several thousand conductance traces for each
investigated molecule were collected and plotted as two-dimensional (2D) his-
tograms displayed in Fig. 3.2. For the case of ps-para-para- and ps-meta-para-PCPs
with a constant bias voltage of 100 mV, clear conductance plateaus with a length
of 12.5 A were observed, distinguished from direct gold-to-gold tunneling features.
Through a reference-free clustering method [35] on the unfiltered data, the pure
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Figure 3.3: (a-c) Conductance traces of modulation experiments with ps-para-para-PCP (1), displaying
(a) in-phase, (b) double-frequency and (c) antiphase modulations. (d) Conductance traces of the modu-
lation experiments with ps-meta-para-PCP (2). The red line in the distance-modulation traces represents
the voltage applied to the piezoelectric stack, whereas blue represents the meas-ured conductance. The
total modulation time of the experiments is 15 s; for better visibility, only 5 s are displayed. (e) Calculated
conductance of the ps-para-para-PCP molecular junction during the gap opening. The conductance dis-
placement data is extracted from Fig. 3.5b, by evaluating the transmission function at the Fermi energy.
The sketches rationalize the variety of conductance vs electrode displacement modulation behaviors ob-
served for ps-para-para-PCP in dependence of the position of the DQI dip with respect to the trapping
state of the molecule in the individual junction; see panels a—c and e. In particular, light background
colors (yellow, red, and blue) relate the different situations of junctions, including molecules in pre-
stretched, relaxed, or precompressed states, respectively, to the behavior in modulation experiments.
(f) Same plot as in panel e but for ps-meta-para-PCP, where mechanosensitivity is basically absent. The
green background color connects the conductance that is rather insensitive to electrode displacements
to the observations made in the modulation measurements in panel d.

gold-to-gold tunneling traces and the molecular traces were separated. The molec-
ular conductances of ps-para-para- and ps-meta-para-PCPs were obtained through
a log-normal fit distribution yielding values of 1.3 x 1075 G, and 2.2 X 1075 G,,
respectively, where G, = 2e?/h is the quantum of conductance, as shown in the
corresponding one-dimensional (1D) conductance histograms (see SI. 2.2 [1]).
For the molecules with the meta-phenyl anchoring (ps-para-meta and ps-meta-
meta) the bias voltage in the transport experiment was increased to 250 mV in
order to bring molecular levels closer to resonance, as the conductance of these
PCPs was below the detection limit at a bias of 100 mV. However, even at this
increased bias voltage, no clear conductance plateaus were detected, even when
using the earlier-mentioned clustering method. Whether the lack of clear plateaus
is due to molecular conductances below the detection threshold of the experimen-
tal setup of 107° G, or the molecules’ inability to form stable molecular junctions
cannot be distinguished. The very short-breaking traces visible in Fig. 3.2 at higher
conductance values for both ps-para-meta- and ps-meta-meta-PCP are most likely
due to direct electron injection into the molecules’ r-systems without controlled
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Figure 3.4: Gauge factors obtained from (a) 1442 ps-para-para-PCP traces and (b) 2236 ps-meta-para-
PCP traces in modulation experiments. The counts are collected from fast Fourier transform (FFT)
spectra over 1 s intervals of the traces, which means that there are 15 counts, with different GFs for
each recording, lasting 15 s.

sulfur-to-sulfur immobilization.

Of particular interest are the distance-dependent single-molecule junction charge-
transport studies of ps-para-para- and ps-meta-para-PCPs, as substantial differ-
ences in the transport behavior under mechanical stress are expected between the
central ps-para- and ps-meta-PCP subunits. While the mechanosensitivity of the ps-
para-PCP subunit was already evidenced in modulation experiments for the ps-para-
para-OPE PCP (Fig. 3.1) [30] and rationalized as being due to a distance-dependent
conductance dip close to the Fermi level originating from DQI, similar behavior is
not expected for the ps-meta-PCP subunit, as CQI has been predicted [31].

To study the presence of DQI in more detail, modulation experiments are useful.
The modulation procedure consists of constricting the gold wire down to a conduc-
tance of 2 G, with the piezo control [30]. The junction will break by itself due to its
surface tension [36]. The electrodes are then separated by 7.5 A, and a pulse of
a triangular waveform with an amplitude of 20 Vpeak-to-peax IS applied to the piezo-

electric element, which corresponds to a modulation amplitude of 5 A between the
electrodes. The conductance is continuously monitored, and the modulation is ap-
plied at a frequency of 5 Hz for 15 s. Hereafter, the junction is fused again, and a
new modulation trace is recorded. The results of electrode-modulation experiments
on PCPs 1 and 2 are summarized in Fig. 3.3.

Similar to ps-para-para-OPE PCP,[30] a rich variety of distance-modulated con-
ductance responses has been observed for ps-para-para-PCP (1). The periodic
electrode displacement caused a substantial conductance modulation, which was
either in-phase (Fig. 3.3a), anti-phase (Fig. 3.3c), or even two times the frequency
(Fig. 3.3b) of the voltage applied to the piezo stack. As sketched in Fig. 3.3e, this
observed mechanosensitivity is caused by the DQI dip in the conductance versus
molecular length relation (insets in Fig. 3.3e), with the variety of observed behav-
iors reflecting the exact position of the conductance dip in the particular molecular
junction. We take the in-phase case as an example to explain the observed behav-
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Figure 3.5: (@) Illustration of PCP derivatives 1—4 immobilized in junctions between two gold electrodes.
(b) Transmission maps of the four types of PCP single-molecule junctions. The horizontal red resonances
in the maps arise from molecular frontier orbitals. For the ps-para-para-PCP molecule, an antiresonance
is observed inside the HOMO—-LUMO gap that shifts in energy as the displacement is varied. Similar
tunable DQI effects are absent for all other molecules, in particular for ps-meta-para-PCP junctions and
ps-meta-meta-PCP junctions with central ps-meta-PCP systems. The position of the Fermi energy is
indicated as a horizontal dashed line.

ior. This corresponds to a starting position in which the molecule is prestretched,
as depicted in Fig. 3.3e (top, light yellow background). In this case, whenever
the molecule is stretched by increasing the voltage applied to the piezoelectric el-
ement, the conductance goes up, and the conductance goes down when the piezo
voltage decreases, i.e., the conduction follows the applied piezo-voltage modulation
in-phase.

The striking similarity of the mechanosensitivity of ps-para-para-PCP (1) and
ps-para-para-OPE PCP, both comprising a central para-PCP subunit, not only points
at this structural motif as the origin of the phenomenon but also further corrob-
orates its rationalization based on the presence of a DQI dip in proximity of the
Fermi level. Equally interesting are the modulation experiments performed with
the ps-meta-para-PCP (2). As displayed in parts d and f of Fig. 3.3, single-molecule
junctions with this structure do not feature significant conductance changes during
the modulation experiments. Remarkably, the absence of mechanosensitivity of the
ps-meta-para-PCP has not been reported experimentally before. Particularly, this
behavior indicates the absence of a transmission dip as a function of electrode dis-
placement (within the displacement window probed by the experiment), suggesting
that DQI does not occur in the case of ps-meta-PCP cores. This is in agreement
with previous predictions of n-stacked systems by the groups of Solomon [28, 29]
and Yoshizawa [31].

To quantify the mechanosensitivity of the molecule under investigation, the
gauge factor (GF) was determined as the ratio between logarithmic conductance
variation and linear electrode displacement (see Sec. 3.4.1 for more details). Fig. 3.4
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ps-para-para PCP ps-meta-para PCP ps-para-meta PCP ps-meta-meta PCP

Figure 3.6: HOMO and LUMO molecular frontier orbitals of the ps-para-para-, ps-meta-para-, ps-para-
meta-, and ps-meta-meta-PCPs. The anchoring sulfur atoms are marked i and j, respectively. Extended
representations also including GPH—-1 and GPL+1 for each molecule can be found in the SI3.3 [1].

displays the GFs for (a) ps-para-para-PCP and (b) ps-meta-para-PCP. Indeed, the
GFs of the measurements of both structures visualize their difference. While the
absence of mechanosensitivity of ps-meta-para-PCP results in a sharp peak close
to zero (Fig. 3.4b), the GF values recorded for ps-para-para-PCP (Fig. 3.4a) dis-
play a broad distribution with a minimum at GF = 0, documenting its pronounced
mechanosensitivity.

To rationalize the experimental observations described earlier, extensive DFT
calculations were performed by our collaborators W. M. Schosser and K. Beltako
in Prof. F. Pauly’s group. In summary, the four model compounds ps-para-para-
PCP (1b), ps-meta-para-PCP (2b), ps-para-meta-PCP (3b), and ps-meta-meta-PCP
(4b) were first optimized in the gas phase. The hydrogen atoms of the terminal
thiol groups were then removed, and the molecules were placed in model junctions,
consisting of pairs of tetrahedral gold leads (Fig. 3.5a). Optimizing the junction
geometry, only the top three gold atoms in the first layer of each tip were allowed
to relax, while the rest of the gold cluster remained fixed. Then, the systems
were stretched in steps of 0.1 A, and a geometry optimization was performed at
every single step. A detailed description of the established approach [37] and
explanations of the calculations are provided in SI. 3.1 [1].

A closer look at the two-dimensional contour plots of transmission, in depen-
dence of energy and electrode displacement in Fig. 3.5, reveals important informa-
tion about the transmission behavior of the molecular junctions inside the electronic
gap between the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO). In the case of the ps-para-para-PCP, a transmission
valley (blue diagonal trace) with transmission values lower than 10~> is observed
between the molecular frontier orbitals (red horizontal traces). The transmission
valley corresponds to the DQI conductance dip, as shown in Fig. 3.3e. The energy
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position of the transmission minimum can be tuned by mechanical manipulation of
the junction. It should be noted that the DQI crosses the complete HOMO—-LUMO
gap, making it a robust feature for experimental detection, because it does not
depend on the precise position of the Fermi energy. A similar valley is not present
for the ps-meta-para-PCP junction. Instead, the transmission stays rather constant
in the range of ~ 1073 — 10~* inside the molecule’s HOMO-LUMO gap. Rather
uniform transmission values are furthermore predicted in the molecules’ electronic
gap for both ps-para-meta- and ps-meta-meta-PCP. Interestingly, for this pair of
model compounds with terminal meta-benzene linkers, about one order of magni-
tude lower transmission values were calculated compared to the pair with terminal
para-benzene linkers. This is also in line with the absence of measurable conduc-
tance plateaus for the meta-phenyl-connected PCPs in Fig. 3.2.

The conductance computed within the DFT-NEGF formalism [37] at the Fermi
energy is plotted in parts e and f of Fig. 3.3 for ps-para-para- and ps-meta-para-PCP
derivatives, respectively. Considering the example of the ps-para-para-PCP single-
molecule junction, the conductance features a dip that is shifted toward negative
displacements and is about two orders of magnitude lower than the base value.
Molecular contacts constructed from ps-meta-para-PCP show instead a rather con-
stant behavior in the studied displacement range without a DQI dip.

While the calculated transmission plots perfectly support the hypothesis that
mechanosensitivity can exclusively be observed for structures with a central ps-
para-PCP subunit providing DQI, another qualitative argument is provided by con-
sidering orbital symmetry rules, as suggested by Yoshizawa and coworkers [31,
38]. The qualitative prediction of QI phenomena is based on the interplay of
molecular frontier orbitals, especially the HOMO and LUMO, in transport models
using Landauer—Biittiker scattering theory and Green'’s function methods (details
are provided in the SI. 3.3 [1]). Thus, the gas-phase frontier orbitals of the model
compounds with terminal thiol groups were calculated and are displayed in Fig. 3.6.

Assuming that the Fermi energy of the electrodes lies between the molecule’s
HOMO and LUMO energies due to charge neutrality, two orbital rules apply for
the electronic transport properties [31, 38]. (1) The weights of the HOMO and
LUMO wave functions on the anchoring atoms i and j (see Fig. 3.6) need to be
of decent size to yield a fair contribution to the transmission. (2) If the parities
of the molecule’s HOMO and LUMO on the anchoring atoms are different in sign,
transport is symmetry-supported through CQI, which is typically reflected in a high
transmission inside the HOMO—-LUMO gap. If HOMO and LUMO parities are the
same instead, the related molecular orbital resonances cancel each other out at
a certain energy inside the HOMO-LUMO gap. As a consequence, transport is
symmetry-inhibited, resulting in a DQI dip in the energy-dependent transmission
function, typically leading to a reduced conductance of the single-molecule junction;
provided that HOMO and LUMO orbital wave functions are of similar character on
the termini i and j.

The analysis of the molecules started by defining the terminal sulfur atoms as
anchoring sites i and j (see Fig. 3.6). Comparing orbital wave functions on the termi-
nal sulfur atoms shows that gas-phase HOMO (GPH) and gas-phase LUMO (GPL) of
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Figure 3.7: Summary of the orbital rules in the PCP model compounds.

both model compounds comprising a central para-PCP (ps-para-para- and ps-para-
meta-PCP) are of similarly oriented m-character at the sulfur atoms and have the
same parities; thus, these structures should show DQI. In contrast, both molecules
with a ps-meta-PCP subunit have different parities in their GPH and GPL on the ter-
minal sulfur atoms and thus exhibit CQI. The orbital symmetry rules thus rationalize
the experimental observations and numerical computations reported earlier, which
identify the central ps-para-PCP subunit as the origin of DQI.

Let us point out that ferrocene recently emerged as a related 3D system to
the PCP, where the angle between two cyclopentadienyl decks can be tuned rather
continuously around the central Fe core atom [39]. The torsion can be compared to
changing from meta to para connection to the PCP. The mechanical distortion that
explains the experimental results here is mainly the displacement of two benzene
rings as compared to a rotation.

3.2.2. Conclusion

We have studied the electronic transport properties of single-molecule junctions
based on n-stacked hydrocarbons. Our study confirms previous theoretical predic-
tions for model compounds in terms of molecular orbital symmetry rules with regard
to the suppression of electronic transport in PCP subunits when contacted in ps-para
geometry as compared to ps-meta geometry. While the ps-meta subunit generally
shows high conductance in comparison to the ps-para geometry (still relatively low
compared to other conjugated molecular wires such as OPE3-dithiol [40]) and little
sensitivity to mechanical manipulation, the ps-para subunit offers an exceptional
mechanoelectric sensitivity. This result is summarized in Fig. 3.7. Notably, our
theoretical calculations predict that the DQI can be tuned through the complete
electronic gap region, explaining the experimental robustness of the feature, as
observations are largely independent of the precise location of the Fermi energy.
Similar to an optical Fabry—Pérot interferometer, the DQI feature can be used to de-
tect minute displacement changes and hence serves as a quantum sensor operating
at ambient conditions, i.e., at room temperature.
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Figure 3.8: Cartoon representation of the molecular architecture embedded between two gold electrodes
for distance modulation experiments. para-ethynylbenzenethiol expanded porphyrin decks are sketched
in light blue, planar bridging xanthene units in grey, and the revolving acetylene joints in light yellow.
The anchoring S-Au bonds, mounting the molecule to the electrodes, are depicted as hooks. While the
chemical structure is already indicated, please see Fig. 3.9 for the exact representations of the studied
molecules PC1 and ZnPC1.

3.3. Cofacial porphyrin cyclophane

To explore the potential and limitations of mechanically triggered molecular struc-
tures, cyclophanes providing significantly increased m-surfaces are interesting tar-
get structures. Porphyrins are especially promising building blocks for molecular
devices [41]. Recently, the successful synthesis and characterization of mechani-
cally fixed and flexible cofacial porphyrin cyclophanes were demonstrated [42, 43].
The molecular concept is sketched in Fig. 3.8: Two porphyrins are expanded by a
para-ethynylbenzenethiol subunit to enable their fixation at the electrode surface
(blue in Fig. 3.8). To integrate mechanosensitivity, both porphyrins are intercon-
nected by a pair of rigid xanthene subunits (grey in Fig. 3.8), which are mounted
by acetylenes as revolving joints (light yellow bars in Fig. 3.8). As a consequence
the integrated porphyrin cyclophane (PC) can adapt to distance variations of both
electrodes in a sliding motion between both porphyrins. It is, however, worth men-
tioning that upon pulling and pushing also the distance between both porphyrin
planes varies due to the variation of the angle between the interlinking xanthene
subunits and the porphyrin planes. By integration of the model compounds PC1 and
ZnPC1, displayed in Fig. 3.9, into a MCBJ experiment, the resulting mechanosen-
sitivity is investigated and benchmarked with simulated expectations. Preliminary
results with ZnPC1 in a MCBJ set-up showed sufficient electronic transparency of
the structure for the envisioned single-molecule transport experiments, in spite of
its dimension [43].

Here, we report on the DFT-NEGF analysis and MCBJ experiments of the mechano-
sensitive charge transport through molecular junctions formed by the cofacial por-
phyrin cyclophanes PC1 and ZnPCl1. Particularly, we present MCBJ studies, directly
probing the theoretically predicted multiple destructive quantum interference (DQI)
features by periodic electrode modulations. Distance-dependent energetic arrange-
ments of the frontier orbitals explain the multiple interference features, which for a
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Figure 3.9: Chemical structure of the studied molecules (a) PC1 and (b) ZnPC1. Each of the two central
metal Zn ions in ZnPCl1 is replaced by two H atoms in PC1. In solution, R represents an acetate (Ac), as
synthesized. After in situ deprotection on the gold wire, R is either a hydrogen (H) atom or gold (Au).
Side and top views of ball-and-stick representations of calculated (c) compressed and (d) stretched
states of PC1 in the gas phase with R = H. Note that compressed and stretched geometries in panels
(c) and (d) are both energetic minima.

stack of two porphyrins are richer than for the previously reported paracyclophane
stacks of single benzene rings [1, 30]. The richness stems from the more extended
intramolecular -systems and the higher mechanical flexibility, enabling larger slid-
ing distances of the two covalently linked molecular porphyrin decks with respect
to each other.

3.3.1. Results and Discussion

In the following sections, we present the results of PC1, synthesized by P. Zwick
from M. Mayor’s group at University of Basel, see Figs. 3.8 and 3.9. Since ZnPC1
shows a similar behavior, it is discussed in the supporting information in Ref. [2].
The theoretical calculations were performed by W. Schosser and K. Beltako from F.
Pauly’s group at University of Augsburg. Here, we only discuss the outcome of the
calculations, and the details of the simulations can be found in Ref. [2].

Theoretical

The mechanical motion of the molecule during the stretching process is first
described in detail in the following. Starting from the compressed molecular state,
see Fig. 3.10a, the junction’s total energy increases initially to a local maximum at
5.3 A, see Fig. 3.11a. Up to this point both porphyrin planes glide over each other
in a well-aligned manner, while they slightly separate due to the spatial constraints
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Figure 3.10: PC1 junction geometries in side and top views during the stretching process (a) in the
compressed molecular state at an electrode displacement of d ~ 0 A, (b) at the first and (c) at the second
bridge flip at d ~ 5.3 A and d ~ 6.3 A, respectively, and (d) in the stretched state at d = 12.9 A. In the
junctions, hydrogen atoms at the thiol termini are removed as compared to the gas phase geometries in
Fig. 3.9c and d. (e) Sketch of the evolution of the molecular geometry of PC1 with increasing electrode
separation. The molecule is connected to gold tip atoms through terminal sulfur atoms on each side.
The electrodes are not displayed in this simplified representation.

set by the rigid bridges. The bridges themselves evolve in this displacement interval
from a rather flat orientation to a perpendicular angle with respect to the porphyrin
planes. At 5.3 A the total energy decreases abruptly, as the junction releases its
tension. This happens through a conformational rearrangement of the molecule,
which involves the flipping of a single bridge, see Fig. 3.10b. The process reduces
the distance between the porphyrin planes and at the same time twists them with
respect to each other. Due to the attractive van der Waals interactions between the
m-systems of the two decks, this intermediate state is energetically favorable. Be-
tween 5.3 A and 6.3 A the energy rises slightly, while the twist is gradually removed
and the porphyrin planes separate. At 6.4 A the energy of the junction decreases
again. This is the result of the flipping of the second bridge, see Fig. 3.10c. The
molecule has now reached a state that resembles the stretched one in Fig. 3.10d,
where the porphyrin planes are aligned in parallel without any twist, as is visible in
Fig. 3.10c at an electrode displacement of d = 6.4 A. With growing electrode sepa-
ration the xanthene bridges flatten, the porphyrin planes get closer to each other,
while the sliding continuously reduces the intramolecular overlap of the electronic
nm-systems. In this final elastic phase the total energy rises, until the molecule is
fully stretched out, see Fig. 3.10d, and the contact ruptures at 13 A. Note that the
porphyrins decks are slightly bent before the junction breaks. This differs from the
planar configuration in the energy-optimized stretched state of the gas phase, see
Fig. 3.9d, and is due to the mechanical tension exerted by the electrodes. As the
inset of Fig. 3.11a depicts, the junction breaks at an applied force or around 1.3
nN. The mechanical motion of the molecule during the stretching is summarized in
a simplified illustration in Fig. 3.10e.

The conductance shows a pronounced distance dependence during the stretch-
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Figure 3.11: (a) Energy and conductance as a function of electrode displacement. The inset shows the
force applied to the junction. The room-temperature conductance at T = 300 K, computed from the
Landauer formula, is compared to the low-temperature approximation G ~ G,t(Eg). Zero displacement
corresponds to the compressed junction state, shown in Fig. 3a. The vertical dashed lines indicate
bridge flipping events, see Fig. 3.10b and c. (b) Transmission as a function of energy and electrode
displacement for the single-molecule junction of Fig. 3.10. Arrows at the top of the plot mark bridge
flipping events. The horizontal dashed line shows the Fermi energy Er. Running along it yields the
low-temperature approximation of the conductance G ~ G,7(Er), shown in panel (a).

ing process, as evident from Fig. 3.11a, where conductance is expressed in units of
the conductance quantum, G,. Especially the two sharp dips at 2.1 A and 7.3 A em-
phasize the large mechanical tunability of the conductance. In the low-temperature
approximation G = G,t(Er) (green curve), it can be tuned by two or four orders
of magnitude, respectively, while a substantial increase of dip values is present
when taking an electronic thermal broadening at T = 300 K into account (light
blue curve) (see Ref. [2] on how the temperature-dependent conductance from
the energy-dependent transmission t(E) is determined). For a better understand-
ing of electron transport, the energy- and distance-dependent transmission of the
molecular junction is studied, as displayed in Fig. 3.11b. The two bridge-flipping
processes, discussed above, manifest themselves in the transmission map as sharp
vertical discontinuities at 5.3 A and 6.3 A, respectively. The dips in the distance-
dependent conductance of Fig. 3.11a (light blue and green curves) are caused by
two (light blue and dark blue) valleys in Fig. 3.11b. They correspond to trans-
mission values below 10~3and 10~° inside the electronic gap between HOMO and
LUMO states. More precisely, they arise between the almost horizontal red reso-
nance lines at about -5 eV and -3.7 eV, which are related to the molecular frontier
orbitals. Since the energy position of the transmission trenches depends on the
electrode separation, the conductance can be tuned mechanically. Let us empha-
size that since these two transmission valleys cross the entire HOMO-LUMO gap,
they are robust features that can be experimentally observed independent of the
precise position of the Fermi energy. It is found that ZnPC1 shows a similar molec-
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Figure 3.12: Fast-breaking measurement of PC1. (a) 2D conductance-displacement density plot con-
sisting of 10000 consecutive fast-breaking traces. (b) 2D histogram containing only molecular traces,
obtained through a reference-free clustering algorithm [35]. (c) Five examples of individual breaking
traces, each displaced by hand by 3 nm to ensure good visibility.

ular motion and corresponding DQI features [2].

Experimental

A two-dimensional (2D) histogram with 10000 consecutive fast-breaking traces
obtained with PC1 is displayed in Fig. 3.12a. A reference-free clustering algo-
rithm [35] was used to separate traces with molecular features from the direct
tunneling ones. The result of the extraction is shown in Fig. 3.12b. A clear con-
ductance plateau around 2 x 10~° is identified, excellently matching the value of
its derivative ZnPC1, as reported previously [42]. From this fast-breaking measure-
ment an average length of the breaking trace of 2.3 nm is obtained, lying between
the calculated sulfur-to-sulfur lengths of the compressed (2.07 nm) and stretched
(2.77 nm) states of the molecule. This finding not only confirms PC1’s remark-
able single-molecule junction stability in the desired sulfur-connected configuration,
which is similar to its Zn derivative, but further suggests that the underlying trans-
port mechanism is influenced negligibly by the presence or absence of Zn atoms in
the cyclophane-embedded porphyrins. This conclusion is in agreement with studies
on single-porphyrin junctions [44].

Figure 3.12c shows five individual breaking traces of PC1. Multiple oscillations
in the conductance up to 1.5 orders of magnitude are visible during the break-
ing events, demonstrating the largest reported mechanosensitivity in the case of
cyclophane-like systems [45]. Similar conductance variations in [2.2]paracyclo-
phane single-molecule junctions have been attributed to a stick-slip motion between
the anchoring group and the gold electrodes, which enables the molecule to get
close to or even cross the DQI-related transmission dip several times in a single
breaking event [30]. As shown in Fig. 3.11a, the theoretically predicted breaking
trace of a single-molecule junction formed by PC1 features two large conductance
oscillations as a result of DQI even without stick-slip motion. It is difficult to dis-
tinguish, however, if multiple conductance oscillations arise from crossing several
valleys in the transmission-displacement landscape or if they are caused by repeated
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Figure 3.13: Electrode-displacement modulation experiments with PC1. (a) Anti-phase, double-
frequency and in-phase responses to the piezo voltage. The dip-to-peak piezo voltage modulation
corresponds to an electrode displacement of 5 A. We apply the piezo voltage signal at a frequency of
5 Hz. Note that the electrode displacement increases (decreases) as the piezo voltage increases (de-
creases). (b) Triple-frequency response to the piezo voltage. The red-shaded area is a guide to the eye
for a half-period modulation.

stick-slip events in a particular breaking trace or both.

Electrode-displacement modulation measurements were performed to repeti-
tively probe the predicted transmission-displacement landscape of Fig. 3.11b. Fig-
ure 3.13a shows anti-phase, double-frequency and in-phase responses, which can
be assigned to different starting positions of the modulation measurements in the
transmission map in a similar way as described for PCP in Fig. 3.3. The anti-phase
behavior corresponds to a starting position at the left of a DQI dip, where the con-
ductance decreases as the electrodes separate, while the in-phase response results
from a starting position at the right of a DQI dip, where the conductance increases
as the electrodes move further apart. Finally, the double-frequency case coincides
with a starting position so close to a DQI dip that the conductance increases as the
electrodes either open or close. These three response behaviors experimentally
verify the presence of at least one valley in the energy-displacement transmission
map.

In addition to these three responses, we observed higher frequency conduc-
tance oscillations, which was not present in the case PCP molecules. Figure 3.13b
shows an example of a triple-frequency response (see SI. 2.4 for more examples
with both PC1 and ZnPC1 [2]). In this case, in one modulation cycle the conduc-
tance oscillates up and down three times. Zooming in on one single increase of
electrode displacement in Fig. 3.13b, i.e., half of a period (the red shaded area for
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example), the molecule starts in (i) a high-conductance state, (ii) passes a pro-
nounced minimum, (iii) recovers to a high-conductance state and (iv) decreases
again to a minimal value. To understand this behavior, we take Fig. 3.11a as a
guide to trace the conductance change. When the molecule is stretched starting
from its initial position at d = 0 A, the computed conductance (i) takes a high value,
(ii) drops when approaching the first DQI dip, (iii) increases when leaving the first
DQI dip, (iv) decreases again when approaching the second DQI dip. The experi-
mental observations are thus in agreement with the interpretation of the molecule
fully crossing one DQI dip and partially entering the second DQI dip. This inter-
pretation is furthermore consistent with the applied modulation amplitude of 5 A,
which does not allow the molecule to fully cross two DQI dips according to the
calculations.

To realize a full crossing of two DQI dips, a larger modulation amplitude is re-
quired. Excitingly, electrode-displacement modulation experiments with an ampli-
tude of 10 A were successfully conducted without losing contact to the molecule,
while the conductance signal was recorded continuously as a function of time. In
rare cases quadruple frequency responses were observed (see bottom panel of
Fig. 3.15 for an exemplary single trace of a 1 nm gap-size modulation using ZnPC1,
embracing the full crossing of both DQI dips in the predicted transmission landscape
of Fig. 3.11b) [2]. The characteristic is not as clear as the triple-frequency response
in Fig. 3.13b, and the large gap-size manipulation is expected to increase the chance
of inducing a slipping motion of the anchoring group on the gold electrodes, which
we cannot distinguish.

3.3.2. Conclusion

We have presented a combined theoretical and experimental study of charge trans-
port through the porphyrin cyclophane PC1 as well as its derivative ZnPC1. DFT-
based calculations predict that during the pulling of the molecular junctions, -
orbitals do not continuously slide over each other. Instead, typically one of the two
bridges flips first, followed by the second bridge flip at a later stage. The complex
motion of the two conjugated molecular decks leads to two dips in conductance-
displacement curves, since there are two such transmission features crossing the
entire HOMO-LUMO gap as a function of electrode separation.

We have experimentally demonstrated a large mechanosensitivity of PC1 at
room temperature with conductance variations of up to 1.5 orders of magnitude
in fast-breaking measurements. Electrode-displacement modulation experiments
show that in addition to the in-phase, anti-phase and double-frequency response,
higher frequency modes are observed. This remarkable experimental detection of
higher frequency responses may evidence the presence of the two theoretically
predicted robust conductance dips.

For future work, the twisting of molecular decks might be avoided by attach-
ing two bridges at each side of n-stacked dimer, thus lowering angular freedom
and hence stabilizing a more continuous sliding. At the same time the increased
rigidity needs to be balanced against the interfacial stiffness, i.e., Au-Au and Au-
S bond strengths, to preserve the possibility of mechanical manipulation. Further
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molecular designs need to be explored in order to better understand the rich vari-
ety of mechanosensitive responses and to create novel quantum sensors based on
mechanosensitive molecular systems.
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3.4. Appendix

3.4.1. Gauge factor analysis
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Figure 3.14: GF analysis. (a) Raw data of an electrode displacement modulation measurement of the
PC2 molecule, shown in Chapter 4. The top panel shows the conductance trace as a function of time, and
the bottom panel displays the modulated electrode displacement as a function of time. The modulation
amplitude is 2.5 A. (b) Raw data after the FFT. The top panel visualizes the FFT amplitude of log(G/G,)
and the bottom panel is the FFT amplitude of d/d,. Both FFT amplitudes are evaluated at the driving
frequency f = 5 Hz. (c) GFs and phases of the example data. The GF and phase ¢ are obtained by
taking the ratio of FFT amplitudes shown in panel (b), see Egs. (3.1) and (3.2).

The displacement modulation measurements, described in the main text, pro-
vide a means to study the conductance response of the single-molecule junctions
around a selected initial electrode displacement. The general procedure of the sta-
tistical gauge factor (GF) analysis is explained in Fig. 3.14. We take the raw signals
of conductance and displacement as a starting point, see Fig. 3.14a. Next we per-
form a fast Fourier transform (FFT) on the two signals, log(G/G,) and d/d,, for
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every five cycles of the driving signal. Here, G is the conductance, G, is the quan-
tum of conductance G, = 2e?/h, d is the electrode displacement, and d, is the
average length of a single-molecule plateau, as determined from the fast-breaking
measurements. To illustrate, how the FFT affects the two input signals, the abso-
lute values of the results are visualized in Fig. 3.14b. Then, we take the ratio of the
two FFT results, which gives the complex number

FFT(og(G/Go))(f)
FFT(d/do)(f) '

with a corresponding frequency-dependent amplitude r(f) and phase ¢(f). Finally,
we define

z2(f) = r(f)e'*V) = (3.1)

GF =r(f) X s, (3.2)

with
1, if|eH)| <n/2
-1, if |p(f)| > n/2,

where the phase is assumed to take values in the interval ¢(f) € [—mr, ], see also
Fig. 3.14, and f = 5 Hz is chosen to be the driving frequency of our displacement
modulation experiment. Therefore, the GF is positive, if the two signals are in
phase, and negative, if they are out of phase.

Let us consider Fig.3.4a as an example. The GF is predominantly positive, sug-
gesting an in-phase relation between ¢ and d. This means that if the electrode
displacement increases at this initial electrode displacement position, the conduc-
tance typically goes up.

(3.3)
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3.4.2. Higher order frequency responses
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Figure 3.15: Higher order frequency responses of molecular junctions containing PC1 and ZnPC1. (a)
Examples of triple-frequency response for PC1. The modulation setting is the same as in the main
text with an amplitude of 5 A (piezo voltage of + 10 V). (b) Examples showing higher order frequency
responses for ZnPC1. The top panel displays a triple-frequency response and the bottom panel shows
a quadruple-frequency response. Note that a larger modulation amplitude of 1 nm (piezo voltage of
20 V) was used for both measurements with ZnPC1.

Further examples of higher order frequency modes are presented in Fig. 3.15
for PC1 and ZnPC1. For PC1 an electrode-displacement amplitude of 5 A is used
and triple-frequency behavior is observed, similar to what we describe in the main
text. For ZnPC1, a larger modulation amplitude of 1 nm yields in addition to the
triple-frequency mode, see the upper panel of Fig. 3.15b, a quadruple-frequency
mode, see the bottom panel of Fig. 3.15b. This latter case may be attributed to a full
crossing of two DQI dips, as discussed in the main text. However, the characteristic
is not as clear as the triple-frequency response, and the large modulation amplitude
used here may possibly induce a slipping of the molecule in the junction.
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Mechanosensitivity in single
molecules:
Intra-molecular interactions

Intra- and intermolecular interactions are dominating chemical processes,
and their concerted interplay enables complex nonequilibrium states like life.
While the responsible basic forces are typically investigated spectroscopi-
cally, a conductance measurement to probe and control these interactions in
a single molecule far out of equilibrium is reported here. Specifically, by sepa-
rating macroscopic metal electrodes, two m-conjugated, bridge-connected por-
phyrins decks are peeled off on one side, but compressed on the other side
due to the covalent mechanical fixation. We observe that the conductance re-
sponse shows an exceptional exponential rise by two orders of magnitude in
individual breaking events during the stretching. Theoretical studies atom-
istically explain the measured conductance behavior by a mechanically acti-
vated increase in through-bond transport and a simultaneous strengthening
of through-space coupling. Our results not only reveal the various interacting
intramolecular transport channels in a molecular set of levers, but also the
molecules’ potential to serve as molecular electro-mechanical sensors and
switches.

Parts of this chapter have been published in Chemical Science 2022, 13, 8017-8024 [1]. The theoretical
calculation was performed by W. M. Schosser and the synthesis was carried out by P. Zwick.
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4.1. Introduction

In recent years it has been demonstrated that by stretching molecular junctions,
their conductance can change from a few times to even a few orders of magni-
tude [2—-19]. This mechanosensitivity is interpreted either as arising from mechan-
ical manipulation of the molecule-electrode contact or from mechanically triggered
structural variations of the integrated molecule. The origin, however, is not al-
ways clear. For example, the mechanosensitivity in ferrocene derivatives has been
attributed both to redox activity [2] and destructive quantum interference [3]. An-
other example are conductance measurements of thiophene based molecular rods
and a benzil derivative [4, 5]. While both exhibit a very similar two order-of-
magnitude conductance change, the former has been explained by hemilabile lig-
ands [5], the latter as the folding of the 1,2-dione subunit [4]. A well-controlled and
careful study of single-molecule mechanosensitivity is thus key to gain insights into
inter- and intramolecular transport phenomena and the related interactions. This
requires a molecular design tailoring either the flexibility of the molecular subunit
arrangement or the structural configuration in the molecular junction. For instance,
the overlap of molecular orbitals can be controlled mechanically either via changing
the relative position or the angle between m-orbitals [11, 13—15, 19]. The under-
lying changes in transport mechanisms resulting from quantum interference [11,
13, 14, 19] and the size of tunnel couplings [15] are revealed by single-molecule
measurements.

To explore the interplay between through-bond and through-space intramolec-
ular transport pathways under non-equilibrium conditions, porphyrin cyclophanes
have been synthesized as mechanosensitive model compounds [20]. From the per-
spective of molecular design, these porphyrin cyclophanes are particularly attractive
because of the extended m-orbital system with the possibility of further tuning the
building blocks’ physicochemical properties, e.g. by coordinating different met-
als [21].

In the model compounds 2HPC2 and ZnPC2 studied here, two porphyrin planes
are cofacially arranged in a three-dimensional cyclophane architecture (see Fig. 4.1a).
While a pair of rigid xanthene bridges separates the two porphyrin planes, these
subunits are interconnected by acetylenes as revolving joints. This combination of
planar rigid building blocks and revolving linkers provides the intended mechanosen-
sitivity. Both porphyrin decks are further expanded on the same side of the cyclo-
phane, laterally to the bridge, with rigid-rod type phenylacetylenes, exposing each
a thioacetate as anchoring group. The nature and the position of the terminal
acetyl-masked thiol anchoring groups is of particular importance for the experi-
ments reported in this paper, as the thiol-gold bonds formed upon deprotection
are robust enough to allow substantial mechanical manipulation of the immobilized
compound. When the molecule is embedded in a mechanically controlled break
junction (MCBJ), pulling on the anchoring groups triggers the rotation of both por-
phyrin planes around aforementioned revolving acetylene joints. In this mechan-
ically controlled process, the porphyrin planes are turned out of their cofacial ori-
entation and, like operating a pair of pincers, the decks are separated in the part
above the bridges, while the inter-plane distance below the bridges is decreased
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(a)
R = Ac/H/Au

S
compression

\ electrode displacement

Figure 4.1: (@) Chemical structures of the studied molecules 2HPC2 (M = 2H) and ZnPC2 (M = Zn).
R represents an acetate (Ac) as synthesized or a hydrogen (H) or gold (Au) atom after in-situ depro-
tection on the gold surface. (b) Cartoon-representation of the hypothesized mechanosensitivity of the
intramolecularly m-stacked dimer PC2 in an MCBJ experiment.

(see Fig. 4.1b). This change is reflected in the breaking traces by a unique con-
ductance upturn, reaching up to two orders of magnitude. We explain the related
changes in transport pathways through detailed atomistic calculations.

4.2. Results & Discussion

Single-molecule characterization

The ZnPC2 molecule studied in this chapter, see Fig. 4.1a, was synthesized fol-
lowing a reported protocol, and its identity was corroborated by its complete char-
acterization including the solid-state structure of a derivate [20]. To characterize its
mechanosensitive response, we use the MCBJ technique to perform single-molecule
conductance measurements as a function of electrode displacement under dark am-
bient conditions. A schematic of a MCBJ sample and details of the MCBJ technique
can be found in Chap. 2 and in previous reports [23, 24]. First, to examine the
possibility to integrate ZnPC2 into a single-molecule junction and characterize its
single-molecule conductance, we perform fast-breaking experiments. Data of the
fast-breaking measurements with ZnPC2, comprising 10000 consecutive traces, is
presented in a two-dimensional (2D) density plot of conductance versus electrode
displacement in Fig. 4.2a, at a bias voltage of V = 250 mV. Additional fast-breaking
results at ¥ = 100 mV or without zinc in the porphyrin centers can be found in
Apps.4.4.1 and 4.4.2. In Fig. 4.2a we observe two main signatures. First, the
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Figure 4.2: (@) Raw data of 10000 consecutive fast-breaking traces, illustrated in a 2D density plot
of conductance versus electrode displacement. (b) Same as panel (a) but for 596 molecular traces,
corresponding to around 6% of all junctions formed, where pure tunneling traces without molecular
conductance signatures are filtered out by a reference-free clustering method [22]. A representative
individual breaking trace (white) is plotted, illustrating features visible in the 2D plot. A characteristic rise
in the conductance as a function of electrode displacement can be observed after around 1.5 nm. The
dashed lines indicate the initial positions of the modulation experiments discussed later. (c), Examples
of individual fast-breaking traces. The traces are horizontally offset by 4 nm for clarity. Traces feature a
clear conductance increase after a steep initial drop. This conductance increase reaches two orders of
magnitude, from G = 10776, to 1075G, (shaded in green).

conductance decreases as a function of displacement, representing the gold-to-
gold direct tunneling transport (region I). Second, a broad plateau with a length of
around 2.8 nm appears at conductance values between 10~>G, and 10~°G, (region
II), with the quantum of conductance, G, = 2e?/h where e is the electron charge
and h is the Planck constant. For further study of the molecular traces, we use
a reference-free clustering algorithm to filter out the gold-to-gold direct tunneling
traces, yielding the density plot shown in Fig. 4.2b [22].

The extracted molecular traces show a minimum in conductance at an electrode
displacement of around 1.5 nm, a subsequent rise and a shorter plateau with a
length of 1 nm. These features are robust over many junction configurations, as
no further data selection has been applied, and they are evident in the represen-
tative individual traces shown in Fig. 4.2c. From the minimum to the subsequent
plateau, the conductance increase may amount up to two orders of magnitude in
individual breaking events, rivaling the highest switching factor reported for single-
molecule junctions of ortho-pentaphenylene foldamers [15]. It is worth noting that
a conductance increase upon electrode separation has only been documented in
a few reports [9, 10, 12, 25]. Generally, they show conductance enhancement
by less than a factor of 10. Particularly in the cases of germanium and silicon
molecular wires, it is a contact effect rather than an intrinsic molecular feature [9,
10]. This conductance upturn is distinct from the conductance decrease upon elec-
trode separation in ortho-pentaphenylene and other single molecules with large
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Figure 4.3: (a)-(c) Gauge factors for the different initial electrode displacements, indicated in panel
Fig. 4.2b by dashed colored lines. The starting positions for modulations are 1.0, 1.5 and 2.0 nm for
(a), (b) and (c), respectively. In all cases, the modulation amplitude is 2.5 A at a frequency of 5 Hz,
applied for a duration of 15 s. The shaded areas represent the smoothed distribution, from which the
peak positions are determined. Dotted vertical lines indicate |GF| = 2.

mechanosensitivity studied so far [7, 8, 15]. Evidently, the conductance increase
with increasing electrode spacing excludes an explanation involving direct tunneling
transport but necessitates transport mechanisms sensing complex rearrangements
inside the molecular structure.

To further quantify the conductance response of the single-molecule junctions,
we perform electrode displacement modulation experiments. In the modulation
measurement (also see Chap. 3 for the modulation method), we modulate the
electrode separation with an amplitude of 2.5 A at different initial electrode dis-
placements, sampling different regions of a molecular breaking trace. After collect-
ing thousands of these modulation traces for the ZnPC2 molecule at different initial
displacements, we analyze the gauge factor (GF) to quantify the conductance vari-
ations. In the GF analysis we apply a Fourier transform on the conductance data,
which specifies both the magnitude and complex phase of a conductance change for
a corresponding change in electrode displacement, see Sec. 3.4.1 for more details.
For example, a molecular junction with a large in-phase conductance modulation,
i.e., an increase of conductance with increasing electrode displacement, is charac-
terized by a large positive GF. Based on the conductance-displacement traces in
Fig. 4.2b, we expect the size and sign of the GF to depend on the initial displace-
ment.

GFs of the modulation experiments with initial electrode displacements of 1.0, 1.5
and 2.0 nm, indicated by the green, blue and red dotted vertical lines in Fig. 4.2b,
are displayed in Fig. 4.3. Notably, each initial electrode displacement corresponds
to a different prevalent phase relation in the GF. In the case of an initial electrode
displacement of 1.0 nm we observe more anti-phase (negative) GFs. This means
that the conductance of the molecular junction statistically decreases when the
junction is opened, in agreement with the negative slope observed in Fig. 4.2b.
Similarly, when in-phase behavior (positive GF) predominates at an initial displace-
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(a) Side

(d) Side

Figure 4.4: (a)-(h) Geometries obtained for a simulated unfolding process of a ZnPC2 single-molecule
junction. The junction geometries are shown in side and top views at various displacements d of the
gold electrodes. The displacement d is defined as the horizontal shift between the fixed layers of the
gold electrodes with respect to their initial separation d,, see panels (a) and (c). For d = 0 A the
red background indicates, which atoms of the extended central cluster are kept fixed, while the rest is
optimized. Panels (a) and (b) belong to geometries in region (i), (c) and (d) to region (ii), (e) and (f) to
region (iii), and (f) and (h) to region (iv), as defined in Fig. 4.5.

ment of 1.5 nm, molecular conductance essentially increases with increasing elec-
trode separation, corresponding to the upturn in conductance. For the modulation
starting in the flat region at 2.0 nm, we find that the GF exhibits an equal weight
between anti-phase and in-phase behaviors. We classify this situation as “half-
half”.  When considering the peak positions of GF distributions, we observe that
2 > |GF| = 1 for the conductance plateau, i.e. GFs are smaller as compared to the
previous two cases, for which |GF| = 2. We note that there are statistical varia-
tions in the GF histograms as there are many possible junction configurations for the
molecule. By taking a large set of modulation measurements without data selection,
GFs at different initial displacements demonstrate statistically the conductance fea-
tures of ZnPC2, revealing the exponential conductance decay, increase and plateau.

DFT and transport analysis

To understand the underlying transport mechanisms of the observed conduc-
tance changes during stretching, theoretical modeling has been performed for the
geometries of ZnPC2 single-molecule junctions during the unfolding process, and
for the related electronic transport in terms of the phase-coherent and elastic Lan-
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Figure 4.5: (a) Conductance at room temperature T = 300 K and total DFT energy as a function of
electrode displacement. The inset shows the tension force during the unfolding process, obtained by
taking the derivative of the total DFT energy with respect to d. (b) Contour plot of transmission as
a function of energy and electrode displacement. The horizontal dashed line shows the Fermi energy
Er = —4.24 eV. In both panels vertical dotted lines separate the four characteristic conductance regions:
(i) Exponential decrease, (ii) exponential increase, (iii) plateau, and (iv) exponential decrease.

dauer scattering theory [26]. The conductance at room temperature is computed
via the linear response expression

G =G, foo dE (—%)m@. (4.1)

Here, t(E) is the energy-dependent transmission function and f(E) is the Fermi
distribution. The transmission z(E) is determined ab initio, i.e., without free pa-
rameters, by combining DFT with the nonequilibrium Green’s function formalism,
as explained in detail in Ref. [27].

The junction geometries are obtained from DFT through energy optimization as
follows: First, the isolated ZnPC2 molecule, see Fig. 4.1a, is optimized in the gas
phase. Second, the molecule is placed between two Au,, clusters, see Fig. 4.4,
forming the extended central cluster of the molecular junction [27]. In this step,
the molecule and the four gold atoms of the two innermost layers of each gold
pyramid closest to the molecule are optimized, while other gold atoms in the two
outermost layers of each metal cluster are kept fixed in a face-centered cubic bulk
lattice configuration, see Fig. 4.4a. Third, the stretching process is started from
the initial geometry and continued until the point of rupture. During the process
the two outermost fixed layers of the gold clusters are separated in steps of 0.1 &,
and the geometry is optimized in each step in the same way, as described before
under point two. This yields the simulated junction geometries that are visualized
via snapshots at various electrode displacements, d, in Fig. 4.4.

The transmission t(E) and the conductance G are calculated at T = 300 K
from Eqg. (4.1), using the electronic structure of the obtained geometries. Fig-
ure 4.5 characterizes electrical and mechanical properties of the simulated ZnPC2
single-molecule junction. Figure 4.5a visualizes the conductance G and the total
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d=100A

Figure 4.6: (a)-(d),Wave function of the most transparent left-incoming transmission eigenchannel in
side, top and front views for several electrode displacements, d, as indicated below the panels. The
transmission eigenchannels are evaluated at the Fermi energy Er. Panel (a) belongs to a geometry in
region (i), (b) to region (ii), (c) to region (iii), and (d) to region (iv), as defined in Fig. 4.5

DFT energy of the system in dependence on the electrode displacement d. The
conductance behavior can be divided into four regions: (i) exponential decrease
from G = 103G, to 6 - 107°G, for d = 0 A to 4.4 A, (ii) exponential increase from
6-107°G, to 8- 1075G,, by more than one order of magnitude, for 4.4 A to 7.8 A,
(iii) plateau from 8-1075G, to 9- 10756, for 7.8 A to 15 A, (iv) exponential decrease
from 9 - 1075G, to 5 - 107G, for 15 A to the point of rupture at 25.3 A. Through-
out the unfolding process the total energy rises rather monotonically. Taking the
derivative of the total DFT energy with respect to the electrode displacement yields
the tensile force, shown in the inset of Fig. 4.5a. The force is rather constant in
regions (i)-(iii), while it increases sharply towards the end in region (iv), where the
molecule is far away from of its equilibrium position. At the point of rupture, the
force amounts to 0.57 nN.

For a better understanding of electronic transport, the energy- and distance-
dependent transmission of the molecular junction is displayed in Fig. 4.5b. Vertical
dashed lines separate the four conductance regions, introduced in Fig. 4.5a. Trans-
mission values are relatively high for small electrode displacements around d = 0 A
at all energies inside the HOMO-LUMO gap, which is located between the horizontal
red resonance lines of frontier orbitals at about —4.7 eV and —3.8 eV. Interestingly,
a blue area of suppressed transmission is visible that extends between regions
(i) and (ii), while the transmission is comparatively high at all energies inside the
HOMO-LUMO gap in region (iii). The transmission finally decays in region (iv). This
plot shows that the overall conductance behavior of Fig. 4.5a is expected to be
robust, since even for other choices of Fermi energies or level alignments, i.e., a
constant shift of molecular and metallic levels, a similar conductance behavior is
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expected. Remarkably, the theoretically predicted behavior with the four regions
()-(iv) agrees well with the experimental observations reported in Fig. 4.2 of a fast
conductance decay, revival, plateau and final decay.

Let us now relate the different conductance regions of Fig. 4.5 to the complex
atomic motion inside the junction, shown in Fig. 4.4. For this purpose, additional in-
formation is provided in SI. 2.1 [1], including transmissions as a function of energy
at different electrode displacements d, corresponding to vertical cuts in Fig. 4.5b,
and an analysis of various intramolecular distance changes. For a clear visualiza-
tion, a video in Ref. [1] establishes the link between the simultaneous evolution of
conductance and junction geometry.

The fast initial conductance decay in region (i) arises from the separation of
para-ethynylbenzenethiol linkers, see in particular the side views in Fig. 4.4a-c.
This is accompanied by the decay of an energy independent background of the
transmission inside the HOMO-LUMO gap, resulting from the removal of the direct
through-space tunneling pathway.

Region (ii) is characterized by a constant position of transmission resonances,
but a changing energetic broadening, while para-ethynybenzenethiols are sepa-
rated further, see Fig. 4.4c,d. Region (ii) starts and ends with fast molecular re-
configurations, which lead to the dips in the tensile force in Fig. 4.5a at d = 4.4 A
and 7.8 A. They originate from sudden rotations of the left and right anchoring
benzene rings, which consecutively align favorably to the Au electrodes and to the
porphyrin’s 7-system, as the bending of the porphyrin-acetylene-benzene connec-
tions increase, see SI.2.3 [1]. The rising conductance is attributed to a combined
effect of an increasing through-bond coupling within each deck and the strength-
ened through-space coupling between the decks. They result on the one hand from
the alignment of the anchoring benzenes with the porphyrins and on the other hand
from the simultaneous compression of the two porphyrins on the opposed side of
the mechanically fixing xanthene bridges, while the porphyrin-porphyrin interaction
area remains basically constant. Essentially, these mechanically induced reconfigu-
rations make the conduction pathway through the porphyrin pincers the dominant
one.

In region (iii), where energy-dependent transmission curves remain basically
unchanged inside the HOMO-LUMO gap for different displacements d, porphyrins
are peeled off. While the upper part of the porphyrin double decker is compressed,
c.f. the side views in Fig. 4.4d-f, the lower part separates. These competing effects
of separation and compression nearly compensate, leading to a weak growth of
the conductance. A dip in the tensile force arises in the middle of region (iii) at
d = 11.7 &, when the porphyrins align rather abruptly to the pulling direction, while
they are initially canted, see the top views in Fig. 4.4a-e in comparison to Fig. 4.4f.
At this point, a small kink is visible in the conductance in Fig. 4.5a.

In region (iv) all such canting and twists inside the molecule are removed due
to tensile stress. Further separation of the electrodes decreases the region of
porphyrin-porphyrin overlap, leading to the collapse of the conduction pathway
within the porphyrin pincers and a fast overall decay of the conductance. Ulti-
mately, the pulling apart of the porphyrins is limited by the rigid xanthene bridges.
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Figure 4.6 visualizes the wave functions of the left-incoming transmission eigen-
channels with the highest transmission at the Fermi energy for selected electrode
separations d within each of the four regions (i)-(iv) [28, 29]. It is found that the
wave functions of the eigenchannels in regions (i)-(iii), see Fig. 4.6a-c, spread over
the whole molecule. Remarkably the direct tunneling from one para-ethynylbenzenethiol
to the other is directly visible in region (i), see Fig. 4.6a. In region (iv) at d = 20 A,
see Fig. 4.6d, the weight of the wave function quickly decays along the molecule
instead. Here, a high weight is found only on the porphyrin deck that is directly
connected through a sulfur anchor to the left electrode, while the weight on the
right molecular deck is substantially reduced. Since the m-orbitals of the porphyrins
at d = 20 A stand nearly perpendicular to each other and the wave function is
no longer efficiently propagated through the xanthene linkers, the intramolecular
electronic coupling is low.

The above transmission calculations elucidate the four conductance regions as
a result of changes in intramolecular conduction pathways. Initially the charge
takes a shortcut via through-space tunneling, while it later on takes a much longer
pathway through the porphyrin pincers, leading to the characteristic behavior of
the conductance upturn upon electrode separation, plateau region and subsequent
final decay. Two regions in the unfolding process are particularly interesting. One
is related to the fast rotation of benzene rings and the other to the unfolding of
porphyrin pincers, pivoting at the central xanthene bridges. The former suggests
that by including components such as acetylenes in a molecular design, rotations
under mechanical bending can act as a switch for through-space and through-bond
conduction. The latter indicates that by changing the pivot points of a co-facial
m-system with anchoring on the same sides, intramolecular interactions can be
controlled, thereby serving as a starting point for more complex folded molecular
origami designs.

4.3. Conclusion

We have presented a combined experimental and theoretical study of charge trans-
port through a cofacial porphyrin cyclophane as a model compound representing
molecular pincers. We have experimentally demonstrated a large mechanosensi-
tivity of this molecule, exhibiting a conductance upturn by two orders of magnitude
upon increasing the distance between the electrodes in individual breaking traces.
While separating the electrodes, four regions have been identified: (i) exponen-
tially decreasing conductance, followed by a region of (ii) exponentially increasing
conductance, a region of (iii) constant conductance, and a region showing (iv) ex-
ponential decay before the contacts finally break. Compellingly, DFT-based calcu-
lations reproduce the four characteristic conductance regions during the molecular
rearrangement in the molecular junctions and rationalize the effects by atomistic
simulations. We find that the conduction pathways are mechanically controlled as a
result of a subtle balance between through-bond and through-space contributions
in intramolecular transport. The study highlights the precise unfolding that metal
electrodes can evoke on single molecules, bringing the molecular system out of its
natural equilibrium. We are currently interested in tuning the extent of the differ-
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ent transport contributions by improved molecular designs. In particular, increased
mechanosensitivity and analyte-mechanosensitive model compounds are crucial for
a better understanding of molecular unfolding processes, paving the way to new
sensing concepts relevant to biological systems or bioanalytics.
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4.4. Appendix
4.4.1. ZnPC2 fast-breaking measurement at 250 mV
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Figure 4.7: (a) Additional ZnPC2 fast-breaking measurements of sample 2 at an applied bias voltage of
250 mV. 10000 conductance traces are compiled in the 2D conductance vs. displacement density plot.
(b)Five example traces, showing large conductance variations of up to two orders of magnitude. The
horizontal dashed line at G = 10736, is a guide to the eye.

Additional fast-breaking measurements of ZnPC2 on a different sample are dis-
played in Fig. 4.7 for a bias voltage of 250 mV. In Fig. 4.7a the two-dimensional
(2D) conductance-displacement histogram is plotted without any data selection. A
conductance plateau located at around 2 x 107G, is observed, consistent with the
2D histogram shown in Fig. 4.2 of the main text. Individual fast-breaking traces
are plotted in Figs. 4.7b. These example traces feature a conductance minimum
of around an electrode displacement of 1.5 nm, then an increase of conductance
followed by a plateau region that lasts about 1 nm, before the conductance decays
exponentially and the contact finally breaks. These findings are consistent with the
results reported in the main text.

4.4.2. Additional 2HPC2 fast-breaking measurements
Fast-breaking measurements at bias voltages of 250 mV and 100 mV are dis-
played in Figs. 4.8 and 4.9, respectively. Similar to ZnPC2, the 2D conductance-
displacement histograms of 2HPC2 show a molecular conductance value of around
2 x 107%G,, see Figs. 4.8a and 4.9a. Individual fast-breaking traces are plotted in
Figs. 4.8b and 4.9b. These traces feature the same behavior as ZnPC2, following
the four conductance regimes, described by the DFT calculations. The similarities
suggest that the transport mechanism is the same for 2HPC2 and ZnPC2. Thus the
metal center has little effect on the electronic transport in the cofacial porphyrin,
consistent with previous studies [30].
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Figure 4.8: (a) Fast-breaking measurements on 2HPC2, measured at a bias voltage of 250 mV. The
2D conductance histogram consists of 7589 conductance-displacement traces. (b) Five example traces,
offset by hand by 4 nm, showing the large conductance variations, which are similar to the case of

ZnPC2.
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Figure 4.9: Same as Fig. 4.8 but at a bias voltage of 100 mV. The density plot now comprises 9225
conductance-distance traces.
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Single-molecule
thermoelectricity:
Thermocurrent spectroscopy
and entropy

Thermoelectricity is the conversion between voltage and temperature differ-
ences in a system. While it has been a technologically important concept to in-
tegrate in electronics; fundamentally, it is the relationship between electronic
and thermal properties of a material. Theoretical studies suggest that single-
molecule devices can host strong thermoelectric effects. This advantage is
achieved via different molecular designs for an optimized tunnel coupling
or a sharp transmission close to the Fermi energy, etc. Recently, we have
created single-molecule thermoelectric quantum dot devices, where valuable
information such as the Seebeck coefficient and thermoelectric power factor
are directly obtained from their strong thermoelectric responses. We further
show that fundamental physical quantities, such entropy changes, can be
determined in the thermoelectric quantum dot devices. The rich physics in
thermoelectric quantum dot devices and their technological implications open
another research direction for nanoscale devices.

Parts of this chapter have been published in Nature Nanotechnology 2021, 16, 426430 [1] and Nano
Letters 2021, 21, 9715-9719 [2].
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5.1. Introduction

Intense theoretical scrutiny predicts that the interplay between the spin, vibrational
and electronic degrees of freedom should result in high thermoelectric energy har-
vesting efficiencies [3—7], in ways strongly linked to the molecular design. These
theoretical predictions are difficult to test experimentally: they require accurate
measurements of minute thermocurrent signals (fA - pA) in a single molecule with
a tunable electrochemical potential [8, 9], simultaneous control of temperature, T,
bias and gate voltages, V.4 and Vg, and thermal bias, AT, in a parameter space wide
enough to access both the linear and non-linear regimes. Due to these difficulties,
previous schemes typically relied on sequential measurements of the conductance
G and the Seebeck coefficient S [4, 8-11] which can cause large errors in evalu-
ating the power factor $?G, because of molecular reconfiguration and drift in the
measurement electronics [9, 12]. Methods that provide ¢ and S simultaneously fun-
damentally prevent the possibility to apply gate and bias voltages [13]. Full maps,
where electric- and thermocurrents are thoroughly separated were thus unavailable
before the method described in this chapter.

We overcome these challenges by employing a measurement scheme that al-
lows us to simultaneously record the complete maps of bias, V.4, and gate volt-
age, V5, -dependent conductance, G, and thermocurrent, I;,, of a single-molecule
junction. The device consists of a gold-molecule-gold junction created by electro-
migration [14] of gold nano contacts (Chap. 2), where DC and AC currents can
be applied and measured simultaneously (Fig. 5.1a). To detect the thermocurrent,
micro-heaters are fabricated in direct thermal contact with the source and drain
leads. This device scheme grants us not only the full mapping of the thermoelectric
properties of a single-molecule quantum dot but also offers a new spectroscopic
approach to investigate fundamental physical concepts such as entropy changes
between two electronic states.

5.2. Complete mapping of the thermoelectric prop-

erties of a single molecule

In this section, we first show our device capability to simultaneously determine the
electric and thermoelectric properties of a single-molecule junction. We use the
[Gd(tpy-SH),(NCS);] complex (hereafter Gd-tpy), synthesized by our collaborator
J. Le Roy and L. Bogani. The theoretical modeling was performed by J. K. Sowa
and E. M. Gauger. The details of the synthesis and theoretical calculation can be
found in the supplementary information of the published Letter [1].

5.2.1. Results & Discussions

The thermoelectric single-molecule junction is achieved by using the Gd-tpy com-
plex. The choice of molecule is because the Gd(III) metal affords a high-spin mag-
netic center (term symbol S, ,, spin £ = 7/2), where the spin degrees of freedom
can be studied in conjunction with charge and vibrational ones. Gd-tpy molecules
were deposited by immersing the sample in a solution after electromigration fol-
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Figure 5.1: The experimental system. (@) False-colour scanning electron microscopy image of the typical
experimental junctions. The schematic circuit diagram indicates which the terminals are used to apply
a gate voltage Vg, a DC bias voltage V,q4, an AC bias voltage V,4(w,) and an AC heater current I, (w,),
and which terminals are used to measure a DC current I4, an AC current Iyq(w,) and a thermocurrent
Iin(2w;). (b) The structure of the Gd-tpy molecule bridging the electrodes, as obtained by X-Ray
crystallography, depicted here as coupled asymmetrically to the two gold leads.

lowed by self-breaking (see Sec. 2.2 for details). A possible junction geometry with
asymmetric coupling is depicted in Fig. 5.1b. The DC current Iy, G and I;, are mea-
sured simultaneously by using a lock-in double-modulation technique in which the
response to AT can be decoupled from the response to the electrical biases, so that
the pure I, is accessible for any V4, Vi (Fig. 5.1a and Chap. 2). These values to-
gether with the value of AT (obtained from calibration measurements and fitting [1])
are then used to extract the Seebeck coefficient S = —Vyy, /AT = —Iin /AT /(Isa/Veq)
for any Vzq and V. The power factor %6 = (I, /AT)?/(Isq/Vaq) is a direct measure
of the heat-to-energy conversion efficiency in single-molecule devices [15].

Figure 5.2 shows the maps of G, Iy and I, as a function of V4 and Vg at
a cryostat temperature of T, = 2 K. I4 reveals two regions with suppressed
current (due to Coulomb blockade) separated by an hourglass shaped region of
sequential electron tunneling (Fig. 5.2a). This is a well-known and often-observed
phenomenon in molecular junctions. In all of our junctions only one charge tran-
sition could be observed within the experimentally accessible V; range. In the G
map we can furthermore identify a line, starting from the left edge of the sequen-
tial tunneling region at an energy of ~ 2 meV, that runs parallel to the right edge
and corresponds to an excited molecular state (Fig. 5.2b). A similar excitation has
been found in three other junctions [1]. Furthermore, we observe that these ex-
cited state lines do not split, shift, or change in width when an 8 T magnetic field
is applied, as it would be expected for a spin(-multiplet) excitation of the Gd(III)
center or spin excitations of the ligand orbital. On the contrary, a handful of low-
frequency intra-molecular vibrational modes match this energy scale [1], and we
thus attribute the observed lines not to spin but to vibrational excitations.
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Figure 5.2: Maps of electronic and thermoelectric properties. (a) DC current, (b) differential conductance
and (c) thermocurrent of a Gd-tpy junction measured simultaneously as a function of bias and back gate
voltage. The data in (b) and (c) is used to calculate the (d) Seebeck coefficient and (e) power factor as
a function of bias and back gate voltage. N and N—1 denote the number of electrons on the molecule
in the respective Coulomb blockade regions.

Ii;, displays nodes at the Coulomb diamond edges, when the chemical potential
of the molecular level u,,,; is equal to that of the source or drain (y;, and ug, with
Via = (ur — 1) /e)) and reaches maximum values close to these energies (red/blue
lines in Fig. 5.2c). The sign of the signal indicates whether the thermocurrent is
carried by electrons (I, > 0) or holes (I;;, < 0). The ratio of the thermocurrent
signals close to the Coulomb diamond edge with positive and negative slopes is
used to estimate the temperatures of the contacts in direct vicinity of the single
molecule.

To gain more insight into our data, a full rate equation theoretical modeling is
performed. From a fit to our data (RE™! approach, see SI. 2 [1]) AT = 0.8 K
with Tx = 2.7 K, T, = 3.5 K are found, i.e., T increases by 0.7 K. Inside the SET
region we observe a non-zero value of thermocurrent (0.1 pA for |V4| > 2 mV),
which is solely carried by the excited state (the AC thermoelectric response is mostly
sensitive to the part of the transmission function within about kgT;, around ;). This
is fundamentally different from I,4, where the total current includes contributions
by the ground and the excited states. Importantly, we note a negative-positive
asymmetry of I}, vs Vg at points where I;, changes sign. This asymmetry can be
clearly observed in the zero-bias trace in Fig. 5.3c, where |Ii, min/Ithmax| = 1.4£0.2
is found. The origin of this asymmetry is a change in spin entropy of the molecule
upon adding an extra electron to it, as will be discussed below and in the next
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Figure 5.3: Comparison to theoretical model. (a) I,q — Viq curve on resonance at Vg = —0.96 V, (b)
gate dependent zero-bias differential conductance and (c) thermocurrent extracted from Fig. 5.2. The
grey circles show the experimental data, the solid lines show fits using a single-level Landauer approach
(orange), a rate equation approach including spin entropy (green), and a rate equation approach includ-
ing spin entropy and a vibrational mode (blue). The purple, dotted line indicates Iy, max. (d) Calculated
differential conductance and (e) thermocurrent as a function of bias and gate voltage using the rate
equation approach including spin entropy and a vibrational mode, and the parameters extracted from
the fit in (a).

section.

We can now extract the Seebeck coefficient S, i.e., the magnitude of the induced
thermoelectric voltage in response to the temperature difference AT = 0.8 K across
the single molecule, and the associated power factor 526G (Fig. 5.2d,e). S changes
sign when the conditions ., = ., OF pmer = Ug are met, like Iy, and reaches a
maximum of 414 uV/K at V.4 = 3.4 mV and V5 = —0.86 V. An overall maximum of
$2G = 3.6 x 107*k3/h is found, where the maximum thermal response coefficient
L = Iy, /AT = 0.6 pA/K is also recorded, at V4 = 4.9 mV and V5 = —0.99 V. At zero
bias voltage, S?G reaches a maximum 1.0 x 10~*k3 /h.

These data offer valuable insight into the processes at play within the molecular
junction. Having access to the full V; and ;4 dependent maps of Iy, G and I, of
the single molecule, universal models (REMI[16], RE™*~Vib | andauer, see below
and SI. 2 [1]) are applied to reproduce Isq(Vaq), G(Vg) and Iy, (V) simultaneously.
To this end, the I 4-V,4 characteristics at resonance (V; = —0.96 V) in Fig. 5.3a
and the gate-dependent differential conductance and thermocurrent data (V4 = 0)
show excellent agreement only with a rate-equation approach (REM!), where the
observed excited state is assumed of vibrational character (as suggested by the lack
of any magnetic field response) and the electronic degeneracies of the states are
included. Conversely, neither the Landauer nor a rate-equation approach that ig-
nores the vibrational excitation (RE”°~ViP) are able to reproduce the data. Here, the
most important discrepancy between theory and experiment is the lack of negative-
positive asymmetry in the Landauer model as observed in the experimental ther-
mocurrent (Fig. 5.3c). The Landauer approach fails to explain this asymmetry,
relying exclusively on ground-state transitions, and neglecting degeneracies and
electron-electron interactions. It is found that asymmetric molecule-lead coupling
(as is found in all measured samples) is by itself insufficient to reproduce the asym-
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Figure 5.4: Temperature dependence of the differential conductance. (a) diIyq/dVsq as a function of Vg
for different temperatures. (b) Conductance peak position as a function of temperature extracted from
(a). The purple line shows a fit to the data assuming a change of entropy of ASy_,.ny = kg1In(2).
The sign of ASy_,_n is such that for more negative gate voltages (to the left of the Coulomb peak) an
empty orbital, and for less negative gate voltages (to the right of the Coulomb peak) a single occupied
orbital is available for transport. The orange dotted line shows a fit assuming a change of entropy of
ASy—_15N = kgln(14) — kg In(2).

metry in the thermocurrent. Rather, the key ingredient required to model this
asymmetry is the degeneracy, i.e. the spin entropies, of the charge states involved
in the sequential tunneling process (SI. 13 [1]) as well as the electron-electron
interactions. For I, the current-limiting step is the electron transfer to and from
the ‘hot’ contact. Depending on the value of 1, the electron transfer at the ‘hot’
interface corresponds eithertoa N -1 - Nortoa N - N — 1 transition. As
demonstrated below, the N — 1 state is two-fold degenerate, the latter transition is
therefore more likely than the former. This leads to the observed asymmetry of I;,
which can thus also be present in the case of symmetric molecule-lead coupling.

The rate-equation model REM! further yields excellent agreement with the ther-
mocurrent experimental data for T, = 2.7 K and T, = 3.5 K, and these tem-
peratures allow reproducing the full conductance and thermocurrent maps (Fig.
5.3d,e). The maximum calculated power factors of 0.57 x 10”*k%/h at zero bias
and 4.3 x 107*k3/h for Vg4 = 4.9 mV and V; = —0.84 V, agree well with the
1.0 x 107*k3/h and 3.6 x 10~*k3 /h values found experimentally.

We infer that the origin of the asymmetry of I}, vs V5 (which is captured by
the RE™! model) stems from the difference in the degeneracies, dy and dy_,, of
the N and N — 1 states [12, 17]. This difference in degeneracy can only arise
from spin entropy [18-20]. A singlet to doublet transition is necessary for the
fitting, when going from N — 1 (dy_; = 2) to N (dy = 1) electrons. The spin
entropy is given by Sy = kglIn(dy), the resulting change is AS = Sy_; — Sy =
kgIn(2). As Sy contributes to the total energy of the molecule, a shift of the
effective electrochemical potential u,,.; should occur with T:[21, 22]

a 1
a_; = SASy_1om (5.1)
The conductance peak shifts with increasing T (Fig. 5.4a) by a quantity AVG o (T) =
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Aumo @, thatis connected to the capacitive couplings to the leads (C;,, Cg) and to the
gate (Cg) by a proportionality factor a = (C,+Cr+C;)/Cs. 1mo1, €Xtracted by fitting
the conductance peaks to a single-level model [3], indeed shows a linear increase
with T, with slope a of %kB In 2 (Fig. 5.4b). This observation agrees perfectly with
what is predicted for a singlet-to-doublet transition.

These findings provide details about the charging process of Gd-tpy: the spin-
ground state of the neutral molecule is governed by the f-orbitals of the Gd(III)
center, with 8S;,, and spin £ = 7/2. If the addition or removal of the charge
involved an f-orbital electron of the Gd center, an entropy change of ASy_;y =
kg In(14) —kg In(2) (or ASy_n+1 = kg In(2) — kg In(14)) would be expected, i.e, 3
times higher than the observed value (Fig. 5.4b). This indicates that the transport
electron is localised on the ligands more than on the metal center and that 4f
electrons play a minor role (see SI. 9.1 and 14 [1]). Furthermore, if the exchange
coupling between the ligand electron and Gd was higher than higher than kgT, a
reduction in entropy change to ASy_y+1 = 0 would be expected, contrary to the
experimental findings.

These results demonstrate how spin entropy determines the single-molecule
thermoelectric properties. Furthermore, the Seebeck coefficient obtained here,
414 pV/K, is more than ten times higher than typical values found for conduc-
tive single molecule devices[4, 13, 23] and close to the value found for insulating
devices[24]. This illustrates that high values of S can be achieved by creating sharp
features in the transmission spectrum of the junction (which in our case is achieved
by weak tunnel coupling to the leads) and by bringing the Fermi energy of the
leads into the vicinity of these sharp features by electrostatic gating or doping of
the molecule. We nonetheless note here that weak molecule-lead coupling results
in low electric conductance and thus reduced power factors S2G. This leaves am-
ple room for further improvement: the power factors found in this study are four
orders of magnitude smaller than the theoretical maximum of ~ 0.46 x k&/h (for
a single non-interacting level)[9]. Much higher values are expected by achieving
symmetric coupling and by improving the coupling strengths, so that I' ~ kgT and
526G is not limited by low conductance values. Furthermore, our work indicates
that molecular magnets with high changes of orbital or spin entropy upon charging
can boost the efficiency of thermoelectric junctions: highly degenerate states offer
multiple channels for charge transport which boosts ¢ without altering S. In ad-
dition, spin-entropy effects will shift the maximum conductance (Fig. 5.4a) which
leads to an increased overlap between the maxima in S(V) and G (1) and thus an
enhancement of S2G.

Nevertheless, we can use the experimental S?G to estimate the thermoelec-
tric figure of merit ZT = S?GT/(ke + Kpn). Our molecular junction operates in
a regime where kzT < hw with w being the lowest frequency vibrational mode
(see SI. 9.2 [1]). Therefore — and unlike for room temperature devices[25] — we
disregard kpn, the phononic contribution to the thermal conductance. k. is then
estimated by a rate equation approach that includes both spin-degeneracy and vi-
brational coupling (SI. 10 and 11 [1]) and we find a ZT ~ 0.7 at zero bias. Our
experiments further demonstrate a significantly more efficient thermoelectric heat-
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to-energy conversion at T = 2 K than at higher T, and highlight the need for a
better theoretical understanding of the processes in play at cryogenic conditions.

5.2.2. Conclusion

This work reveals that full thermocurrent spectroscopy is possible and can be used
to directly extract important thermoelectric properties and probe single-molecule
ground and excited states. It further suggests methods to maximise thermoelec-
tric efficiency by molecular design, in ways that are not immediately available in
inorganic quantum-dots, e.g. by employing the symmetry-produced degeneracies
of fullerenes [26, 27]. The possibility of extracting the spin entropy of a molec-
ular junction opens the path to a plethora of effects, including magneto-cooling
effects of Gd-based molecular compounds [28], spin-crossover complexes [29] or
ground-state spin-blockade systems such as polyoxometalates [30].

The broad application of the thermocurrent spectroscopy is highlighted in later
sections of this dissertation. In Sec. 5.3, we will further discuss a new approach
to extract the entropy changes directly from the thermocurrent asymmetry. Fur-
thermore, our measurement protocol would allow us to study how thermoelectric
properties are influenced by Kondo correlations in single-molecule junctions [31],
which will be discussed in Chap. 6.
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5.3. Controlling the entropy of a single-molecule junc-
tion

The thermodynamic concept of entropy is key to the understanding of many chem-
ical processes, including electron transfer reactions [32]. Spontaneous change only
occurs when entropy increases and the universe becomes more disordered. While
the statistical interpretation of entropy first given by Boltzmann connects entropy as
a thermodynamic state function to the number of microstates available to the sys-
tem, this connection is generally not quantifiable — macroscopic systems, containing
Avogadro’s numbers (~ 1023) of molecules, simply have too many configurations
for the individual to be tractable. At the single-molecule level, however, electron
transfer reactions lead to significant changes in configurational entropy related to
the electronic structure that can be quantified due to the relatively small number
of states of the system [33]. The ability to directly measure entropy of individual
molecules — without the need of a priori knowledge of its electronic structure —
can thus provide insights into their non-trivial quantum states, such as (high-)spin
ground states [30, 34], Kondo states [35-37], Majorana modes [38], and non-
abelian anyons [39, 40], and shed light on the discriminating role of entropy in
driving electron transfer rates.

Recent experiments have demonstrated the potential for direct entropy mea-
surements in mesoscopic quantum systems [1, 18, 22, 41]. These studies connect
macroscopic observable quantities, including electrical current and charge, to mi-
croscopic configuration entropy in the form of spin-degeneracy. Here, we scale this
approach down to the single-molecule level and determine the redox-dependent
entropy of an individual nitronyl nitroxide radical (shown in Fig. 5.5a) directly from
its thermoelectric conductance. The entropy measurements indicate that the neu-
tral molecule holds an unpaired electron and is therefore in a doublet ground state,
while the ground state of the reduced molecule is a singlet with all electrons paired.
However, by applying a magnetic field to the reduced molecule, a low-lying triplet
excitation state is revealed which was not observed in conventional charge transport
measurements.

5.3.1. Results & Discussions

To measure the entropy difference AS between the neutral (with N electrons) and
the reduced (with N + 1 electrons) free radical molecule directly from its thermo-
electric response, a necessary theoretical framework first needs to be developed.
To this end, our collaborators, E. Pyurbeeva and J. Mol, derived an expression for
the conductance G = 91/dV;; (where V,, is the bias voltage across the molecule)
from rate equations (see SI. 1 [2]) that is consistent with that derived for sequential
electron tunneling through a quantum dot [21]. Moreover, an expression for the
thermoelectric conductance L = dI/dAT is derived (where AT is the temperature
difference across the molecule) which takes a similar form:
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Figure 5.5: (@) Sketch of the molecule (a free radical, green, located at the a nitronyl nitroxide side
group, blue, which is connected to a backbone, black) connected to the source and drain lead. The
red arrows indicate electron tunneling on and off the molecule. (b) Bias and gate voltage dependent
differential conductance and (c) thermocurrent of a single NNR molecule junction.

G « % [1—F()]f(e —TAS), (5.2)
Lo % [1— f(e)] f(e — TAS), (5.3)

where f is the Fermi-Dirac distribution, ¢ the single-electron energy level with re-
spect to the electrochemical potential of the electrodes, and T the equilibrium tem-
perature of the system. Here, the free energy of formation AF = ¢ — TAS can
be associated with the isothermal electrode reaction as the driving force for elec-
tron transfer [42]. It is observed that, as a result, the conductance is maximum
when ¢ = TAS/2, as was experimentally demonstrated previously [1, 12]. More
importantly, the thermoelectric response is asymmetric around ¢ = 0 and the de-
gree of asymmetry scales directly with AS. In the remainder of this section, it is
therefore appropriate to exploit this asymmetry as a direct measure for the entropy
difference.

The conductance and thermoelectric response of the free radical are measured
simultaneously by contacting it in an electromigrated break junction with integrated
micro-heaters and gate electrodes using a double lock-in technique[1, 43], same
as the method described in Chap. 2 and Sec. 5.2. Here, we use an organic rad-
ical molecule (nitronyl nitroxide radical), synthesized by D. Vogel and M. Mayor.
It consists of a 1,4-bis(4-pyridyl)benzene backbone and a nitronyl nitroxide side
group where an unpaired electron resides as shown in Fig. 5.5a. This makes it
a single-spin system in its neutral state. Single-molecule junctions are formed by
opening a nm-sized gap in a thin gold bridge using electromigration followed by
self-breaking [43] and depositing of single molecules from solution after nano-gap
formation. Figure 5.5b and ¢ show the conductance and thermocurrent LAT (with
AT = 600 mK in all experiments) as a function of the applied bias (Vsq) and gate (V)
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Figure 5.6: (a) Thermocurrent and (b) conductance at three different magnetic fields (Experimental data:
open circles; theoretical fits using equations 1 and 2 (in the small temperature difference assumption):
solid lines). The yellow shaded areas indicate the minimum thermocurrent Iy, in. The vertical dotted
lines indicate I, = 0.

voltage. We observed regions of low conductance (Coulomb-blocked, black in Fig.
5.5b), corresponding to the N and N + 1 redox states of the free radical, separated
by a region of sequential electron tunneling. Furthermore, lines inside the sequen-
tial tunneling regime running in parallel to the edges of the Coulomb diamond can
be observed, which we attribute to vibrational excitations of the molecule [1, 9,
44-46]. The thermocurrent (Fig. 5.5c) is zero at the Coulomb diamond edges and
reaches minimum/maximum values close to these edges (blue and red lines), sim-
ilar to our previous findings on Gd-tpy complexes [1].

In the following, we will focus on the gate-dependent conductance and ther-
mocurrent traces at zero bias (V.4 = 0), as shown in Fig. 5.6. We find a peak in
conductance around a gate value of 4.8 - 4.9 V, where an extra charge is contin-
uously added and removed to/from the molecule leading to electron transfer from
one side of the molecule to the other. For gate voltages » 4.9 V, N + 1 charges
reside on the molecule and it is in its reduced state. The gate-dependent thermocur-
rent changes sign around the position of the conductance peak and possesses a
pronounced asymmetry between its maximum and minimum. As explained above,
this asymmetry is a direct measure of the entropy difference between the redox
states of the free radical. We further observe that the degree of asymmetry of the
thermocurrent, as well as the shift of the conductance peak, vary when a magnetic
field is applied (see Fig. 5.6). This is a clear indication that the entropy of the sys-
tem can be controlled by a magnetic field. To quantify this entropy change AS as
a function of magnetic field the zero-bias conductance and thermocurrent traces
shown in Fig. 5.6 are fitted to Eqs 5.2 and 5.3 (see solid lines in Fig. 5.6) using
e = gy — aVy, where «a is the lever-arm given by the capacitance between the free
radical and the electrodes [3, 21, 47]. While the combination «/T can be treated
as a single fitting parameter corresponding to the width of the conductance peak,
by finding the lever-arm separately, the temperature is extracted from the fits as
equal to 3.6 K, which agrees with experimental thermometry.
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Figure 5.7: (@) Entropy change of the molecule obtained from fitting equation 1 and 2 to the experimental
data (in the small temperature difference assumption) as a function of magnetic field (points). Solid
line represents the best fit of the entropy change values to the difference in Gibbs entropy between
the charge states in the doublet — singlet+triplet model. (b) Energy level structure for the molecule
in its neutral state (N electrons) and reduced state (N+1 electrons) as a function of magnetic field, for
the values of Agr and g-factor from fit in (a). It can be seen that the point of zero entropy change
(dashed line at approximately 6T) approximately corresponds to the same energy splitting between
the two doublet states and the two lower-lying states of the N + 1 charge states, meaning that the
transition effectively occurs between two identical doublet states (vertical arrows). The yellow spheres
(and corresponding arrows) illustrate the spin states of the free radical (on the nitronyl nitroxide unit)
and the extra added electron on the backbone (in the reduced case, N+1).

Figure 5.7a shows the resulting entropy difference between the N and N + 1
redox states as a function of magnetic field determined by fitting to Eqn. 5.3. At
zero magnetic field AS approaches a value of —kz In 2, where kg is the Boltzmann
constant. Because the Gibbs entropy is equal to —kg Y. p I1np, where p is the occu-
pation probability of each microstate of the system, it can be concluded that the N
charge state has 2 accessible microstates with equal occupation probabilities, while
the N + 1 charge state has one. This agrees with the free radical ground state
having an unpaired electron in its ground state, and thus being a spin-doublet, and
the reduced state having all electrons paired, being a singlet.

When the magnetic field is increased, an increase of AS is observed, which
reaches a value of zero and changes sign at B ~ 6 T. With the application of the
magnetic field, the degeneracy of the doublet (N electrons) ground state is lifted.
As the field — and with it the Zeeman splitting — is increased, the probability of
occupation of the bottom energy level of the doublet begins to dominate. This can
explain the increase of AS at low magnetic fields, however this is not consistent
with the subsequent change of sign of AS at approximately 6 T. The magnetic-field-
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dependent entropy therefore points to a low-lying triplet state of the reduced free
radical where the entropy associated to the partial population in the N+1 singlet and
triplet states can exceed the entropy of the N doublet population. These results are
confirmed by comparing them to previously employed methods [1, 48] based on the
analysis of the difference in the energy levels corresponding to zero thermocurrent
point and the conductance peak, where a similar entropy difference dependence
was obtained, to the thermocurrent asymmetry analysis (see SI. 2 [2]).

To determine the singlet-triplet splitting Agr in the N + 1 redox state, the ex-
pected entropy difference for the doublet — singlet+triplet transition is determined,
assuming a Gibbs distribution at the temperature found from the fits in each of the
charge states, as a function of magnetic field, singlet-triplet splitting Ag; and the
g-factor. It is used to fit the experimentally obtained AS dependence on magnetic
field with Agr and the g-factor as fitting parameters (the fitting result is shown in
Fig. 5.7). This approach yields a g-factor of 2.7, deviating from the value of 2 for
a free electron. Such deviations have been found before in nano-scale junctions
and have been attributed to orbital contributions [49, 50]. Furthermore, a singlet-
triplet splitting Ag; = 1.7 + 0.1 meV is extracted. This low energy can be explained
by assuming that the extra electron (when reducing the molecule) is added to the
molecular back-bone rather than to the nitronyl nitroxide side group of the molecule.
Agr would then correspond to the exchange interaction between the two free elec-
trons (on the side group and the backbone), similar to the value of 4.65 meV found
experimentally in similar free radical all-organic systems [51].

The small singlet-triplet splitting, and the resulting entropy contribution of the
non-zero N +1 triplet population, is the reason for the deviation of AS from —kz In 2
at zero magnetic field. Moreover, at B ~ 6 T the splitting between the |T,)
triplet state and the singlet is equal to the splitting between the doublet states
(see Fig. 5.7b), and the Gibbs entropy of the two redox states are approximately
equal, —kg [prInpy + pyInp,] = —kg [psInps + pr, Inpr, |, (Where ps are the oc-
cupation probablities of T — the spin up doublet state, | — spin down doublet state,
S — the singlet state and T, — the lowest-lying triplet state), as the population
in |T,) and |T_) are negligible, where T, and T_ are the middle- and high-energy
triplet states respectively. When AS = 0, an anti-symmetric thermoelectric response
(I, (e) = —Iin(—#)) is observed, as there is no difference in free energy between
the two redox states. AS is expected to reach its positive maximum at B ~ 12 T,
outside of our experimental range, when the |T, ) and |S) states cross and the N +1
entropy is maximum Sy, ; = kg In 2 while Sy tends to zero. As the magnetic field
increases further, only the lowest-lying levels of both charge states will be occupied
and the entropy difference will approach zero in the infinite field limit.

5.3.2. Conclusion

This analysis demonstrates that thermocurrent spectroscopy is a sensitive tool to
access the fundamental thermodynamic properties of nanoscale devices. It has
several advantages over previously employed methods, because, unlike e.g. the
approach taken in Ref. [22, 41] our method does not rely on charge state mea-
surements and therefore does not require the fabrication of complicated charge
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sensors and is applicable to any devices on which thermoelectric measurements
can be performed. Furthermore, it does not require measurements of the device at
multiple temperatures to find the entropy, as was the case with one of the previous
approaches [1]. We applied the method to a single-molecule device and found that
the direct measurement of the entropy difference with the change of the redox
state reveals the presence of a low-lying triplet state in the molecule and allows
us to quantify the exchange coupling between the free radical and the extra added
electron. This serves as further evidence for the potential of practical applications
of entropy measurement methods.
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Single-molecule
thermoelectricity:
Magnetic-field universality of
the Kondo effect

Probing the universal low-temperature magnetic-field scaling of Kondo-
-correlated quantum dots via electrical conductance has been proved to be
experimentally challenging. Here, we show how to probe this in nonlinear
thermocurrent spectroscopy applied to a molecular quantum dot in the Kondo
regime. Our results demonstrate that the bias-dependent thermocurrent is a
sensitive probe of universal Kondo physics, directly measures the splitting
of the Kondo resonance in a magnetic field, and opens up possibilities for
investigating nanosystems far from thermal and electrical equilibrium.

Parts of this chapter have been published in Physical Review Letters, 2022, 128, 147701 [1]. The
theoretical modeling was carried out by T. A. Costi and the synthesis was performed by D. Vogel. The
details of the calculation and synthesis can be found in the supplementary information of the publication.
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6.1. Introduction

The Kondo effect, originally describing the anomalous increase with decreasing
temperature in the resistivity of nonmagnetic metals containing a small concen-
tration of magnetic impurities [2—4], is now a ubiquitous phenomenon in physics,
forming the starting point for understanding the Mott transition [5], heavy fermions
[6], and transport through correlated nanostructures, such as quantum dots [7, 8],
molecules [9] and adatoms on surfaces [10]. In the so-called "QCD Kondo effect”
[11], it also constitutes one of the first known examples of asymptotic freedom [12,
13], a property of the strong interaction in particle physics.

A key feature of the Kondo effect is its universality [14-16]. For example, the
temperature dependence of the linear conductance G (T) of a spin-1/2 quantum dot
is described by a unique universal scaling function G(T)/G(0) = g(T/Tk) of T/Tk,
where T is the temperature and Tk is the Kondo scale, and is used as a hallmark
for establishing a spin-1/2 Kondo effect in quantum dot systems [17]. The same
holds for exotic realizations of the Kondo effect [18-21], with each having its own
characteristic set of universal scaling functions. Thus, universality in Kondo systems
provides hallmarks for identifying the particular Kondo effect in a given experiment
[19, 20, 22].

In this Letter, we address another aspect of universality of Kondo-correlated
quantum dots, namely the universal magnetic-field scaling in the low-temperature
(T « Tx) Fermi-liquid regime of quantum dots. While our interest is in the ther-
mocurrent, we first specify what we mean by low-temperature magnetic-field scal-
ing in the context of the more familiar differential conductance G(T,V,q) = dI/dV4
(derivative of the electrical current with respect to source-drain voltage). Specifi-
cally, for the asymmetrically coupled quantum dot device investigated in this Letter
[Fig. 6.1(b)], described within the Anderson impurity model [Fig. 6.1(c)], G(T <
Tk, Veg < Tx) is given, for arbitrary magnetic fields B, within higher-order Fermi
liquid theory [23-25] as,

2

2
dl nT Vad Vad
dVSd O(ao—CT<T—K> —CT—K—CV <T_K ) (61)

with field-dependent coefficients a,, ¢, ¢ and ¢, . The low-temperature magnetic-
field scaling that we refer to is reflected in the universal dependence of the curvature
coefficients ¢, (B) « —02G/dV% and cr(B) « —d%G/dT? on B/Txk in the Kondo
regime [23-25] 2. Surprisingly, the exact dependence of ¢, and c; on magnetic
field has only recently been calculated via a generalization of Nozieres Fermi-liquid
theory [26] to nonequilibrium and particle-hole asymmetric situations [23-25]. The
results show that ¢, and c; are universal functions of magnetic field which change

1See Supplemental Material at [https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.147701]
for derivation of Egs. (6.1) and (6.2), expressions for a,(B), c7(B), c(B), cy(B) and sy (B), S;(B), eval-
uations, further experimental details, fitting procedures, synthesis and characterization, results at finite
temperature and thermal bias.

2a,(B) and c(B) in (6.1) depend strongly on particle-hole and/or lead coupling asymmetry and are
nonuniversal functions of B /Tx.
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sign at a universal crossover field B = B, describing the onset of the splitting of the
Kondo resonance in dI/dV,y, in agreement with predictions for B, for the Kondo
model [27]. Nevertheless, establishing this universality and the splitting of the
Kondo resonance in dI/dVy is intrinsically difficult [28-31]. Yet, both serve as
useful experimental hallmarks of the Kondo effect in quantum dots.

Here, we propose a different approach to address magnetic-field scaling in the
strong-coupling Kondo regime of quantum dots by employing the recently devel-
oped thermocurrent spectroscopy [32]. We experimentally show that the ther-
mocurrent, I, of a molecular quantum dot in the Kondo regime exhibits a clear
feature as a function of magnetic field, in the form of a zero-bias (V,q = 0) kink
appearing for fields B larger than a certain value, which we denote by B,,. This be-
havior is explained within higher-order Fermi-liquid theory [23, 25] for V4 « Tk, and
an approximate nonequilibrium Green function approach [33] for V4 = Tx. Within
the former, to leading order in V4, T and AT, where AT is the applied thermal-bias,
it is found in the low-temperature strong-coupling regime AT <« T < T,

n2k3
Iin (T, Vsa) = ¥y —5—=TAT[$o(B) + 51(B)Vsal, (6.2)

with constant y and coefficients s,(B) and s;(B) '. Remarkably, it is shown that,
(i), s1(B)/s1(0) and c,(B)/cy(0) are described by essentially the same universal

scaling function in the Kondo regime, showing that :"/—“; Vey=0 [« s,(B)] probes

magnetic-field universality, and, (ii), By, coincides with B, thus demonstrating that
thermocurrent spectroscopy provides a new route to directly probe the splitting of
the Kondo resonance [27] and extract the universal field B, = By;,. Our findings
are concisely summarized in the sketch in Fig. 6.1(a). We note, that in contrast
to the zero-bias thermocurrent slope, the zero-bias thermocurrent, 111, (T,V;q = 0)
[« so(B)], measured in Ref. [34] as a function of gate-voltage (V) and magnetic
field and found to change sign at a certain field B,, is nonuniversal [Fig. 6.4(a),
Ref. [35] and SM.3.5.5 [1]]. Thus I4,(T,V;q = 0) does not provide a hallmark for
the splitting of the Kondo resonance and cannot be used to extract B., in contrast
to the thermocurrent spectroscopy proposed in this Letter.

6.2. Result & Discussion

The experiment is carried out on a molecular quantum dot consisting of an or-
ganic radical molecule (nitronyl nitroxide radical, NNR) made up of a backbone
and a nitronyl-nitroxide side group where an unpaired electron resides as shown in
Fig. 6.1(b). Such free radical molecules are model systems to study the spin-1/2
Kondo effect [Fig. 6.1(c)] [38—40]. Furthermore, their asymmetric structure and
the pyridine anchoring sites allow us to achieve asymmetric and strong coupling
between the source and drain leads and the molecule (quantified by couplings I}
and Iy, Fig 6.1(b)). We form a NNR-molecule quantum dot in the thermoelectric
device shown in Fig. 6.1(d) by immersing electromigrated nanogaps in the molecu-
lar solution [41]. The thermoelectric device incorporates a local backgate and two
micro-heaters in direct thermal contact with the source/drain leads [see Fig. 6.1(d)].
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Figure 6.1: (a) Sketch of Iy, vs Vg4 in the Kondo regime for several B. (011,/0Vsq)lv, =0 is @ universal
function of B /Tk and changes sign (kink) at a universal field B = By, = B, [Fig. 6.4(a)], while I, (Vsq = 0)
[34] changes sign at B = B, > B, and is nonuniversal [Fig. 6.4(a), Ref. [35] and SM.3.5.5 ']. (b)
Molecular junction of a NNR molecule anchored to source and drain leads. (c) Anderson model of (b) ina
magnetic field B. Asingly occupied level g, with Coulomb repulsion U and gate voltage V, = (g,+U/2)/I"
coupled to hot and cold source and drain leads with strength I = I, + Iy gives rise to a spin-1/2 Kondo
effect for V; ~ 0 resulting in a Kondo resonance at the Fermi energy, Er. The field B splits the up and
down levels at €, by gugB and the Kondo resonance in di/dVsq by 2gugB [36, 37] (for gugB > kpTk)-
A thermal bias AT > 0 causes a thermocurrent Iy, to flow between source and drain, measured as
described in (d). (d) False-coloured scanning electron microscopy image of the thermoelectric device.
Bias and thermal voltages are generated by a DC+AC bias voltage source, Vyq+Vsq(w1), and a AC
heater current source, I, (w,), on the hot left lead. The resulting DC, AC electrical currents and AC
thermocurrent, Iy, Iyq(w,) and I, (2w,), are measured simultaneously on the cold right lead.

Evidence for a Kondo effect is shown by the strong suppression of the zero-bias
peak in the measured dI/dV,4, both as a function of increasing T [Figs. 6.2(a)-
6.2(b)] and B [Figs. 6.2(c)-6.2(d)]. The T-dependence of the zero-bias peak height
[Fig. 6.2(b)] is well described by the numerical renormalization group (NRG) con-
ductance of a spin-1/2 Kondo model and yields Tx = 12.8 K (SM.1.3 [1]). Based
on the structure of the molecule, an asymmetric coupling is expected. Assuming,
Iy >» I, we find I,/I;; = 0.017. An underscreened Kondo effect [19, 20], requiring
a larger molecular spin (S > 1/2), is excluded, since such an effect results in a split
Kondo resonance in dI/dV,4 starting already at zero field, which is not observed
in Figs. 6.2(c)-6.2(d). Thus, a single-level Anderson model describing a S = 1/2
Kondo effect [Fig. 6.1(c)] is justified by the data. In the remainder of this Letter,
the base temperature is kept at T = 2 K « T while the thermocurrent is measured
for a small thermal bias AT ~ 0.6 K « T « Tk so that we probe the strongly-coupled
Kondo regime.

A closer look at the field dependence of dI/dV,4 in Figs. 6.2(c)-6.2(d), indicates
that the expected splitting of the Kondo peak at B, ~ 7.15 T is not observed >. This is
in part due to a large non-Kondo (field and temperature independent) contribution

3Estimated using B, ~ 0.5kgTEVHM /gup = 0.75kgTx/gus [23, 25, 271, with THWVHM ~ 1.5 Ty from
SM.3.2 1, and using Tx in Fig. 6.2(b).
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Figure 6.2: (a) di/dVyq, of the molecular quantum dot vs V4 at different temperatures. (b) Peak
conductance of Kondo resonance vs temperature and fit to a spin-1/2 Kondo model yielding Tx~ 12.8 K,
see SM.1.3 and SM.2.3 [1]. (c)-(d) dI/dV 4 vs V4 at different magnetic fields. (e) NRG Spectral function
A(w)/Ao with Ay = 1/2xT of the Anderson model vs energy (w) and magnetic field for V, = (g, +
U/2)/T = —1and U/T = 8. Vertical dashed line: splitting field B, = 0.75kgTk/gug- Blue dashed lines:
positions [w(B) = tgugB] of the split Kondo peaks in A(w) for B » B, [36, 37]. (f) A(w)/A, from
line cuts in (e) at gugB/kpTk = 0,0.1, ...,0.7,0.75,0.8, ..., 1.2 (solid lines), compared to A(w)/A4, from
Fermi-liquid theory (dashed lines). Blue lines: B = B.. A g factor of g = 2 is used, as measured by
electron paramagnetic resonance (SM.4.2 [1]).

in Figs. 6.2(a) and 6.2(d) which may mask the appearance of a splitting at zero
bias. In addition, the largest field used, B = 8 T, was only marginally larger than
B.. For a device where higher fields relative to B. could be applied, such a splitting
is observed (SM.2.1 [1]). Despite these complications in extracting B, from dI/dV,4
for the device studied, there is also a general problem in doing so, which can be
appreciated by attempting this from exact theoretical results. This is illustrated in
Figs. 6.2(e)-6.2(f) which show the spectral function A(w = eV,q) ~ dI/dV,q within
the NRG method and within Fermi-liquid theory. While the precise value of B,
is impossible to determine visually in Fig. 6.2(e) (vertical dashed line), it can be
deduced from the line cuts in Fig. 6.2(f) as the field where the curvature of A(w)
vanishes. However, such accuracy in second derivatives of A(w = elVyq) ~ dI/dVyy
is difficult to attain from experimental data with finite error bars.

Thermocurrent spectroscopy resolves the above difficulty. Figures. 6.3(a)-6.3(b)
show the measured thermocurrent versus bias voltage and magnetic field, while
Figs. 6.3(c)-6.3(d) show analogous theory results within an approximate nonequi-
librium Green function approach (SM.3.6 [1]). First, notice that the large non-Kondo
contribution to the differential conductance [Figs. 6.2(a) and 6.2(d)], is absent in
the thermocurrent Fig. 6.3(b), with the latter being largely symmetric in magni-
tude around zero bias, in agreement with theory [Fig. 6.3(d)]. This is because the
thermocurrent effectively measures a difference of electrical currents (in the pres-
ence or absence of thermal bias), and thus filters out the non-Kondo contributions.
By the same token the thermocurrent therefore probes universal aspects of Kondo
physics more precisely than the differential conductance. Secondly, we now see a
clear feature, in the form of a zero-bias kink with a negative slope of the thermocur-
rent, appearing in I, at a field B = By,. This is qualitatively captured, together with
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Figure 6.3: (a)-(b) Measured I,, vs Vyq at different magnetic fields. (c)-(d) Calculated I, vs Vg4 at
different magnetic fields gugB/kgTx for the Anderson model in Fig. 6.1(c) with V, = 2.5, U/T" = 8,
AT /Tx = 0.2 and T/Tx = 0.5.

the behavior at V4 = Tk, by the approximate approach [Figs. 6.3(c) and 6.3(d)].
However, the precise field at which this feature occurs and its connection to B,
requires a more exact theory, which is provided by the higher-order Fermi-liquid
theory [Eqg. (6.2) and SM.3.5 [1]]. Preempting the result of this theory, we note
that analyzing the experimental data in Figs. 6.3(a) and 6.3(b) for the slope of the
thermocurrent di,/dV,q(Veq = 0) at zero-bias voltage as a function of magnetic
field, we find that this slope vanishes (i.e., the kink appears) at By, = 6.6 T. This
value is within 10% of the expected B, ~ 7.15 T and already suggests that By, = B,
and, hence, that the splitting of the Kondo resonance can be directly measured in
the bias voltage dependence of Iy, (Viq)-

Equation (6.2), with s;(B),i = 0,1 evaluated exactly for all B within the NRG
(SM.3.5 1), allows us to address the experimentally observed sign change of
OIin(V)/0Vea)y—, < s1(B) upon increasing B above By, (the "kink”) and to ex-
tract By,. Figure 6.4(a) shows the normalized zero-bias thermocurrent slope o«
51(B)/s1(0), the normalized zero-bias thermocurrent o sy(B)/s,(0) and the nor-
malized curvature coefficient « ¢, (B) /¢y (0) as a function of B and for a range of
V, in the Kondo regime. First, notice that both ¢, (B)/c,(0) and s,(B)/s1(0) [in
contrast to sy(B)/s,(0)] are universal scaling functions of gugB/kgTx with only a
weak dependence on V, [inset Fig. 6.4(a)], and while distinct, they lie within about
1% of each other [inset Fig. 6.4(a) and Fig. S13 [1]]. Thus, measuring the field
dependence of s, (B) via thermocurrent spectroscopy, requiring only a first deriva-
tive with respect to bias voltage, equivalently probes the magnetic-field universality
from an electrical conductance measurement, which, however, requires a second
derivative with respect to bias voltage and is consequently less accurate. Further-
more, since both s;(B) and ¢, (B) change sign at the same magnetic field, i.e.,
By, = B, = 0.75kgTx /ug, thermocurrent measurements of Kondo correlated quan-
tum dots at finite bias voltage provide a new way to determine the splitting of the
Kondo resonance via a sign change in the slope of the thermocurrent with respect
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Figure 6.4: (a) Normalized zero-bias thermocurrent slope s, (B)/s;(0) and curvature coefficient
cy(B)/cy(0) vs gugB/kTk, for gate voltages 1 < V, = (g, + U/2)/I' < 5 in the Kondo regime ex-
hibiting scaling collapse [Anderson model in Fig. 6.1(c) with U/I = 16]. Also shown is the nonuniversal
normalized zero-bias thermocurrent s,(B)/so(0) with a sign change at a strongly V,-dependent B,.
Inset: cy(B)/cy(0) and s;(B)/s,(0) in the region around B = By, = B, ~ 0.75kgTk/gug, and their
V,-dependence. (b) Least-squares fit of the experimental zero-bias thermocurrent slope s (B) to the
universal curve for s;(B)/s;(0). Error bars denote 1o confidence intervals. A fit to the noninteracting
case with U = 0 and ¢, = —0.1I" (green dotted line) yielded an RMS deviation that was 194% larger
than for the Kondo scaling curve. The estimated experimental By, ~ 0.69kgTk/gusg is close to theory
(0.75kpTx/gus)-

to bias voltage.

In Fig. 6.4(b) we show a direct comparison between theory and experiment
for the slope of the zero-bias thermocurrent as a function of magnetic field. The
experimental data follows well the universal curve for s;(B)/s,(0), and the afore-
mentioned value extracted from this data for By, = 6.6 T (gugBi/kgTk = 0.69), is
consistent with the expected splitting field of By, = 7.15 T (gugBw/kgTk =~ 0.75).
The largest available field, 8 T, did not allow accessing the minimum of the s, (B) vs
B curve or the slow increase of s;(B) to zero at B >» Tx. The agreement between
theory and experiment at the largest fields measured B > By, is reduced, but still
within the error bounds of the experimental data. The extracted B. = By, from the
thermocurrent validates the theoretical prediction with higher accuracy than what
has so far been reported. The large energy level separation in a molecular quantum
dot grants the observed good agreement between the theory and experiment, even
under a simple single-level assumption in the transport window [Fig. 6.1(c)].

6.3. Conclusion

In summary, we have studied the effect of a magnetic field on a Kondo-correlated
molecular quantum dot via nonlinear thermocurrent spectroscopy. We demon-
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strated theoretically and confirmed experimentally, that the nonequilibrium ther-
mocurrent, via its zero-bias slope s, (B), exhibits universal Fermi-liquid magnetic-
field scaling, and that the vanishing of s;(B) at B = By, with By, = B., directly
probes the splitting of the Kondo resonance. Since the thermocurrent is largely
robust against parasistic conductive phenomena, it provides a more clearcut signa-
ture of this hallmark than is available from conductance measurements only. The
ability to tune thermal and voltage bias, as well as temperature and magnetic field,
opens up possibilities for using thermocurrent spectroscopy to yield insights into
Kondo physics of nanoscale systems and may prompt theoretical investigations to
address the largely unexplored area of nanosystems far from thermal and electrical
equilibrium.
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Chirality-induced spin
selectivity

Chirality is a mirror symmetry property which is prevalent in nature, ranging
from biological systems like DNA and proteins to solid state materials like
carbon nanotubes and chiral crystals. Numerous reports exist showing that
chiral molecules can induce spin-polarized currents with spin polarization
determined by the chirality of the molecules. This potential for non-magnetic
spin current generators has attracted much attention to these systems. So
far, the so-called chirality-induced spin selectivity (CISS) has only been stud-
ied in large assemblies of molecules and there is a large discrepancy be-
tween the experimental results and theoretical modelings. In this chapter,
we explore novel single-molecule junction devices for the CISS effect charac-
terization, where spin-polarized currents can be generated and detected at
the single-molecule level.

This chapter contains on-going unpublished experimental works on the CISS effect.
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7.1. Introduction

With the discovery of giant magnetoresistance (GMR)!, spintronics has become the
next-generation low-power, ultrafast, large-capacity and non-volatile electronics.
The key concept of spintronics is the ability to utilize the spin degrees of free-
dom in a material [1-3]. Particularly, the generation, manipulation and detection
of spin currents are critical for the fundamental understanding of interactions be-
tween spins and environments, and the realization of spintronic applications [4,
5]. Typically, the generation and detection are dual to each other, manifested in
the same physical systems. For example, spin current detection and generation
can both be achieved in magnetic spin valves, strong spin-orbit coupled materials
(spin-Hall metals, topological insulators) or via electromagnetic wave application
(spin pumping), etc. [2].

Conventionally, spin current generation and detection are only possible in metal-
lic systems or crystalline structures where the breaking of time-reversal symmetry
occurs explicitly either externally, e.g. via an external magnetic field, or intrinsically,
e.g. via spin-orbit coupling. However, in a recent photoemission experiment on a
layer of double-stranded DNA (ds-DNA) assembled on an Au substrate by R. Naa-
man and coworkers, it was reported that electrons ejected from the Au substrate
were spin-polarized when they propagated through the organic ds-DNA layer [6].
The connection between the right-handed chirality of ds-DNA and spin-polarized
current was surprising as it suggested that spin-polarized current may be generated
by organic molecules with different chiralities. Such a phenomenon, where spin po-
larization is induced by the chirality of molecules, is the so-called chirality-induced
spin selectivity (CISS) effect. This observation has opened a new path for spin cur-
rent generation and detection, based on systems of organic chiral molecules [7].
Soon after the first photoemission experiment, many follow-up experimental works
were performed to study the CISS effect, typically in the forms of atomic force
microscopy (AFM) [8-12], electrochemistry [13] and photoemission [11, 14]. In
these experiments, assemblies of molecules were used and the magnitude of spin
polarization was claimed to be as large as tens of percent.

Nonetheless, there is a controversy concerning the origin of the large spin polar-
ization in these organic layers. Most of the theoretical work obtained that spin po-
larization in a molecular system with realistic spin-orbit couplings typically lies below
one percent [15-19], thus there is a large discrepancy between the experimental
observations and theoretical understanding. Two important reasons for the discrep-
ancy are: First, most theoretical studies were performed at the single-molecule level
while the experiments were realized with large assemblies of molecules. Second,
the observed quantities in these experiments, such as magnetoresistance (MR), are
not proper quantities to be compared with spin polarization. Therefore, to bridge
the gap between the experiment and theory and for the practical purpose of molec-
ular spintronics, it is essential to develop a proper experimental scheme where we
can characterize the CISS effect in spin and charge transport at the single-molecule

1The Nobel Prize in Physics 2007 was awarded jointly to Albert Fert and Peter Griinberg “for the discovery
of Giant Magnetoresistance.” https://www.nobelprize.org/prizes/physics/2007/summary/.
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level.

Recent theoretical models explicitly consider the time-reversal symmetry of metal-
molecule-metal junctions [20-22]. The Onsager—Casimir reciprocity states that
two-terminal MRs are zero in the linear response regime and finite in the non-linear
regime. The Biittiker’s reciprocity suggests that a two-terminal non-interacting
system, which respects time reversal symmetry, yields a MR of zero in the lin-
ear and non-linear regimes. These findings mean that conventional two-terminal
techniques, e.g. magnetic junctions that is commonly used in MR measurements,
are not suitable devices to quantify the CISS effect in the linear regime. There-
fore, we aim to circumvent these limits by developing a device, which can directly
detect the spin polarization of the electron transmission by chiral molecules at the
single-molecule level.

In this chapter, we discuss several approaches to characterize the CISS effect.
In Sec. 7.2, we show the basic two-terminal mechanically controlled break junction
(MCBJ) characterizations of the chiral molecules candidates for the CISS experi-
ments. In Sec. 7.3 we discuss new device designs which take the above consider-
ations into account for a proper characterization of the CISS effect. These devices
incorporate non-local spintronic measurement geometries at the single-molecule
level, which are consistent with the current single-molecule theoretical work. Fi-
nally, in Sec. 7.4, we discuss the measurement protocols and results for the CISS
effect with our device designs.

7.2. MCBJ characterizations of chiral molecules

In this section, we show the mechanically controlled break junction (MCBJ) char-
acterizations of Helicene molecules (Fig. 7.1) synthesized by N. Salinas in B. W.

Laursen’s group from 2018 to 2019, and of PDI (Fig. 7.2) and BINAP (Fig. 7.6)

molecules synthesized by A. Philip in F. Grozema’s group from 2019 to 2021.

7.2.1. Helicene molecules
Helicenes are aromatic molecules which resemble the shape of a helix. Due to
their helical topology, they are good candidate molecules to study in the context
of the CISS effect. In fact, Helicenes were studied in the early report of the CISS
effect in self-assembled monolayers with atomic force microscopy (AFM) [9], and
they were shown to create chirality-dependent magnetoresistance. Therefore, we
had also characterized Helicene molecules with a MCBJ technique in the previous
study [23]. However, because of the short Helicene length, long anchoring groups
and the non-optimal anchoring positions in the previous study, the molecules were
not ideal for studying the CISS effect. Thus, new molecular designs of Helicenes
were explored and the chemical structures are shown in Figs. 7.1a-b. In both
molecules, the anchoring groups of SAc and SMe are located at the two ends of the
Helicene molecules, making the end-to-end paths helical, with an approximately
complete wind.

Here, we perform single-molecule measurements on these two molecules with
SAc and SMe anchoring groups via the MCBJ technique as described in Chap. 2,
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Figure 7.1: (a)-(b) Chemical structures of [6]Helicene molecules with anchoring groups of thiol acetate
(SAc) and methyl sulphide (SMe). (c) 2D conductance histogram of SAc-[6]Helicene with 5969 consec-
utive traces at a bias voltage of 100 mV. (d) 2D conductance histogram of SMe-[6]Helicene with 10000
consecutive traces at a bias voltage of 100 mV.

and the results are shown in Figs. 7.1c-d. In both cases, no clear molecular con-
ductance plateaus are observed. This is different from the previous report where
slanted conductance plateaus were observed at around a few times of 1076 G,. This
suggests that SAc-[6]Helicene and SMe-[6]Helicene have either a poor anchoring
onto the gold electrodes, or low conductance values, below the detection limit. Al-
though we cannot safely identify the reason for this absence of molecular plateaus,
we still conclude that these two molecules are also not ideal for the CISS effect
study, as no clear fully-stretched molecular features are observed with detectable
conductance values.

7.2.2. Twisted PDI-based molecules

Perylenediimide (PDI)-based molecules are a family of organic molecules which
are commonly used as organic semiconductors and dyes. Their basic structure is
shown in Fig. 7.2a and the precursor molecule Perylenetetracarboxylic dianhydride
(PTCDA) is shown in Fig. 7.2b. The derivative molecules shown in Figs. 7.2c-g are
measured with the MCBJ technique.
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Figure 7.2: PDI-based molecules. (a) Basic structure of a PDI-based molecule. (b) PTCDA precursor.
(c) PDI-SAc backbone achiral molecule. (d)-(e) Twisted PDI-based molecule with chlorine side group
with anchoring groups of thiol tert-Butyl (S-tBu) and thiol acetate (SAc) respectively. (f)-(g) Twisted
non-anchored and SAc-anchored PDI-based molecules with bulky side groups respectively.

Achiral PDI molecules

First, the achiral PTCDA and PDI-SAc backbone molecules (Fig. 7.2b and c) are
characterized with the fast-breaking technique in a MCBJ setup. The 2D conduc-
tance histograms of PTCDA and PDI-SAc are shown in Figs. 7.3a-b. While both
measurements show no clear conductance plateau, PDI-SAc shows some molecu-
lar features in addition to the gold-to-gold direct tunneling traces. Fig. 7.3c shows
the result of the clustering algorithm with 4 classes on PDI-SAc [24], which gives
a most probable conductance value around ¢ = 2.5 x 107°G,. This conductance
is close to the conductance value (G = 1.2 x 107°G,) determined in a scanning
tunneling microscopy (STM) break junction experiment [25]; however, the short
length of the molecular traces both in the MCBJ measurement and in the previous
STM report suggests that the molecule is not fully stretched during the breaking
event. The poor ability to measure the full end-to-end PDI-SAc molecule is consis-
tent with the strong surface absorption of PTCDA-like molecules on Au and other
metallic surfaces [26].

Chiral PDI molecules

To introduce chirality into the above-mentioned achiral reference molecules, side
groups of Cl and tBu-benzene are added to create a torsion in the plane of the
PDI molecules, as shown in Figs. 7.2d-g. Additionally, the torsion in the molecules
and side group may prevent the strong absorption of the PDI molecules onto the Au
electrodes. Figure 7.4 shows the fast-breaking results of the two PDI molecules with
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Figure 7.3: Fast-breaking measurement of PTCDA and PDI-SAc. (a)-(b) 2D conductance histograms of
PTCDA and PDI-SAc at 100 mV with 2729 and 3500 traces respectively. (c) Clustered 2D conductance
histogram of PDI-SAc. (d) 1D conductance histogram of clustered traces in (c).

Cl side groups. Figures 7.4a-b show the 2D conductance histograms of the PDI-CI-S-
tBu (Fig. 7.2d) at two different bias voltages; however, no clear conductance plateau
is observed. The 2D conductance histograms of the PDI-CI-SAc (Fig. 7.2e) are
shown in Figs. 7.4c-d. For a bias voltage of 100 mV, no clear molecular conductance
plateau is observed. For a bias voltage of 250 mV, the most probable conductance
value of G = 1.2 x 1075G, is obtained with the clustering algorithm, as shown in
Fig. 7.4e. This conductance value is consistent with the reference PDI-SAc molecule
shown above and the STM measurement in a previous report [25]. Similar to the
measurement of the reference molecule, the plateau length of 0.7 nm is shorter
than the expected fully stretched length of the PDI molecule, suggesting that the
end-to-end configuration is not accessible in the MCBJ measurement.

Figure 7.5 shows the 2D conductance histograms of bulky PDI-tBu-benzene and
PDI-tBu-benezene-SAc molecules. In the measurements of PDI-tBu-benzene in
Figs. 7.5a-b, no conductance plateau is observed for both bias voltages of 100 mV
and 250 mV. The absence of a clear plateau is consistent with the absence of
an anchoring group. In the case of PDI-tBu-benezene-SAc, the 2D conductance
histogram is widely spread in conductance in Figs. 7.5c-d. Particularly, in the case
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Figure 7.4: Fast-breaking measurement of S-tBu- and SAc- anchored PDI molecules with Cl side groups.
(a)-(b) 2D conductance histograms of PDI-CI-S-tBu at 100 mV and 250 mV with 10000 traces. (c)-(d) 2D
conductance histograms of PDI-CI-SAc at 100 mV and 250 mV with 10000 and 8381 traces, respectively.
(e) Clustered 2D conductance histogram of traces in (d).

of 100 mV, there are a few molecular traces with lengths up to 2 nm, indicating the
possible transport with end-to-end connections. However, the yield of these traces
is below 1% and not reproduced in the case of 250 mV.

The PDI-based molecules studied in this section mostly show no or short plateaus,
which suggests that the fully stretched configuration is not accessible statistically
via the MCBJ technique. To properly characterize the CISS effect, a high yield in
the end-to-end conformations is essential as the geometrical path for charge trans-
port plays an important role in spin polarization. We thus explore another possible
molecule candidate, BINAP-dithiol molecules, in the next section.

7.2.3. BINAP dithiol molecules

The 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) -based molecules are con-
structed with 2 naphthyl groups next to each other, which create an axial chirality
due to the restricted rotation. The chemical structures of the long BINAP-based and
short BINAP-based molecules (hereafter long-BINAP and short-BINAP) are shown
in Figs. 7.6a-b. The BINAP-based molecules are expected to show good electronic
transparency for their m-conjugation, which is beneficial for single-molecule mea-
surements.
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Figure 7.5: Fast-breaking measurement of bulky non-anchored and SAc-anchored PDI-based molecules.
(a)-(b) 2D conductance histograms of PDI-tBu-benzene, without anchoring groups, at 100 mV and
250 mV with 10000 and 5038 traces, respectively. (c)-(d) 2D conductance histograms of PDI-tBu-
benzene-SAc at 100 mV and 250 mV with 3500 traces.

Long-BINAP

Figure 7.7a shows the raw 2D conductance histogram of a fast-breaking measure-
ment of long-BINAP at a bias voltage of 100 mV with 6258 consecutive traces.
Figures 7.7b-e are the clustered 2D conductance histograms of the raw data. Class
1, displayed in Fig. 7.7b, shows a plateau at ¢ = 4 x 103 G, with a length of about
1 nm, followed by two short plateaus at around ¢ = 10™* G, and G = 107° G,.
Classes 2 and 3 in Figs. 7.7c-d both show plateaus with a length of 2 nm at
G =3x%x10"°G,and G = 1.5 x 107° G,, respectively. Class 4 in Fig. 7.7e shows a
direct tunneling feature with no conductance plateau.

Conductance plateaus in classes 2 and 3 possibly belong to the same molecular
feature as they show the same length and the conductance values are within the
error margin. This length is consistent with the expected molecular length of the
molecule which is around 1.85 nm, suggesting it to be the end-to-end connected
molecular configuration in the junction. The high-conductance plateau manifested
in class 1 is explained by a molecular configuration where the molecule is not con-
nected from sulfur to sulfur, as is suggested by its much short molecular length.
Nevertheless, when the junction is further stretched, a low-conductance plateau in
class 1 appears at a conductance value of ¢ = 10~° G, with a length of about 2 nm,
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Figure 7.6: (a)-(b) Chemical structures of long and short BINAP-based molecules, which are referred to
as long-BINAP and short-BINAP hereafter respectively.

consistent with the fully stretched molecular feature observed in class 2 and 3.

The fast-breaking measurement shows that long-BINAP is suitable for single-
molecule measurements, as it can form fully stretched molecular junctions, which
is an important factor to characterize the CISS effect. Yet, the conductance of the
molecule is only slightly above ¢ = 107° G,. This low transmission is not favorable
for the CISS measurement, as the spin current signal can be much smaller than the
charge current signal observed in MCBJ measurements.

Short-BINAP

To improve the electronic transmission in the BINAP molecule, a short version of
the molecule, short-BINAP, is synthesized as shown in Fig. 7.6b. A fast-breaking
measurement of short-BINAP is shown in Fig. 7.8a, consisting of 10000 consecutive
traces without data selection. To investigate the molecular features, the traces are
clustered in 4 classes and the results are shown in Figs. 7.8b-e. Here, only class
1 shows a molecular feature that is not tunneling-like. The molecular feature of
class 1 starts with a short conductance plateau at 2 x 10~* G,, with a length of
0.8 nm. This plateau decays to a conductance value of about ¢ = 2 x 10756,
at a displacement of about 1.1 nm. The length of the low-conductance plateau
is consistent with the expected molecular length (1.05 nm). This suggests that,
similar to the long-BINAP, the short-BINAP molecules in a junction can first form a
non sulfur-to-sulfur connection and later reach the fully stretched configuration as
the junction opens up.

The fast-breaking measurement shows that short-BINAP molelecules forms fully-
stretched single-molecule junctions, similar to long-BINAP. Remarkably, the conduc-
tance of short-BINAP is approximately one order of magnitude higher than that of
long-BINAP, when they are fully stretched. This grants a more promising molecular
structure for CISS effect studies with its much higher electronic transmission.
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Figure 7.7: Fast-breaking measurement of long-BINAP. (a) Raw 2D conductance histogram consisting
of 6258 consecutive traces, without data selection. (b)-(e) Clustered 2D conductance histograms with
4 classes.

In summary, with the MCBJ technique, we have characterized three classes
of candidate chiral molecules, Helicene, PDI-based and BINAP-based molecules.
The Helicene molecules show no clear conductance plateau in the fast-breaking
measurements, suggesting the difficulty to contact them in single-molecule junc-
tions with decent conductance levels. PDI-based molecules show short molecu-
lar features, which suggests the inaccessibility to an end-to-end connected junc-
tion configuration. On the other hand, the BINAP-based molecules show fully
stretched molecular plateaus. Particularly, short-BINAP demonstrates a better elec-
tronic transparency than long-BINAP at a conductance value of G = 2 x 1075 G,.
With this promising candidate molecule for single-molecule junctions, we can study
its potential device integration for the CISS characterization. In the following sec-
tion, we will discuss new device designs, where we can possibly detect spin currents
at the single-molecule level.
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Figure 7.8: Fast-breaking measurement of short-BINAP. (a) Raw 2D conductance histogram consisting
of 10000 consecutive traces, without data selection. (b)-(e) Clustered 2D conductance histograms with
4 classes.

7.3. Device designs

To properly study spin-polarized currents in a single-molecule junction, we need to
establish appropriate device architectures for spin injection and detection. Initially,
we aimed to create two-terminal single-molecule junctions to characterize the spin
detection and generation of chiral molecules by MR measurements. However, as
already discussed in Sec. 7.1, recent studies suggest that it is symmetry-forbidden
to detect finite MR in chiral molecules in such a two-terminal geometry in the lin-
ear response regime. This leads to the exploration of alternative “four-terminal”
spintronic device geometries for spin detection using non-magnetic materials. In
particular, two potential device designs are investigated in this section, both utilizing
the spin Hall effect for spin detection in molecular junctions.

7.3.1. Spin Hall effect

The spin Hall effect (SHE) is a phenomenon where spin-polarized charge carriers
accumulate at the two transverse edges of a conductor, when a charge current
propagates in the longitudinal direction [5, 27]. This charge-to-spin conversion is
illustrated in Fig. 7.9. This effect was first theoretically predicted by Dyakonov and
Perel in 1971 [28]. It was later referred to as the “spin Hall effect” and proposed to
be experimentally detectable by Hirsch [29]. It is only experimentally demonstrated
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Figure 7.9: Illustration of the SHE (left) and the inverse SHE (ISHE). In SHE, electrons with different spin
orientations accumulate at the two different edges of a conductor; yet, because the chemical potentials
of the two spin species are the same, no electrical signal is detected. In the case of ISHE, spin currents
are converted to charge currents, which can be detected by as a potential difference. The diagram is
adapted from Ref. [5].

more than 30 years after the first prediction [30-32]. Importantly, the SHE occurs
without the presence of a magnetic field and does not generate a voltage difference
at edges of the material, unlike the conventional Hall effect. In addition to the spin
current generation from the SHE, the dual of the SHE, the inverse SHE (ISHE)
provides a means to convert a pure spin current to a charge current, which can
be detected electrically (right panel of Fig. 7.9). The discovery of SHE grants the
possibility to generate and detect spin-polarized electrons purely electrically, without
using a magnetic material.

There are a few different processes contributing to the manifestation of the
SHE, which can generally be classified into two categories: intrinsic and extrinsic,
according to the origins of the processes. Generally, a material with a strong spin-
orbit coupling can result in a strong SHE, for example, platinum and tungsten. As
it is not the scope of this thesis, we do not study the microscopic processes of the
SHE. Instead, we employ this well-studied effect for the detection of spin current
generated in @ molecular junction.

In Secs. 7.3.2 and 7.3.3 below, we describe two SHE-based EMBJ device designs
with Pt, a strong spin-orbit coupled non-magnetic noble metal. We note that since
there have been no studies regarding the generation or detection of spin currents
in EMBJs; therefore, we first investigate the possibility to generate and detect spin
currents in these devices without the presence of molecules. We emphasize that
it is an important milestone to accomplish as it serves as the foundation for all
single-molecule spintronic studies in the future with a similar device design. In the
H-shape platinum junction of Sec. 7.3.2, we attempt to achieve this by using Pt as
both a spin generator and detector. This device geometry is later shown to be non-
ideal due to the weak signal of SHE/ISHE in comparison to other parallel transport
mechanisms, such as diffusion. In the reversible spin Hall junction of Sec. 7.3.3,
we utilize a magnetic spin generator, Permalloy (Py), and Pt as a spin detector to
unequivocally show the possibility to generate and detect spin currents in EMBJs.
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Figure 7.10: (a) Schematic of the H-bar-Pt device. (b) False-colored SEM image of the H-bar-Pt device.
(c) Different processes contributing to the voltage signal at the right arm of the H-bar device. The image
is adapted from Ref. [33]. (d) Simulated total voltage signal (in the unit of V) detected on the right Pt
arm, with different values of width (W) and length (L). The source current used here is 0.5 mA. (e) SHE
contribution to the simulated signal on the right Pt arm. The contribution is taken by the ratio between
the SHE signal and the total signal, Ratio= Vsyg/Viotal, Where Vigiar = Vsue + Viy, With the voltage
contribution from SHE and bypass mechanisms. Both (d) and (e) are adapted from Ref. [34].

7.3.2. H-shape platinum junction

The first device design for the spin detection in single-molecule junctions is a H-
shape platinum junction (hereafter H-bar-Pt), as shown in Fig. 7.10a. To simultane-
ously generate and detect spin currents in this device without molecules, we place
two Pt strips on the two sides of the EMBJ. In this case, the spin current, Isgsyg,
is generated via the SHE with a source charge current, Ic. This spin current then
propagates across the EMBJ of Cu and reaches the other Pt arm on the right-hand
side, which converts the spin current back to a charge current, I ;spyg, via the ISHE.
The generated I syg then creates a non-local potential difference that can be de-
tected electrically. The width (W) and lengths (L) of the H-bar-Pt in Fig. 7.10a, are
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chosen in the range of few tens to few hundreds of nm for optimal spin signals,
which is discussed in detail later in this section. The H-bar-Pt devices are fabricated
with standard electron-beam lithography and electron-beam evaporation (details
shown in appendix. 7.6.1). Figure 7.10b shows a SEM image of a H-bar-Pt device
with W =~ 100 nm and L ~ 300 nm.

To optimize the device geometry of H-bar-Pt, we look into other similar de-
vice designs in the literature for metallic spintronic studies. Similar device geome-
tries with a single material have been investigated theoretically [35] and in experi-
ments [33, 36]. These reports suggest that the detected signals on the right-hand
side can also be contributed by other non-spin-polarized processes such as “by-
pass” and “quasiballistic” transport mechanisms, as depicted in Fig. 7.10c. These
two mechanisms are relevant in this device geometry since we are working within
the same length scale of the electron mean free path. Essentially, the bypass
mechanism is caused by diffusive electrons in the junction and the quasiballistic
mechanism is caused by ballistic transport of electrons. The three contributions

from SHE, bypass and quasibasllistic mechanisms: RSHE, Rby and qu take the
forms of [33]:

1 W
RSHE = —qu@H 7. e L/, (7.1)
Ry = Ryge ™/, (7.2)

R = —b x Ryge ™L/WHW/Are, (7.3)

where R, is the square resistance, 6 is the spin Hall angle, A is the spin diffusion
length, and A is the electronic mean free path.

There are a few key parameters in these contributions for a favorable SHE to
total signal ratio. First, the spin Hall angle (SHA), 64, needs to be large for a good
SHE signal. Pt has a large SHA in comparison to other non-magnetic materials,
ranging from 0, = 0.0037 to ©, = 0.12 under different conditions [5]. Another
important parameter is the spin diffusion length, A, of the spin mediator. In our
design, we use a heterojunction of Pt and Cu, where Cu is used for spin mediation,
unlike the single-metal junction in the literature [33]. This choice is essential for
two reasons: First, the spin diffusion length of Cu is large, 4, = 500 nm at room
temperature [5]. Second, the spin polarization induced by the SHE is out-of-plane
(non “collinear” to the spin current) in a single-metal junction. This is not ideal for
characterizing the CISS effect, which filters the spin in the direction of the chiral
axis in a chiral molecule. This is resolved in our design of a heterojunction of Cu
and Pt [37], where the generated spin currents are aligned in plane (more details
in Sec. 7.3.3). In addition to these material considerations, we also note that the
quasiballistic contribution has a different sign to the other two contributions, which
can result in a negative sign in the detected signal [33, 36].

To estimate the signal that can be generated with this device geometry, a master
student in the project, Coen de Jong, performed COMSOL simulations [34]. In this
case, we also consider the constriction in the center of the H-bar-Pt junctions in
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the simulation, distinct from the previous single-metal junction studies. Two main
results of the simulations are shown in Figs. 7.10d-e. From Fig. 7.10d, it is observed
that the total signal increases as we increase the width and reduce the length of the
junction. It is also shown that the total signal is typically in the order of tens of nV,
which is difficult to detect even by a lock-in amplifier [38]. In the real experiment,
the H-bar-Pt device was measured in a vacuum probe station at room temperature
with a lock-in amplifier. However, the noise of the electrical circuit was around
a few hundred nV, which is larger than the highest expected non-local signal in
the device in Fig. 7.10b. Another insight obtained from the simulation is the ratio
between the SHE generated signals and the total signals generated by the bypass
and SHE mechanisms described above, shown in Fig. 7.10e. Here, it is observed,
that this ratio decreases quickly as we increase the width and reduce the length of
the junction. This suggests that there is a trade off between increasing the total
signal and maintaining a good SHE to total signal ratio.

In conclusion, the simulations show that the spin signal generated and detected
by SHE and ISHE in H-bar-Pt junctions is extremely small, which is in the range of
nV. This leads to the unsuccessful detection of spin signals experimentally at room
temperature. For improvement of the device, a few modifications can be made:
First, an in-situ argon ion milling step can be introduced before the deposition of
Cu, to decrease the spin relaxation at the interface of Cu and Pt. Second, materials
with higher SHA might be used for better SHE, for example, tungsten or Bi-doped
copper. However, it is hard to benchmark these materials as they are difficult to
evaporate and do not possess the stable nature of Pt.

Although it is in principle possible to improve the device performance of H-bar-Pt
junctions, the simulation indicates that our device geometry is already close to the
optimal case. We thus explored an alternative option by incorporating a magnetic
material, Py, for spin generation in a junction without molecules in the next section.

7.3.3. Reversible spin Hall junction

As the H-bar-Pt failed to provide a measurable spin signal, we took a different
approach by including a ferromagnetic spin generator. This design is based on the
example of a reversible spin Hall device created by Kimura et. al. [37]. The original
design of Kimura et. al. is shown in Fig. 7.11a (i). Here, Py, an alloy of Ni and Fe,
is magnetized by an external magnetic field in plane. This creates a spin-polarized
current when a charge current is sourced across the Py and Cu junction following
the arrow. The spin current then diffuses to position 3 in the junction which is
converted back to a charge current in Pt. Figure 7.11a (ii) shows the detailed
spin-to-charge conversion happening in the Pt strip. The spin current enters the
Pt strip and is converted back to a charge current via the ISHE, which creates a
detectable voltage across the Pt strip. The reversed process, which uses Pt for spin
generation and Py for spin detection, can also be achieved as shown in Fig. 7.11a
(iii) via the SHE, thus “reversible”. This device geometry has been proved to show
a detectable signal from T = 77 K to room temperature (Fig. 7.11b shows the case
of T = 77 K) [37]. We note two important aspects here: First, the spin orientation
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Figure 7.11: (a) Working principle of the reversible spin Hall junction, adapted from Ref. [37]. (i) shows
the junction geometry, where Py is used as a spin generator, Cu as a spin mediator and Pt as a spin
detector. (i) and (iii) show the orientation of spin and the propagation direction of the spin current (I.)
and charge current (I5), in the cases of ISHE and SHE. (b) Non-local resistance measurement performed
in the junction in (a), with a source current of 300 pA. The plot is adapted from Ref [37]. (c) False-
colored SEM image of the RSHJ device, showing the same measurement schematic in our case with a
constriction in the middle.

is “collinear” to the spin current, which is a critical point for measuring the CISS
effect as previously mentioned. Second, because we control the magnetization of
Py, we can exclude the bypass and quasiballistic effects seen in H-bar-Pt by simply
subtracting the non-local resistances at negative B field from the one at positive B
field.

Figure 7.11c shows the device for single-molecule CISS measurement (hereafter,
we refer to it as reversible spin Hall junction (RSHJ)). The measurement scheme is
also shown here, identical to the original design by Kimura et. al. A major difference
is the incorporation of EMBJ. The location of the EMBJ constriction corresponds to
the point between position 2 and 3 in the original design shown in Fig. 7.11a (i).

To realize the RSHJ, the fabrication processes have been substantially modified
for optimization. Samuel Golightly, a master student in the project, has performed
an extensive optimization study for the device fabrication, and the details can be
found Ref. [39]. The complete fabrication steps are listed in App. 7.6.1. There are a
few important changes worth noting in this recipe. First, due to the inclusion of Py,
an additional lithographic step is performed. As the surface of Py is easily oxidized
when it is in contact with air, it is essential to introduce a process to remove the
oxide layer. To resolve this, an in-situ Ar ion milling step is performed right before
the evaporation of Cu onto Py in an electron-beam evaporator. The optimization
of the milling process can be found in App. 7.6.2. Another important change is
the addition of embedded Au contact pads. This modification facilitates the wire
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bonding onto the devices while keeping a clean interface between Cu and Au. The
resulting fabricated RSHJ device is shown in the SEM image in Fig. 7.11c.

Besides the fabrication optimization, another important step for the integra-
tion of single molecules in RSHJ is the successful electromigration in the device.
Traditional EMBJ devices are made out of the gold bridges for the good oxidation
resistance and fast self-breaking process of Au [40]. However, in our case of RSHJ,
the EMBJ is made out of Cu, which is a difficult material to be controllably electro-
migrated [41]. For this reason, we have also performed a series of experiments for
finding an experimental protocol to create consistently formed nanogaps with size
below 1 nm, which is described in detail in App. 7.6.3. In short, there are three key
points for a successful electromigration of Cu EMBJ: First, the aspect ratio between
the Cu constriction and the bridge needs to be large for easy electromigration.
Second, the process needs to be performed under vacuum to prevent the oxidation
process during the electromigration. Finally, it is important to increase the electro-
migration voltage quickly to V £ 1 V at a rate of around 300 mV/min. The voltage
is set to rest slightly below 1V, and is regulated for a gradual EM by the feedback
control to prevent an abrupt increase of the junction resistance. The quick ramping
is to prevent overheating of the Cu junction, which can result in a melted junction;
the voltage below 1 V is to avoid thermionic emission of the Cu bridge, which can
create an oversized gap. With the electromigration protocol for Cu EMBJ, we can
take another step towards integrating single chiral molecules for the CISS studies.

In addition to the RSHJ described here in this section, we have also explored
another device geometry, with a very similar design, shown in the App. 7.6.5. This
device, which we refer to as lateral spin valve based RSHJ (LSV-RSHJ), is expected
to generate a larger signal for the smaller distance between the Py spin generator
and Pt spin detector. The difference is between RSH] and LSV-RSHJ is the Py spin
generator, which is located parallel to the Pt arm in LSV-RSHJ (see Fig. 7.17). Both
devices are suitable for two-terminal and “four-terminal non-local” characterizations
of single molecules, and we will discuss the measurement protocols in the next
sections.

7.4. Measurement protocols

The RSHJ device is a promising candidate for spin generation and detection at the
single-molecule level. Since there has only been experimental studies with two-
terminal devices for the CISS effect in large assemblies of molecules, we have
investigated the possible experiments for the CISS effect in the RSHJ devices at the
single-molecule level. Here, we propose a few measurement protocols for the CISS
effect characterizations, including both a common two-terminal MR measurement
and “four-terminal” spintronic non-local measurement geometries.

7.4.1. Two-terminal measurement

The simplest measurement scheme for characterizing the CISS effect is a two-
terminal (2T) measurement geometry, where a spin current generator is connected
in series to a chiral molecule. However, as a few theoretical reports have suggested,
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Figure 7.12: (a) Schematic of two-terminal measurement of the CISS effect. (b)-(c) Theoretically pre-
dicted nonlinear MR for LUMO- and HOMO- dominated transport in a single-molecule junction, adapted
from the work of X. Yang et. al. [21]. The sign of Pgy represents if a the CISS-origin spin filtering is in
the same direction of the magnetization of the ferromagnet.

it is symmetry-forbidden to detect any magnetoresistance, which is chirality depen-
dent, particularly in the linear regime [20-22]. Yet, there is still the possibility to
measure chirality-dependent MR in the nonlinear regime, provided that the chiral
molecule possesses a spin filtering property.

The RSHJ device design described in the previous section provides a possibility
to perform a 2T CISS characterization at the single-molecule level. Nonlinear MR
measurements can be achieved in the proposed 2T measurement in Fig. 7.12a.
First, a single-molecule junction is formed with a chiral molecule of interest (in our
case, short-BINAP molecule), via the EMBJ] technique. The device is then quickly
cooled down to cryogenic temperature to reduce temperature broadening of the
Fermi-Dirac distribution and to ensure a good single-molecule junction stability.
Afterwards, current-voltage (IV) characteristics can be measured beyond the linear
regime, together with an in-plane magnetic field.

Figures 7.12b-c are the theoretical predictions by X. Yang et. al. [21], for MR
measurements in a single-molecule junction. These predictions demonstrate a few
important features of the MR curve in a single-molecule junction. First, the most
important observation is the aforementioned non-zero MR which only exists in the
high-bias, nonlinear regime. Another important observation is the asymmetry be-
tween the negative-bias and positive-bias IVs and MRs. This is best illustrated when
we take Fig. 7.12b for example. Here, the absolute value of current is higher for
Prv = +0.5 than that for Pry = —0.5, at positive bias voltage; but it is the oppo-
site for the case of negative bias voltage. This asymmetry in current also gives an
asymmetric MR indicated in the inset. Last, it is also observed that this asymmetry
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in IVs and MRs can change their signs when different molecular levels (highest oc-
cupied molecular orbital and lowest unoccupied molecular orbital) are in the vicinity
of the Fermi energy, as shown in 7.12b and c.

Therefore, in an ideal 2T single-molecule measurement three conditions should
be satisfied: zero MR in the linear regime, asymmetric MR in the nonlinear regime
and a change of sign in MR for different molecular levels. The first two conditions
can in principle be tested in the RSH] device without further modifications, and
the third condition may be achieved by including a local back gate to change the
molecular levels. These criteria grant the possibility to provide strong evidence for
the existence of the CISS effect if they are satisfied.

7.4.2. Four-terminal non-local measurement

A great advantage of a four-terminal (4T) non-local device geometry is the possi-
bility to study spin transport without the limitation of the Onsager reciprocity rule,
as it does not apply to a non-equilibrium system [20, 21]. Another benefit of a
4T non-local device is the possibility to separate the charge current from the spin
current in a non-local measurement geometry. This removes the non-spin signals
of the charge current and provides an unequivocal direct measurement for the spin
polarization of electron transmission. Here, we describe a few possible 4T measure-
ment schemes for the CISS effect in RSHJ and LSV-RSHJ devices. The schematics
are summarized in Fig. 7.13, and in Fig. 7.18 for only LSV-RHSJ. For clarity, we
discuss these measurement schemes with the assumption that the chiral molecule
acts as a spin filter, as a result of the CISS effect, which favors a spin current with
spin polarization in the same direction as its momentum.

Figure 7.13a shows the most basic 4T non-local measurement for the CISS ef-
fect. This geometry is also used in recent reports in the studies of the CISS effect in
chiral inorganic crystals [42, 43]. Here, the Pt strip is sourced with a charge current,
I, which creates a spin-polarized current in the horizontal direction via the SHE.
The spin current will then pass through the chiral molecule and reach the other
electrode. Due to the spin filtering, the spin current with a left-pointing polariza-
tion is more favorable than that with a right-pointing polarization. This means that
the voltages detected across the molecule are different between two spin currents
with different spin polarizations. Therefore, two different non-local resistances are
expected to be measured when we change the direction of I, as it also changes
the spin polarization for the left-going spin current.

Figure 7.13b shows a CISS measurement scheme by using the ISHE. In this
case, we directly source the chiral molecule across the Cu junction. Due to the spin
filtering of the chiral molecule, there is a higher population of spin current with right-
pointing polarization across the Cu bridge. When the two species of spin currents
pass through the Pt strip, a portion of them will diffuse into the Pt strip. Due to
the ISHE, the spin currents are converted back to a charge current. In this case,
because there is an imbalance between the two spin currents, a voltage difference
is expected to be detected. Similarly, this measurement scheme was also used to
demonstrate the CISS effect in inorganic chiral crystals [42, 43].

Figure 7.13c is a non-local measurement scheme which is very similar to the
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Figure 7.13: Four-terminal nonlocal measurement schemes for the CISS effect. (a) Non-local resistance
measurement with a Pt spin generator and CISS spin detector. (b) Non-local resistance measurement
with a CISS spin generator and Pt spin detector. (c) Non-local resistance measurementwith a Py spin
generator and CISS spin detector. (d) Spin precession measurement with a Pt spin generator and CISS
detector. (e) Spin precession measurement with a CISS spin generator and Pt spin detector. (f) Spin
Seebeck effect on the CISS molecule with a Pt spin detector.

case of Fig. 7.13a. In this case, we use the Py pad as the spin generator. The
spin current diffuses across the chiral molecule and gets filtered depending on its
polarization. This again gives different voltages between the two spin species, when
the magnetization of Py is switched by the in-plane field B,.

Figures 7.13d and e are measurement schemes very similar to the cases of
Fig. 7.13a and b, respectively, but with the application of an external perpendicular
magnetic field, B,. This magnetic field allows us to probe the spin precession,



7.4. Measurement protocols 119

which occurs due to the presence of a perpendicular magnetic field to the spin
polarization [4]. In both cases, we expect oscillations in the detected voltage as a
function of external magnetic field, indicating the presence of spin precession [44].
Another measurement scheme incorporates the thermoelectric studies of molecules
shown in Chap. 5 and 6 is shown in Fig. 7.13f. In this case, we apply a large
heater current to the Cu strip to generate a temperature gradient across the chi-
ral molecule. This leads to the generation of a thermocurrent across the single
molecule. With the spin-filtering property of the chiral molecule, a higher popu-
lation of right-pointing thermo-spin-current enters the Pt strip. Via the ISHE, this
creates a charge current, thus a voltage difference, on the Pt strip.

Approximation of non-local resistances

To gain more insight into the expected experimental non-local resistance in the
aforementioned 4T measurement schemes, we take a crude expression for a re-
versible spin hall junction [45], for the configurations of Figs. 7.13a-b:

1
Rsy ~ EO‘SHPSREIMB_XSHMSNM' (7.4)

where agy is the spin Hall angle, Py is the polarization of the spin current injected
by a ferromagnet, AYM is the spin diffusion length, xsy is the distance between
spin injector and detector, R’ = AN /g Any IS the spin resistance of the nor-
mal metal, Ay is the cross-sectional area of the normal metal. This equation is
most applicable to device geometry shown in Fig. 7.11a without the presence of a
molecule.

For the approximation of the non-local CISS signal, we substitute the spin po-
larization by a ferromagnet, Ps, with the spin polarization caused by the CISS effect
and keep the remaining variables unchanged. Here, we take agy = 0.1 of an av-
erage platinum spin Hall angle [5]; Ps = 0.1 for a spin polarization of 10% caused
by CISS, as most experimental reports have claimed that polarization to be tens
of percent; xgy = 100 nm for the distance between the molecule and Pt arm;
M = 500 nm for the spin diffusion length of Cu [5]; Axy = 4.5 X 10715 m? for a
junction with a width of 100 nm and a thickness of 45 nm. This gives us a non-local
resistance of:

RSH = 7.6 mQ. (75)

In the case of Fig. 7.13a, if we source a charge current of I = 10 mA across the
Pt arm, with the Ohm’s law V = IR, we expect a non-local voltage of V = 76 uV.
This signal level is sufficient to be detected with the DC reversal current mode [38]
or a lock-in amplifier. We note that this is under the assumption of a transparent
interface between the molecule and Cu bridge, which allows the spin current to
pass through with little resistance. For a better approximation of the spin signal in
a molecular junction, it will require a sophisticated theoretical model. In the case
of Fig. 7.13b, we can source a charge current across the molecule, which is in the
range of a few nA for a bias voltage of 1 V. For example, the current in a short-
BINAP junction, whose off-resonance resistance is around ¢ = 107°G,, at 1 V can
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be estimated as: I = 1 x 107° x G, ~ 0.75 nA. This gives a non-local voltage of
Rgy ~ 6 X 10712 v, which is much below the electrical detection limit.
For the case of Fig. 7.13c, we can also write equation similar to Eq. 7.4 [45]:

Ry = i%PDPSRyMe‘xDMSNM, (7.6)
where B, is the spin polarization of the ferromagentic spin detector, (+) and (-) signs
correspond to parallel and antiparallel configurations of the electrode magnetization
to the spin filtering direction of the chiral molecule; xp, is the distance between the
Py spin injector and the molecule. Taking a B, = 0.5 for the Py spin injector,
xp = 200 nm, with other parameters used in the previous example, we obtain a
non-local resistance of: R = 31 mQ. With a source current of I = 10 mA, this
gives us: R,; = 0.31 mV. Similarly, this value is ample for the electrical detection,
provided that the interface between the molecule and Cu is transparent and allows
for high spin current.

For Figs. 7.13d and e, we cannot draw a simple estimate for the precession
signals, but the zero-field non-local resistance should be the same as in the case of
7.13a and b. For the case of Fig. 7.13f, the size of the Seebeck effect will depend
large on the derivative of the transmission function of the molecular junction, as
discussed in Sec.2.3.3. Therefore, the size of the CISS signal will also largely depend
on the transmission of the molecular junction.

In summary, configurations in Figs. 7.13a and c are plausible geometries for
the CISS measurements. However, as mentioned above, the approximation made
here is overly simplified, as no consideration of the molecule-electrode interface
or junction geometry has been included. Therefore, the approximation made here
is only for comparing different configurations, and there can be major differences
between the values determined above and the real experimental results. To experi-
mentally improve the non-local signals in the molecular junction, it is helpful to gate
the molecular level closer to the Fermi energy. In the ideal scenario, this will bring
the conductance of the molecular junction closer to G,, as a perfectly transmitting
channel. This, for example, can increase the signal in configuration b by a few
orders of magnitude.

7.5. Conclusion

The CISS effect in organic molecules is a puzzling problem in the field of molecular
electronics and spintronics. The large discrepancy between experiment and theory
may be a result of improper techniques in the experiments and missing ingredi-
ents in the theoretical work of the CISS effect. Therefore, we have explored the
possibility to experimentally study the CISS effect at the single-molecule level.

In chapter, we have characterized three different classes of chiral molecules for
the CISS effect studies with the MCBJ technique: Helicene, PDI and BINAP. We
found that BINAP-based molecules show good conductance levels and clear molec-
ular plateaus, which are important factors for the single-molecule CISS studies. To
properly investigate the CISS effect, we have proposed a few device designs which
support multi-terminal non-local measurements for the CISS effect. The RSHJ and
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LSV-RSHJ are promising candidates and we have reported the full fabrication de-
tails of these novel devices for single-molecule studies. At the time of writing, we
are still working the optimization of the Ar milling recipe of RSHJ for a detectable
spin signal. Regarding future single-molecule measurements of the CISS effect,
we have discussed the possibility to use a 2T measurement scheme for the CISS
characterization, and we have also proposed a few new 4T non-local measurement
schemes for the single-molecule CISS effect.

For future work, it is crucial to perform single-molecule measurements with a
chiral molecule inside the RSH] and LSV-RSHJ devices. While it is not clear if the
signals in these devices will be strong enough to be measured, it is still an impor-
tant step towards understanding the CISS effect. An added value of these device
geometries is the possibility to study the inorganic, crystalline version of the CISS
effect demonstrated in the recent reports [42, 43, 46, 47]. Although the connection
of it to the organic-molecule CISS effect we aim to study is not clear, it certainly
will enrich our understanding of how the breaking of mirror symmetry changes the
microscopic charge and spin transport in a system. Perhaps, with the knowledge of
the interplay between chirality and spin, novel materials can be designed for future
applications, and a better understanding of the naturally occurring chirality in living
organisms can be achieved.
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7.6. Appendix
7.6.1. Fabrication steps

H-bar Platinum junction
The fabrication of H-bar-Pt devices follows standard electron-beam lithography pro-
cesses. Below, we describe the fabrication processes step by step.

1.

Cleaning a SiO,/Si substrate with hot acetone at 50°C for 10 min, and rinsing it with
isopropanol alcohol (IPA) for 30s.

. Oxygen plasma cleaning at 300 W for 3 min.

Alignment markers

3. Spin coating MMA 8.5 EL8 and PMMA 950 A2 both at 4000 rpm with a baking time of

3 min each at 190°C.

Electron-beam patterning for alignment markers with a dose of 1050 uC/cm? at an
acceleration voltage of 100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

. electron-beam evaporation of Ti/Au with thicknesses of 5/60 nm, followed by lift-off

in hot acetone at 50°C.

Pt strips

7. Oxygen plasma cleaning at 300 W for 3 min.

10.
11.

12.

13.

14.

15.

. Spin coating PMMA 495 K A3 at 3000 rpm and PMMA 950 A2 at 1500 rpm, both with

a baking time of 3 min at 190°C.

. Electron-beam patterning for Pt strips with a dose of 1250 uC/cm? at an acceleration

voltage of 100 keV.
Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

electron-beam evaporation of Pt with a thickness of 15 nm, followed by lift-off in hot
acetone at 50°C.

Cu structures and contact pads

Spin coating PMMA 495K A3 at 3000 rpm and PMMA 950K A2 at 1500 rpm, both with
a baking time of 3 min at 190°C.

Electron-beam patterning for Cu structures with a dose of 1250 uC/cm? for small
features and 1050 uC/cm? for large features, at an acceleration voltage of 100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

Electron-beam evaporation of Cu with a thickness of 45 nm, followed by lift-off in hot
acetone at 50°C.
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Reversible spin Hall junction
The fabrication steps of RSHJ have been changed many times through the process
of device optimization. Here, we show the latest fabrication steps of RSHJ.

1.

Hot acetone cleaning for a SiO,/Si (oxide thickness of 817 nm) at 50°C for 10 min,
followed by rinsing in IPA for 2 min.

Oxygen plasma cleaning (TEPLA) at 600 W with a flow rate of 200 sccm for 5 min.

Alignment markers and contact pads

3. Spin coating PMMA 495K A6 at 3000 rpm with hot-plate baking at 190°C for 3 min.

Note:

Note:

10.

11.

12.
13.

14.

This gives a resist thickness of about 350 nm.

Spin coating PMMA 950K A8 at 3000 rpm with hot-plate baking at 190°C for 15 min.
This gives a resist thickness of about 600 nm.

The choice of the thick resist layer is for the reactive ion etching (RIE) step performed
later.

. Electron-beam patterning for markers and contact pads with a dose of 1200 uC/cm?

at an acceleration voltage of 100 keV.
Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.

RIE etching (Sentech) for 5 min: RF power =50 W, P =100 pbar CHF;=25 sccm, Ar
25 sccm. Typical bias voltage is around -200 V. This gives an etched depth of 42 nm.

Electron-beam evaporation of Ti/Au with thicknesses of 3/52 nm, followed by lift-off
in hot acetone at 50°C.

This gives a marker and contact height of around 13 nm above the SiO, surface,
which is smaller than the later deposited Cu structures, so that the electrical contact
between Cu and Au can be properly made. Importantly, this helps the wirebonding in
the final stage of sample packaging, because Cu is proved to be hard to wirebond in
ambient conditions [48]. It also helps to improve the interface between Cu and Au in
comparison to depositing Au on top of Cu, because Au does not oxidize easily.

Pt strips
Oxygen plasma cleaning (TEPLA) at 600 W with a flow rate of 200 sccm for 5 min.

Spin coating AR-P 6200-09 (CSAR) at 2000 rpm, followed by hot-plate baking at 180°C
for 3 min. This gives a resist thickness of about 280 nm.

Electron-beam patterning for Pt strips with a dose of 450 uC/cm? at an acceleration
voltage of 100 keV.

Development in Pentyl acetate for 60 s, xylene for 5 s and stopping in IPA for 30 s.

Electron-beam evaporation of Pt with a thickness 15 nm, followed by lift-off in anisole
at 80°C.

Post-lift-off cleaning with acetone at 50°C and IPA.
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[ ]
Note:

15.

16.

17.
18.

19.
|
20.

21.

22,
23.
24.

25.

Py structures

No plasma cleaning is used starting from this step to prevent any additional oxidation
of the metals.

Spin coating AR-P 6200-09 (CSAR) at 2000 rpm, followed by hot-plate baking at 180°C
for 3 min. This gives a resist thickness of about 280 nm.

Electron-beam patterning for Py structures with a dose of 450 uC/cm? at an acceler-
ation voltage of 100 keV.

Development in Pentyl acetate for 60 s, xylene for 5 s and stopping in IPA for 30 s.

Electron-beam evaporation of Py with a thickness 30 nm, followed by lift-off in anisole
at 80°C.

Post-lift-off cleaning with acetone at 50°C and IPA.
Cu structures

Spin coating PMMA 495K A6 at 4000 rpm and PMMA 950K A4 at 1500 rpm. Both are
hot-plated baked at 190°C for 3 min. This gives thicknesses of 300 nm + 300 nm.

Electron-beam patterning for Cu structures with a dose of 1600 uC/cm? for the fine
structures and 1200 uC/cm? for the large structures at an acceleration voltage of
100 keV.

Development in MIBK:IPA with 1:3 ratio for 90 s and stopping in IPA for 30 s.
Post-development baking on a hot plate at 190°C for 1 min to remove excess solvent.

Ar ion milling in the evaporator for 10 s. RF power=150 W, beam voltage =500 V,
acceleration voltage =250 V, neutralizer current =100 mA, pressure =7.5 x 10~* mbar.
To get the optimal milling parameters a few factors need to be considered on-site, the
details can be found in Sec. 7.6.2.

Electron-beam evaporation of Cu with a thickness 45 nm, followed by lift-off in acetone
at 50°C.
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Figure 7.14: Ar milling rate obtained by AFM height measurements as a function of milling time.

7.6.2. Argon ion milling on Permalloy

To gain a transparent interface between Cu and Py, in-situ Ar ion milling is typically
employed right before the deposition of Cu. The exact process condition is usually
not documented in the literature as it may differ substantially between different
milling machines. In a previous report also by Kimura et. al. [49], it has been shown
that the spin signal can be greatly improved by optimizing the milling recipe. Here,
we try to optimize the milling process by adjusting the milling time and keeping the
same controlled process condition. We created a preliminary manual/recipe, which
is described below and is specific to the AC-EVA 450 miller-evaporator used in the
Kavli nanoscience cleanroom.

1.

Loading the sample and start the vacuum. Rotate the sample to face up
(sample surface parallel to the miller).

As vacuum reaches 5 x 10~¢ mbar in the load-lock, start VG21 and VG11, by
pressing '+’ and ‘start’.

. Adjust the flow to VG21 =3 sccm and VG11 =6 sccm. VG21 is the Ar gas

input for the plasma source and V21 is the Ar gas input for the neutralizer.

Wait until the pressure is stabilized, which is typically around P = 7.5 x
10~* mbar.

. Switch on the RF power and set to 150 W.
. Switch off VG11 and wait until the pressure is stablized.
. Switch on VG11 again.

: By switching VG11 off and back on, we create a burst of pressure, which is

essential to ignite a plasma. The plasma should now be on, signified by the
light blue glowing light in the load-lock chamber.

. Wait 5 min for plasma stabilization.

. Turn on controllers for beam current, neutralizer and accelerator in order.
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10. Set the controllers to the desired values. In our recipes, two different config-
urations have been used:

(a) Beam voltage =500 V (Beam current =38 mA), acceleration voltage
=100 V (acceleration current =18 mA) and neutralizer current =124 mA.

(b) Beam voltage =500 V (Beam current =30 mA), acceleration voltage
=250 V (acceleration current =8 mA) and neutralizer current =100 mA.

Both recipes have shown to work in doses test up to 15 s. Howeuver, in the
real devices, there has been a lift-off problem after employing recipe (a).
This is understood as a problem with the directionality of Ar ion in the milling
process. Therefore, a higher acceleration voltage is chosen in (b) to achieve
better directionality.

11. Stop the 3 controllers and rotate the sample to face the miller.

12. Switch on the three controllers in the order of beam current, neutralizer and
accelerator. Wait for the desired time. In the case of a real device, 10 s is
typically used.

13. Switch off the three controllers and the RF power when the time is up.
14. Wait 2 min and switch off VG21 and VG11.

The sample is then ready for Cu evaporation.

There are a few key parameters in the milling process: pressure, voltage and time,
which we will discuss in the following paragraphs. A high process pressure typically
means a higher milling rate, as more ions can bombard the sample surface. How-
ever, excess pressure can greatly reduce the ion directionality, which is bad for the
lift-off after the evaporation. In the case of this system (EVA-450), the pressure
cannot be reduced much lower than P = 7.5 x 10~* mbar because the plasma can
qguench with a low process pressure.

As briefly mentioned in the recipe, the acceleration current (created by the com-
bination of acceleration voltage and beam voltage) is an important indicator for the
directionality of the milling process. An intuitive way see this is the following: A high
acceleration current indicates that many accelerated ions hit the acceleration grid,
instead of passing through it. To achieve low acceleration current, we can either
increase the the acceleration voltage or reduce the pressure (as mentioned above).
In fact, both have been attempted: First, in step 10, a higher acceleration voltage
has been used in (b), which gives a much lower acceleration current. Second, when
we attempted to gradually reduce the flow rate of VG11 until 5 sccm, this reduces
the pressure to around 6 x 10~* mbar and gives an acceleration current of 6 mA.
However, the second method seems to be create a problem in the stability of the
plasma, meaning that in some cases the plasma will quench due to the low process
pressure.

The time dependence of the milling process is the main focus of this optimization
study. In particular, we quantify the milling rate of the Ar ions on a specific surface.
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With the settings of 10(a) we observed that the milling rate of PMMA 950K is about
12 nm/min and the resist layer started to crack due to overheating for milling time
above 3 minutes. This suggests that, with the resist layer (300 nm) we use, the
resist is sufficient for a milling process below 3 minutes. To quantify the Ar milling
rate on the Py surface, we performed the milling processes over a few samples with
pre-deposited Py layers, whose etched thicknesses were measured with AFM. This is
summarized in Fig. 7.14, where a milling rate of around 7 nm/min is determined.
This suggests that, for the removal of a native oxide thickness of 2 to 3 nm on
Py [50], a Ar milling time of Py surface around 17 to 25 s is required. We note that
this rate is an estimate as the milling rate of the oxide layer should not be identical to
the that of pure Py; however, as no clear rate change (change of slope) is observed
in Fig. 7.14, we assume the milling rate of the top oxide layer is approximately the
same to that of Py metal beneath.
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Figure 7.15: (a) Feedback controlled electromigration curve. The IV of the junction follows a concave
shape of a constant power at 0.75 mW in the beginning of the EM and later at 0.17 mW. (b) SEM image
of the EMB]J after electromigration. (c) IV characteristics of the EMBJ after electromigration. With the
Simmons model, a nanogap with a size of 0.88 nm is determined. Figures are adapted from Ref. [39].

7.6.3. Electromigration of copper
An important element in the realization of the aforementioned single-molecule junc-
tions for spin generation and detection is the electromigration of the Cu EMBJ]
bridge. Importantly, it is essential to create a reproducible and stable nanogap
after electromigration, which is particularly difficult in the case of Cu metals [41].
Therefore, we have performed a series of optimization experiments for in the elec-
tromigration process to obtain protocol for creating sub-nm gaps for contact single
molecules.

The optimization and characterization are extensively discussed in the thesis of
S. Golightly in Ref. [39]. Here, we provide an overview of a few main results in the
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Cu electromigration experiments. In these EM experiments, we use a homemade
graphic user interface (GUI) which controlled the ADwin processor/controller for the
feedback controlled EM, as also discussed in Sec. 2.2. With the feedback control,
we successfully electromigrated Cu EMBJ reproducibly with the protocol described
below:

1. Load the EMBJ device and pump the vacuum chamber to a pressure below
P = 1073 mbar.

2. For the initializing the EM process, ramp the bias voltage across the EMBJ]
up from 200 mV at a rate of 300 to 500 mV/min until an observation of
change in resistance. Quickly reduce the voltage back to 200 mV when the
instantaneous change of resistance, (dR/dt)/R, is above 1%. Here, dR/dt is
the change of resistance between two consecutive resistance measurements.
For a successful EM, it is important not to exceed a voltage above 1 V.

3. Increase the voltage from 200 mV again until an observation of resistance
increase. This time, we adjust the cut-off criterion, (dR/dt)/R, to approxi-
mately 2%. Similarly, when this criterion is reached, quickly reduce the volt-
age back to 200 mV.

4. Repeat the previous step until reaching a resistance of a around 1 kQ. Af-
terwards, continue the EM process but keep the bias voltage low (<500 mV)
until the desired resistance value is reached (typically corresponds to a con-
ductance value of a few G,).

5. The EM GUI will stop automatically when the desired resistance reached and
the EMBJ is read for use.

An example of EM process with the above-described protocol is shown in Fig. 7.15a.
Here, we can see that the initial breaking of the junction follows a constant power
curve of 0.75 mW and later changes to that of 0.17 mW as the total junction re-
sistance increases. This type constant power curve is an indication of a good elec-
tromigration process[41] and a SEM image of a typical EMBJ after electromigration
is shown in Fig. 7.15b. Here, due to the resolution limitation, the gap below a few
nm cannot be resolved; therefore, a fitting to the Simmons’s model [51] is used to
extract the nanogap size. Fig. 7.15c shows an example of a tunneling IV of an elec-
tromigrated nanogap with a size of around 0.9 nm. This nanogap size is ideal for
the Short-BINAP chiral molecule which we will used for the CISS characterization.
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Figure 7.16: (a)-(c) Room temperature in-plane magnet setup. (a) Base of the vacuum probe station,
which is now as a sample mount. (b) Permanent magnets, which are mounted on to a Fe-based magnet
yoke, and attached to a vacuum rotary feedthrough. (c) Outside view of the set-up. The vacuum rotary
feedthrough can freely rotate round the z-axis. (d) Schematic drawing of the setup, provided by Ronald
Bode at TU Delft.

7.6.4. Room temperature in-plane magnet set-up

To achieve an in-plane magnetic field, we need a system where the sample or the
magnet can rotate freely around the z-axis. There are a few options which are
commercially available, including superconducting vector magnets, piezo-actuated
rotating sample stages, electromagnets or Helmholtz coils. All these options are
expensive and are not readily available in the laboratories. Therefore, we designed
a simple setup where an in-plane rotating magnetic field is possible by using com-
mercially available permanent magnets, together with Ronald Bode, a mechanical
technician at TU Delft. Here, we use grade N52 Neodymium magnets (NdFeB) from
K&J Magnetics to introduce external magnetic at room temperature. The magnets
are mounted to a vacuum rotary feedthrough from BeamTec, which provides the
possibility to rotate the magnets freely under a high vacuum. The actual set-up is
shown in Fig. 7.16a-c. In simple terms, the sample can be mounted in the chip
carrier holder shown in center of Fig. 7.16a. The sample can be magnetized by the
NdFeB magnets shown in Fig. 7.16b, which can freely rotate around the z-axis as
shown in Fig. 7.16c. A schematic drawing can also be found in Fig. 7.16d.

There are a few advantages of this setup: First, the total cost of the setup
is only around 1000 euro, which is much cheaper in comparison to commercial
electromagnets, which are in the range of a few tens of thousand euro. Second,
with the large air gap (3 cm) for the sample space, we can achieve an estimated
magnetic field of 3000 Gauss (sufficient to switch the magnetization), which is not
possible in a commercially available Helmholtz coil. Third, the setup operates at
room temperature without the need of cryogenic liquid, and also at low temperature
if necessary. This is much more convenient than maintaining a liquid-helium cooled
superconducting magnet.

The expected measurement outcome for spin generation and detection without
molecules is similar to the plot of Fig. 7.11b, with the x-axis replaced by rotation
angle.
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(a) (b)

Figure 7.17: (@) Schematic drawing of LSV-RSHJ. (b) False-colored SEM image of a LSV-RSHJ device.

7.6.5. Lateral spin valve based RSHJ

In the original study of reversible spin hall device by Kimura et. al. [37], the non-
local signal detected is around 100 pQ. Also also shown in same study, the non-
local signal increases as the junction length decreases, reaching a maximum of
150 pQ at distance of 200 nm between the Py pad and Pt arm. This decay is readily
explained by spin relaxation, when a spin current is propagating through the Cu
junction. Therefore, it is intuitive to make the distance between Py and Pt as small
as possible for an optimal non-local signal. A lateral spin valve based geometry was
also studied by T. Kimura and coworkers [52], where the Py spin generator is placed
parallel to the Pt spin detector. This geometry with a EMBJ constriction, which we
refer as lateral spin valve based RSHJ (LSV-RSHJ), is shown in Fig. 7.17a. Similar to
the design in Fig. 7.11c, the charge currents goes from Py to Cu to generate a spin
current across the Cu bridge, which diffuses to the Pt strip. This in turn creates a
charge current via the ISHE in Pt, which is detected as a voltage difference across
the Pt arm.

A major difference between the RSHJ and LSV-RHS] is that, in this fashion, the
Py and Pt arms can be placed closer to each other. Indeed, a higher non-local
resistance of around 300 puQ was observed by T. Kimura and coworkers [52], as a
result of a closer (L ~ 100 nm) distance between the spin generator and detector.
Another benefit of this geometry is the potentially easier electromigration, compar-
ing to the RSHJ. For good electromigration, it is important to avoid any interface
between different materials, as interfaces are typically more resistive than a pure
metallic structure. This can lead to electrical failure at the junction interface, in-
stead of proper electromigration. Therefore in the case of RSHJ], we need to take
and ‘L-shape’ Cu path for electromigration on the left-hand side for good electromi-
gration. This is less desirable for the narrow Cu arm, when it is compared with the
case of LSV-RSHJ with a large bridge-to-constriction ratio.

Nonetheless, there are a few drawbacks of the LSV-RSHJ. First, the magnetiza-
tion field ruired is around 3000 Gauss, which is more than 10 times larger than the
field in the case of RSHJ. This is due to the small dimension of the Py strip in the
x-direction. As mentioned in Sec. 7.6.4, the estimated external magnetic field that
can be generated in the set-up in Fig. 7.16 is approximately 0.3 T. This may not be
sufficient to completely magnetize the Py strip in some cases, as some deviation
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may exist in fabricated devices. Another challenge in this device geometry is the
alignment of the EMBJ between Py and Pt. The precision of position in the electron-
beam pattern generator (EBPG5000+) is typically around tens of nm. This means
in some rare cases, the EMBJ] might be outside of the region between the Py and
Pt strips. For example, a small misalignment is observed in the case of Fig. 7.17b,
where the constriction is located slightly closer to the Py arm. In this respect, the
RSHJ is more robust to this misalignment as the EMBJ and Cu strip are patterned
in the same electron-beam exposure.

Considering the pros and cons of the LSV-RSH]J, it is useful to simultaneously
fabricate RSHJ and LSV-RSHJ on the same sample for maximal device yield. There-
fore, we have incorporated both designs on the same substrate following the same
lithographic steps.

Four-terminal measurement in LSV-RSHJ

In addition to the 4T measurement schemes discussed in Sec. 7.4.2, mostly for
RSHJ, we can also perform the same measurements for the LSV-RSHJ. This is
summarized in Fig. 7.18. There are a few differences between the measurement
schemes of RSHJ and LSV-RSHJ, which need to be considered. First, in the cases
of a, b and f, it is important avoid any unintentional magnetization in Py, because
the unwanted magnetization of Py can contribute to the spin signals, which can
affect the CISS measurement outcome. Another potential issue is present in the
case of d and e. This is because by applying an external field for the spin precession
measurement, there is also a possibility of magnetizing the Py strip out of plane,
which will completely diminish the spin precession signal.

Figure 7.18f is potentially a better than the RSH] geometry. This is because if
we used the Cu strip in RSHJ] as a heater, there is a electrical pathway connected to
the molecule. In the case of a Py junction without a Ar milling step, the observed
resistance between Py and Cu is beyond R = 5GQ. This means that, we can use
Py strip as a heater in this case without introducing electrical interference, and due
to the thin oxide layer between Cu and Py, the heating efficiency is expected to be
high.
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Figure 7.18: Four-terminal non-local measurement schemes for the CISS effect in LSV-RSHJ devices.
(a)-(f) The same measurement working principles as in Fig. 7.13 in the main text.
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Conclusion and Outlook

Conclusion

In this dissertation we have explored important aspects in single-molecule charge
transport. In particular, we have considered the orbital and spin degrees of freedom
in single-molecule junctions, and their influences in charge transport at the single-
molecule level.

In the first part of this dissertation, we studied the conformational effects in
single-molecule charge transport. We first discussed mechanically induced quantum
interference (QI) features in mechanosensitive molecules, PCPs and PC1. In the
case of PCPs, we demonstrated that para-connected PCP gives destructive QI (DQI),
whereas meta-connected PCP gives constructive QI. This shows that the rules of
quantum interference in PCPs, in terms of substitution patterns, are different from
those in simple benzene rings. We have also studied the DQI features in PC1
molecules. In this case, we observed two DQI dips in the single-molecule junction
transmission, as a function of distance. These two dips are a robust feature, as
it spans across the full HOMO-LUMO gap, leading to the observation of higher-
frequency conductance oscillations in a displacement modulation experiment. In
Chapter 4, we studied the two-order-of-magnitude conductance increase during
the stretching of PC2 single-molecule junctions. This feature is unique, as no report
has so far described such a large conductance up-turn upon stretching in organic
molecules. This feature is explained atomistically as a result of a fine balance
between through-space and through-bond transport.

The second part of this dissertation concerns the thermoelectric effects in single-
molecule junctions. In Chapter 5, we first introduced the simultaneous measure-
ment technique of electrical current and thermocurrent. This has a great advantage,
as it allows us to directly obtain thermoelectric parameters, such as the Seebeck
coefficient and the power factor. We then applied this technique to study differ-
ent charge states in a molecular quantum dot. We realized that the asymmetry
in thermocurrent between two charge states is a direct measure of the entropy
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change between the two states. This provides a means to map the spin transi-
tion between two charge states in a radical molecule. Furthermore, in Chapter 6,
we utilized the thermocurrent spectroscopy to study the Kondo effect in a single-
molecule junction. The Kondo effect is characterized by universal temperature and
magnetic-field scaling in the zero-bias peak. However, with conventional electrical
measurements, the experimental magnetic-field dependence is inconsistent with
the theoretical prediction in most reports. Via the thermocurrent spectroscopy,
we revealed a new hallmark of the Kondo effect, indicated by a change of slope
in zero-bias thermocurrent at a critical field, By, = B., same as the critical field
in an ideal differential conductance measurement. These experimental findings
in thermoelectric studies of single-molecule junctions suggest that there are po-
tential molecule-based thermoelectric device applications; it has also shown that
thermocurrent can be used to study fundamental physics problems.

The third part of this dissertation regards the chirality-induced spin selectivity
(CISS) effect. The CISS effect is a phenomenon where the spins of electrons are
polarized when passing through chiral molecules, as a result of mirror-symmetry
breaking. While there are a few experimental observations of the effect, there is
a big discrepancy between experiment and theory regarding the size of the effect.
There are two main reasons for this discrepancy: First, so far the experiments have
been performed on large assemblies of molecules, while the theories focused on
single-molecule descriptions. Second, many experimental results are inconclusive
and the methodologies used are not proper for spin current detection. To resolve
these issues, we have explored single-molecule devices to properly characterize
the CISS effect. We first characterized several chiral molecule candidates by the
MCBJ technique. We then developed two classes of devices for spin generation and
detection at the single-molecule level. Particularly, the reversible spin Hall junc-
tion (RSHJ) is a promising platform for performing experiments for the CISS effect.
We described the device development and proposed a few measurement protocols
for the CISS effect. Although we have not yet completed single-molecule experi-
ments for the CISS effect, the expertise acquired during the development of single-
molecule spintronic devices has opened new research directions for nanoscale spin-
tronics.

Outlook

The interplay between charge transport, orbital and spin degrees of freedom has
led to many interesting physical phenomena in single-molecule junctions, as we
have presented in this dissertation. The research in these systems has deepened
our understanding of electron-electron interactions and generated many potential
nanoscale applications. These results will be the foundation for our future research
in nanoscale and single-molecule systems.

In the first part, we have studied the influence of conformational change on
charge transport in single molecules. From this study, we have learned that by
fine tuning the molecular design, it is possible to engineer molecular junctions that
can act like mechanical switches and sensors. There are a few insights from our
studies that facilitate the realization of these applications. 1. The robust mechani-
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cally induced DQI feature is an example for a single-molecule “potentiometer” and
mechanoelectric sensor. It would be particularly interesting to create a single-
molecule junction like the case in PC1, but with two DQI features running parallel
to each other. This will give an one-to-one correspondence of the two measured
conductance dips and the distance between the two DQI features; therefore, it
can serve as a nanoscale ruler. 2. The DQI feature gives a sharp transmission as
functions of both distance and energy. This is beneficial for generating high ther-
mopower and potential nanoscale thermoelectric devices. Remarkably, the slope
of the transmission function changes its size and sign as we mechanically stretch
the molecule. This suggests an universal thermoelectric nanostructure that can be
mechanically tuned, which also is a direction of research undertaken. 3. From the
switching between through-space and through-bond transport in the case of PC2
molecule, we have recognized that by including a molecular unit such as acety-
lene in @ molecular stack, we can create a mechanical switch for through-space to
through-bond transport by mechanical bending. This is yet another demonstration
of a mechanical switch molecular design.

In the second part of this dissertation, we have shown the possibility to conduct
thermoelectric studies in single-molecule junctions. Particularly, we have demon-
strated that we can obtain the complete thermoelectric properties of a nanostruc-
ture for applications; we have also observed that fundamental concepts in physics,
such as entropy and universality, manifested in thermoelectric characterizations.
From the technological point of view, this suggests that we can create thermoelec-
tric devices with nanostructures, such as molecules and nano-particles, whose sizes
are smaller than tens of nanometers. Moreover, these single-molecule thermoelec-
tric devices have also shown high thermopower and figure of merit, suggesting
possible device applications utilizing molecules. From the fundamental perspective,
there are many interesting nanoscale systems which have not yet been studied
with thermoelectrics, for example: 1. It is interesting to explore quantum systems
with higher spin states via thermocurrent spectroscopy. For this, we are exploring
new radical molecules with higher spin states in Th-EMBJ. 2. Introducing different
physical phenomena, such as superconductivity and the Yu-Shiba-Rusinov state, is
another direction of research undertaken. 3. It is also interesting to explore to the
possibility of extracting the work out from single-molecule heat engines, which can
be used to assess thermodynamic cycles in nanoscale systems.

Lastly, we have explored the possibility to study the CISS effect at the single-
molecule level. From the development of single-molecule junctions for spin current
detection and generation, we have learned that it is non-trivial to correctly perform
a spintronic measurement, particularly in a non-crystalline structure. As the first
outlook for this research area, it is most important to integrate the chiral molecules
into the RSHJ devices and perform the CISS characterization. This may shed light
on the origin of the CISS effect at the single-molecule level. Besides the CISS
characterization, a few insights from the research have pointed out possible future
directions for molecular spintronic studies. First, the success in electromigration of
Cu EMBJ has provided the possibility to study the interaction of chiral, magnetic
or nonmagnetic molecules with magnetically proximitized Cu electrodes. This is a
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distinct approach from using ferromagnetic EMBJ, as magnetic domains in ferro-
magnetic nanoelectrodes typically lead to inconsistent results, even in the simple
case of direct electron tunneling experiments. Second, the possibility to integrate
non-local spintronic measurement geometry in EMBJ devices provides the oppor-
tunity to study the spintronic properties of nanostructures in the sizes of a few
nanometers. This can lead to the discovery of new spintronic nanostructures, other
than the presumed CISS spin filters.

In this dissertation we have explored single-molecule junctions beyond basic
charge transport. We recognize that single-molecule junctions, despite the diffi-
culty to realize, are an extraordinary platform for nanoscale physics, distinct from
other solid state systems. To observe the exotic physical phenomena or to create
innovative device applications, we have studied the single-molecule spin and orbital
effects by means of mechanics, thermoelectrics and spintronics. For the future of
molecular electronics, it is inevitable to explore these systems with new experimen-
tal techniques and molecular designs. The field of molecular electronics, while it
may never replace solid state electronic devices, will complement our understanding
of nanoscale physics.
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