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Abstract

The purpose of this thesis is to investigate the spin selectivity of chiral molecules adsorbed
on magnetic substrates, with the aim of improving our understanding of the complex inter-
actions between chirality and magnetism. This research centers on the chirality-induced
spin selectivity (CISS) e [edt, an emerging phenomenon that has captured the interest of
the scientific community due to its potential applications in spintronics, e [cieht quantum
computing, enantioseparation, and selective chemical processes. Since the initial identi-
fication of the CISS eledt, extensive research on various molecules and substrates has
yielded significant outcomes. Observations have been made that electrons transmitted
through chiral molecules at room temperature exhibit spin polarizations exceeding sev-
eral tens of percent. The findings also include the enantiospecific adsorption of chiral
molecules on perpendicularly magnetized ferromagnetic substrates.

This area of research, which explores both theoretical and experimental aspects of the
CISS eledt, remains a topic of scientific interest. Despite substantial experimental evi-
dence supporting CISS, a comprehensive theoretical understanding remains elusive. Present
theoretical approaches often fail to bridge the gap between the magnitudes of experimen-
tal results and theoretical predictions, such as spin polarization values or enantiospecific
adsorption energies.

A significant challenge in bridging experimental and theoretical studies stems from the
complexity of real-world experiments. Often, these involve molecular ensembles and yield
data that reflect averages of various configurations, such as adsorption sites and pathways
of electric current. Additionally, experimental conditions may necessitate modifications
like protective coatings to prevent oxidation (e.g., Au coating on ferromagnetic substrates)
and can introduce other variables such as water from ambient humidity. Meanwhile, the-
oretical models typically overlook these complexities. In response, this PhD research
project is designed to thoroughly investigate the CISS eledt under ultra-high vacuum
(UHV) conditions, with precise control over geometric configurations at the atomic scale.
This approach could facilitate a closer alignment between experimental observations and
theoretical calculations.



This thesis investigates chiral heptahelicene (7[H]) molecules adsorbed on various single-
crystalline substrates, ranging from the noble metal Cu(111) to more reactive substrates
like ferromagnetic Co bilayer nanoislands on Cu(111) and Fe bilayers on W(110). Low-
temperature spin-polarized scanning tunneling microscopy (SP-STM) and spectroscopy
(SP-STS) are employed to examine molecules that have been deposited on these surfaces
through sublimation under UHV conditions.

The molecules remain structurally intact after deposition, with the proximal phenanthrene
group aligned parallel to the substrate surface. The high-resolution STM topography
data provide a precise method for accurately determining the chirality of individual hep-
tahelicene molecules on these crystalline substrates. Additionally, detailed SP-STS mea-
surements from individual molecules indicate distinct adsorption properties: molecules
undergo physisorption on Cu(111) and chemisorption on Co and Fe bilayers. Notably,
both Co and Fe bilayers maintain their ferromagnetic properties and exhibit out-of-plane
(OOP) magnetization.

Building on our preliminary observations, our investigation delved deeper into the in-
teractions between chiral molecules and magnetic substrates, focusing on two principal
aspects.

First, we explored the enantiospecific adsorption of [7]H molecules onto OOP magne-
tized cobalt nanoislands, using both racemic and enantiopure samples. Our investiga-
tions revealed a magnetization-dependent enantiomeric excess upon deposition of these
molecules. In the experiment using a racemic mixture, a detailed statistical analysis of
over 740 molecules across 110 islands revealed an enantiomeric excess ratio of 0.7. This
ratio, when expressed by a Boltzmann factor, corresponds to an energy diLerknce of ap-
proximately 10 = 2meV. Further experiments revealed that this energy di[erence is not
related to dilerknces in adsorption energy. This finding was further supported by sub-
sequent experiments with more than 2100 molecules on 225 islands, using enantiopure
molecules, demonstrating a consistent picture of enantioselectivity.

The results of our experiment were then compared with state-of-the-art density functional
theory (DFT) calculations performed by our colleagues at the Peter Griinberg Institute
(PGI-1), Julich Research Center. Interestingly, these advanced spin-resolved ab initio
simulations showed no significant dilerknces in enantio-dependent chemisorption ener-
gies. This discrepancy between the experimental results and the simulations, along with
further experimental findings that molecular mobility decreases significantly when reach-
ing the chemisorbed state on the cobalt islands, led us to hypothesize that enantioselection
primarily occurs during an earlier, physisorbed state. These observations suggest that van
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der Waals interactions, which are critical for molecular magnetochiral processes, should
also take spin fluctuations into account.

Secondly, spin-selective electron transport through chiral [7]H molecules at a low temper-
ature of 5K is investigated using a spin-sensitive STM tip. These molecules are deposited
on two distinct types of ferromagnetic bilayer substrates: racemic mixtures are deposited
on Co/Cu(111), while enantiopure molecules are deposited on Fe/W(110). This experi-
mental approach enables the direct measurement of tunnelling currents through individual
molecules under precisely controlled conditions. In this setup, the magnetization direction
of either the STM tip or the substrate can be systematically reversed, and the chirality
of the molecules can be selectively chosen, especially in experiments involving racemic
mixtures.

This methodology enables accurate assessments of magnetochiral conductance asymmetry
(MChA) by comparing the tunneling current measured through two di Lerkent enantiomers
deposited on the same magnetic domain. Additionally, it allows for the evaluation of enan-
tiospecific magnetic conductance asymmetry (EMA) by comparing the tunneling current
measured through molecules of the same handedness on two magnetic domains with op-
posing OOP magnetization. As a result, there is significant conductance asymmetry for
[7]H molecules across both types of magnetic substrates, with EMA values on Co islands
reaching as high as 50%. This detailed investigation also allows us to e [edtively exclude
ensemble e[edts and electron-phonon coupling as primary contributing factors, thereby
taking a significant step forward in clarifying the underlying mechanisms influencing spin-
selective transport through chiral molecules.






Deutsche Kurzzusammenfassung

(German abstract)

Ziel dieser Arbeit ist es, die Spin-Selektivitat chiraler Molekile zu untersuchen, die auf ma-
gnetischen Substraten adsorbiert sind, um unser Verstandnis der komplexen Interaktionen
zwischen Chiralitat und Magnetismus zu vertiefen. Diese Forschung konzentriert sich auf
den E [eKt der "chirality-induced spin selectivity"(CISS), ein neuartiges Phdnomen, das
aufgrund seiner potenziellen Anwendungen in der Spintronik, im e [ziehten Quantencom-
puting, in der Enantioseparation und in selektiven chemischen Prozessen das Interesse der
wissenschaftlichen Gemeinschaft geweckt hat. Seit der ersten Entdeckung des CISS-E [eHlts
haben umfangreiche Forschungsarbeiten an verschiedenen Molektlen und Substraten zu
bedeutenden Ergebnissen geflhrt. Es wurde festgestellt, dass Elektronen, die bei Raum-
temperatur durch chirale Molekdle tbertragen werden, Spinpolarisationen von mehr als
einigen zehn Prozent aufweisen. Zu den Ergebnissen gehort auch die enantiospezifische
Adsorption chiraler Molekile auf senkrecht magnetisierten ferromagnetischen Substraten.
Dieses Forschungsgebiet, das sowohl theoretische als auch experimentelle Aspekte des
CISS-E [eKts untersucht, bleibt ein Thema von wissenschaftlichem Interesse. Trotz um-
fangreicher experimenteller Belege fuir den CISS-E [elt fehlt nach wie vor ein umfassendes
theoretisches Verstéandnis. Aktuelle theoretische Ansétze scheitern oft daran, die Diskre-
panzen zwischen den Grolienordnungen der experimentellen Ergebnisse und den theore-
tischen Vorhersagen, wie Spinpolarisationswerte oder enantiospezifische Adsorptionsener-
gien, zu uberbrucken.

Eine grolle Herausforderung bei der Zusammenfiihrung experimenteller und theoretischer
Studien ergibt sich aus der Komplexitat realer Experimente. Haufig handelt es sich um
molekulare Ensembles, deren Daten Mittelwerte verschiedener Konfigurationen, z. B. Ad-
sorptionsstellen und Strompfade, widerspiegeln. Dartber hinaus kdnnen die experimen-
tellen Bedingungen Modifikationen wie Schutzbeschichtungen zur Verhinderung von Oxi-
dation (z. B. Au-Beschichtung auf ferromagnetischen Substraten) erfordern und andere
Variablen wie Wasser aus der Umgebungsfeuchtigkeit einfiihren. Theoretische Modelle
beriicksichtigen diese komplexen Zusammenhéange in der Regel nicht. Daher soll in die-
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sem Forschungsprojekt der CISS-E [elt unter Ultrahochvakuumbedingungen (UHV), bei
denen die geometrischen Konfigurationen auf atomarer Ebene genau kontrolliert werden
kénnen, im Detail untersucht werden. Dieser Ansatz konnte eine bessere Ubereinstimmung
zwischen experimentellen Beobachtungen und theoretischen Kalkulationen erméglichen.
In dieser Arbeit werden chiralen Heptahelicen (7[H])-Moleklle untersucht, die auf ver-
schiedenen einkristallinen Substraten adsorbiert sind, vom Edelmetall Cu(111) bis zu
reaktiveren Substraten wie ferromagnetischen Co-Doppelschicht-Nanoinseln auf Cu(111)
und Fe-Doppelschichten auf W(110). Tieftemperatur-Rastertunnelmikroskopie (SP-STM)
und -spektroskopie (SP-STS) werden eingesetzt, um Molekile zu untersuchen, die durch
Sublimation unter UHV-Bedingungen auf diesen Oberflachen abgeschieden wurden.

Die Molekiile bleiben nach der Abscheidung strukturell intakt, wobei die proximale Phen-
anthrengruppe parallel zur Substratoberflache ausgerichtet ist. Die hochauflésenden STM-
Topographiedaten bieten eine prazise Methode zur genauen Bestimmung der Chiralitat
einzelner Heptahelicen-Molekile auf diesen kristallinen Substraten. Darlber hinaus zei-
gen detaillierte SP-STM Messungen einzelner Molekile unterschiedliche Adsorptionsei-
genschaften: Die Molekile unterliegen einer Physisorption auf Cu(111) und einer Che-
misorption auf Co- und Fe-Doppelschichten. Bemerkenswerterweise behalten sowohl Co-
als auch Fe-Doppelschichten ihre ferromagnetischen Eigenschaften und zeigen eine out-
of-plane (OOP) Magnetisierung.

Aufbauend auf unseren ersten Erkenntnissen haben wir die Wechselwirkungen zwischen
chiralen Molekllen und magnetischen Substraten genauer untersucht und uns dabei auf
zwei Hauptaspekte konzentriert.

Zunéchst wurde die enantiospezifische Adsorption von [7]H-Molekiilen an OOP-magnetisierten
Kobalt-Nanoinseln untersucht, wobei sowohl racemische als auch enantioreine Molekiile
verwendet wurden. Unsere Untersuchungen zeigten einen Enantiomereniberschuss bei der
Abscheidung dieser Molekle, der von der Magnetisierung abhéngig war. Im Experiment
mit einer racemischen Mischung ergab eine detaillierte statistische Analyse von tber 740
Molekilen auf 110 Inseln ein Enantiomerentiberschussverhaltnis von 0,7. Dieses Verhalt-
nis, ausgedruckt durch einen Boltzmann-Faktor, entspricht einem Energieunterschied von
etwa 10 £ 2meV. Weitere Experimente haben gezeigt, dass dieser Energieunterschied
nicht mit Unterschieden in der Adsorptionsenergie zusammenhangt. Dieses Ergebnis wur-
de durch nachfolgende Experimente mit mehr als 2100 Molekdlen auf 225 Inseln unter
Verwendung enantioreiner Molekile weiter untermauert, die ein konsistentes Bild der En-
antioselektivitat zeigten.

Die Ergebnisse unseres Experiments wurden dann mit state-of-the-art Dichtefunktio-
naltheorie (DFT)-Berechnungen verglichen, die von unseren Kollegen am Peter Grin-
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berg Institute (PGI-1), Forschungszentrum Juilich, durchgefiihrt wurden. Interessanter-
weise zeigten diese fortgeschrittenen spinaufgelosten ab initio-Simulationen keine signi-
fikanten Unterschiede in den enantioabhangigen Chemisorptionsenergien. Diese Diskre-
panz zwischen experimentellen Ergebnissen und Simulationen, zusammen mit weiteren
experimentellen Befunden, dass die molekulare Mobilitat signifikant abnimmt, sobald ein
chemisorbierter Zustand auf den Kobaltinseln erreicht wird, flihrte uns zu der Hypothese,
dass die Enantioselektion hauptsachlich wahrend eines friiheren, physisorbierten Zustan-
des auftritt. Diese Beobachtungen legen nahe, dass van-der-Waals-Wechselwirkungen, die
fur molekulare magnetochirale Prozesse entscheidend sind, auch Spinfluktuationen be-
ricksichtigen sollten.

Zweitens wird der spinselektive Elektronentransport durch chirale [7]H-Molekdle bei einer
tiefen Temperatur von 5 K mit einer spinempfindlichen STM-Spitze untersucht. Diese Mo-
leklile werden auf zwei verschiedenen Arten von ferromagnetischen Doppelschichtsubstra-
ten abgeschieden: Racemische Mischungen werden auf Co/Cu(111) abgeschieden, wah-
rend enantioreine Molekile auf Fe/W(110) abgeschieden werden. Dieser experimentelle
Ansatz erlaubt die direkte Messung von Tunnelstromen durch einzelne Molekile unter
genau kontrollierten Bedingungen. In dieser Konfiguration kann die Magnetisierungsrich-
tung entweder der STM-Spitze oder des Substrats systematisch umgekehrt werden, und
die Chiralitat der Molekule kann selektiv gewahlt werden, insbesondere in Experimenten
mit racemischen Mischungen.

Diese Methode erleichtert die genaue Bestimmung der magnetochiralen Leitfahigkeit-
sasymmetrie (MChA), wenn zwei Enantiomere auf der gleichen magnetischen Doméne
vorliegen (fur racemische Mischungen auf Co-Inseln), und der enantiospezifischen ma-
gnetischen Leitfahigkeitsasymmetrie (EMA), wenn Molekile der gleichen Chiralitat auf
zwei magnetischen Doménen mit entgegengesetzter OOP-Magnetisierung verglichen wer-
den. Demzufolge gibt es eine signifikante Leitfahigkeitsasymmetrie fur [7]H-Molekdile tGber
beide Arten von magnetischen Substraten, wobei die EMA-Werte auf Co-Inseln bis zu
50% erreichen. Diese detaillierte Untersuchung erlaubt es uns auch, Ensemble-E [eKte und
Elektron-Phonon-Kopplung als primére beitragende Faktoren e [eltiv auszuschlielen, und
stellt damit einen wichtigen Fortschritt bei der Aufklarung der zugrundeliegenden Mecha-
nismen dar, die den spinselektiven Transport durch chirale Molekile beeinflussen.
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CISS
UHV
[7]H
SP-STM
SP-STS
OOP
MChA
EMA

RT

ML

CwW

CCwW

SAM
CP-AFM
GMR
TMR
SEM
SOC

abbreviations

chirality-induced spin selectivity

ultrahigh vacuum

heptahelicene

spin polarized scanning tunneling microscopy
spin polarized scanning tunneling spectroscopy
out-of-plane

magnetochiral conductance asymmetry
enantiospecific magnetic conductance asymmetry
room temperature

monolayer

clockwise

counterclockwise

self-assembled monolayer

conductive probe atomic force microscopy
giant magnetoresistance

tunnel magnetoresistance

scanning electron microscope

spin—orbit coupling
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CHAPTER 1

Introduction

1.1 Chirality

Chirality is a property of certain objects that refers to their lack of mirror symmetry. The
term originates from the Greek word "kheir,” which means hand, and it was first defined
by Lord Kelvin in the following manner [1]:

"l call any geometrical figure, or group of points, chiral, and say it has
chirality, if its image in a plane mirror, ideally realized, cannot be brought to
coincide with itself."

In other words, a chiral object cannot be superimposed on its mirror image, no matter
how it is rotated, or translated.

Chiral objects are prevalent across a wide range of scales, from cosmic structures such as
spiral galaxies to small-scale objects like human bodies and even down to the microscopic
level of single molecules. The concept of chirality in molecules was first uncovered through
observations of the optical activity of natural tartaric acid, a compound produced during
the process of wine fermentation. These observations were made by Pasteur as part of a
comprehensive investigation into the interactions between light and matter [2]. Chirality
was later discovered to be present in other molecules involved in organic life, such as DNA,
which forms a right-handed double helix in living organisms, and the left-handed amino
acids that make up proteins in living cells. This discovery has led to the concept of enan-
tioselectivity in nature, which refers to the preference for one enantiomer over the other
in biological systems. The term enantiomer is derived from the Greek words Mivti00
(enantios) and plpbo (meros), meaning opposite’ and 'part’ and it is used in chemistry to
describe the two di[erent handednesses of a chiral molecule, as illustrated in Figure [1.1]
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For instance, L- and D-alaniné are two di erent enantiomers of a molecule with the same
chemical components, but they can have di erent biological e ects. Speci cally, L-alanine
is the active form found in human proteins, while D-alanine is more commonly found in
bacterial cell walls and some antibiotics [3].

Figure 1.1: The chirality of two asymmetric alanine enantiomers is illustrated as a lack
of mirror symmetry. Like our hands, the two mirror images cannot be superimposed. The
alanine molecule's chiral center is shown by the dotted circles.

The dotted circles in Figure 1.1 indicate the carbon atom to which four di erent sub-
stituents are attached and is referred to as a chiral center. However, chirality can also
be present in molecules that lack a chiral center, as a result of their inherent three-
dimensional chiral geometry [4]. One type of inherent chirality is helicity, which occurs
in helical molecules with a screw-shaped molecular structure. A well-known example
of such chiral structures is DNA, which typically adopts a right-handed helical pattern.
Heptaphelicene, the molecule of interest in this study, is another example which exhibits
chirality due to the seven ortho-fused benzene rings that do not lie in a single plane, as
shown in Figure 1.2. The left- and right-handed [7]H enantiomers are designatgd) -[7]H
and (P)-[7]H, respectively, withM and P representing ‘'minus' and “plus' helicity.

Figure 1.2: Schematic representation of the(M) -[7]H (left side of the gure) and (P)-[7]H
(right side of the gure) molecules.

1L and D stand for Latin laevus (left) and dexter (right).
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1.2 Chirality-induced spin selectivity (CISS)

Chirality was believed to be a purely spatial characteristic for a long time. However,
a groundbreaking experiment published in 1999 challenged this belief by demonstrating
asymmetrical scattering of electrons with opposite spin polarizations when propogating
through chiral organic molecules [5]. In this experiment, circularly polarized light was used
to emit spin-polarized photoelectrons from a gold substrate. These electrons were then
transmitted through sandwiches composed of ve ordered monolayers (MLs) of homochiral
stearoyl lysine molecules, which were deposited on the gold surface. The asymmetry in the
scattering probability of these spin-polarized electrons upon their transmission through
the chiral molecules was then calculated using the following formula [5]:

_ ) 1)
A_I(+)+ ()

In this equation, | (+) and I ( ) represent the intensities of electron beams with posi-
tive and negative helicities, respectively. Given the xed propagation direction of the
electrons (from the gold substrate towards the molecule) in this experimental setup, the
electron beam intensity with opposite electron helicity can be simpli ed to the electron
beam intensity with opposite electron spin. The calculated asymmetry, with a magnitude
of approximately jAj]  0.12 was three orders of magnitude higher than what has been
previously reported in experiments, which studied the asymmetric scattering of electrons
with opposite helicity after passing through chiral molecules in their gaseous phase [6, 7].
The phenomenon attracted the attention of scientists after another experiment was pub-
lished in 2011. Where it was demonstrated that electrons passing through a ML of
right-handed double-stranded DNA (dsDNA) exhibited spin polarization exceedin§0%

at room temperature (RT) [8]. A detailed explanation outlining the process of calculating
this spin polarization will be provided in Section 1.3.1.

Naaman and Waldeck later introduced the concept of the Chirality-Induced Spin Selectiv-
ity (CISS) e ect, stating that chiral organic molecules on surfaces can act as electron spin
Iters at RT. Speci cally, when electrons are transmitted through chiral molecules, one
spin alignment is preferred over the other, and the preferred spin alignment is determined
by the molecular chirality and the electron propagation direction [9]. Since then, the CISS
e ect has been the subject of numerous scienti ¢ investigations, exploring a wide range of
molecules, substrates, and techniques. These studies have not only deepened our under-
standing of the CISS e ect, but also demonstrated its successful implementation across
various experiments, thereby sparking curiosity and enthusiasm among scientists from

(1.1)



An overview of experimental studies on CISS

diverse disciplines. This growing collection of successful experimental results, including
the achievement of 99% spin polarization at RT [10], continues to motivate this enthu-
siasm. Moreover, the CISS e ect is not only promising for applications in elds such as
spintronics, chemical sensing, enantioseparation, and enantioselective chemical and biolog-
ical processes [11 14], but it also demonstrates potential to address critical technological
needs in human society. These include developing e cient photovoltaic cells based on
chiral organic-inorganic devices [15], promoting clean energy harvest through enhanced
electrocatalytic oxygen evolution [16], and exploring potential uses for quantum com-
puting technology [17]. Consequently, there is an increasing demand to comprehend the
fundamental physical principles underlying this phenomenon and to o er a quantitative
understanding of it. The following sections will focus on experimental and theoretical
works that contribute towards a more detailed understanding of the CISS e ect and help
us to become familiar with its promising potential in future applications.

1.3 An overview of experimental studies on CISS

Inspired by the initial reports on this phenomenon, numerous experimental studies have
been conducted to further understand the CISS e ect [9, 11,13, 14,18,19]. A summary
of these experimental e orts will be provided in this section, with the experiments being
categorized into four di erent groups based on the methods used.

A

CISS in electron transmission
CISS in electron transport
Magnetoresistance in CISS-based planar junctions

enantioseparation of chiral molecules based on the CISS e ect

1.3.1 CISS in electron transmission

Historically, the CISS-related transmission study began with photoemission experiments
using an Au substrate, capable of emitting spin-polarized photoelectrons when illuminated
by circularly polarized light. This illumination was achieved using a laser beam with an

energy of about 5eV, enough to excite electrons beyond their work function [20]. The
handedness of the circularly polarized light, whether clockwise (cw) or counterclockwise
(ccw), determines the sign of the spin polarization. Speci cally, cw and ccw laser beams
created electrons with negative and positive spin polarization, respectively [8] (see Figure
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1.4(b)). After creating these spin-polarized electrons, they were then propagated through
ML(s) of chiral molecules such as stearoyl lysine, polyalanine, single-stranded DNA and
dsDNA, all coated on Au substrates [5,20 22]. The intensity of transmitted electrons
through these molecular layers was then measured using a time-of- ight (TOF) electron
spectrometer. By comparing these intensities, it was concluded that di erent spin po-
larizations correspond to di erent transmission probabilities through chiral molecules. A
schematic representation of such an experimental setup is shown in Figure 1.3(a).
Figure 1.3(b) displays the energy distribution of spin-polarized electrons following trans-
mission through a right-handed dsDNA ML deposited on an Au substrate. A notable
di erence in intensity is observed between the electrons initially emitted by ccw polarized
light and those created by cw polarized light. This di erence is quanti ed as transmission
selectivity (S) using the formula [20]:

leew  lew

S= To ¥ T (1.2)
In this equation, I, and I, represent the intensities of electrons originally polarized
by ccw and cw light, respectively, after their transmission through the chiral molecules.
According to Figure 1.3(b), these data show a selectivity & 2 %. Taking into account
an estimated initial spin polarization of 15% for the photoelectrons emitted from the gold
substrate, the observed data demonstrates that the chiral dsDNA layer exhibits a mini-
mum spin selectivity of 50% [20].
Although initial studies successfully illustrated spin-dependent electron transmission through
chiral molecular layers, these explorations were constrained by a dependence on indirect
analysis for determining spin selectivity. They required rst examining the di erence in
intensities of the transmitted electrons, followed by consideration of the initial spin polar-
ization from the photoemission process. To address this challenge, Gotdeal. in 2011,
proposed using a Mott polarimeter to directly measure the spin polarization of electrons
post-transmission through chiral molecules [8].
Figure 1.4(a) shows a Mott electron polarimeter setup, employed to measure spin polariza-
tion of the electrons after transmission through the chiral molecular layer. The functioning
of the Mott polarimeter is based on the concept of spin-orbit interaction (SOE) Spin-
polarized electrons, shown as green solid line, are directed towards a thin target made of
a high atomic number (Z) material, such as gold foil. The polarization of the incoming

2Detailed descriptions of the working principle and technical information of the Mott polarimiter can be
found in Ref. [23]
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Figure 1.3: (a) The experimental setup in which a circularly polarized laser is used to
emit photoelectrons from a gold substrate coated with an ordered ML of dsDNA oligomers.
(b) The energy distribution of the transmitted photoelectrons through a ML made from
dsDNA oligomers. The electrons are emitted from the gold with clockwise (cw, dotted
line) or counterclockwise (ccw, solid line) circularly polarized laser ligth. Figures partially
adapted from Ref. [20]

electrons (denoted as P = (N Ng)/(N - + Ny), where N- (Ny) is the number of spin-up
(spin-down) electrons, relative to the scattering plane) is assumed to be perpendicular
to the scattering plane. As a result of spin-orbit interaction, spin-dependent scattering
occurs, leading to an asymmetry in intensity (A) between the left and right scattered
electrons at set scattering angles [8]. This asymmetry can be expressed as:

N, N,

A= NFN, (1.3)
Here, N, and N, indicate the number of electrons scattered to the left and right, corre-
spondingly. The transverse polarization (P) of the incident electron beam (represented
by a green solid line) is then determined using the relatioA = Sg P. S¢ is a term
that denotes the e ective Sherman function. It's a characteristic of the speci c exper-
imental setup and can be calibrated by measuring the asymmetry of an electron beam
with a known spin polarization. For this particular setup,S. has been determined to be

(0.229 0.011)[8].
Figure 1.4(b) displays the measured spin polarization of electrons emitted from a bare
Au(111) single crystal using three types of polarized light: cw, ccw, and linear. For cir-
cularly polarized light, an intensity asymmetry of A= (5.03 1.1)%was reported. Once
corrected by S, , this asymmetry represents a spin polarization of 22% However, in
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Figure 1.4:. (a) Schematic sketch of a Mott electron polarimeter setup. (b) Spin polar-
ization measured for electrons emitted from bare Au(111) with clockwise (cw) (green) and
counterclockwise (ccw) (red) circularly polarized light, and with linearly polarized light
(blue). The polarization is 22, +22, and 0%, respectively. The longitudinal spin polariza-
tion is measured; the spin is oriented parallel (green) or antiparallel (red) to the direction
of propagation of the electron. (c-e) Spin polarization of electrons transmitted through 50-
bp dsDNA/Au(111). The polarizations were 35, 31, and 29% for light polarized cw
circularly [(c), green], linearly [(d), blue], and ccw circularly [(e), red], respectively. Figures
adapted from Ref. [8]

the case of linearly polarized light, the measured spin polarization wa$x.

In a subsequent experiment, a self-assembled monolayer (SAM) of 50-base >p@ip)
long right-handed dsDNA was deposited on the Au(111) surface. The same set of light
polarizations was then used to determine dsDNA molecules' spin selectivity at RT. The

3Base pairs in DNA consist of two nitrogen-containing nucleotides that come together to form the DNA
structure. The four bases in DNA are adenine (A), cytosine (C), guanine (G), and thymine (T), and
they form speci ¢ pairs: A pairs with T, and G pairs with C. The term 'base pair' (bp) is also a unit
used to measure the length of DNA sequences [24]
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spin polarization of electrons, after transmission through the molecular layer, is depicted
in Figures 1.4(c-e). The results indicate a spin polarization of 29 3% for electrons
generated by linearly polarized light, and 35 3% and 31 4% for those generated
by cw and ccw circularly polarized light, respectively [8]. Interestingly, even the electrons
generated by linearly polarized light, which do not possess an initial spin polarization,
become spin-polarized after their transmission through the chiral molecules. These results
indicate that the spin polarization of the post-transmission electrons shows a weak depen-
dence on the initial spin polarization of photoelectrons emitted from the Au substrate.
Additionally, three di erent lengths of dSDNA molecules were deposited on polycrystalline
Au substrates - with lengths of 40, 50, and 78 bp - to investigate the impact of the chiral
molecules' length on the degree of spin polarization. Notably, although the initial spin
polarization of the photoelectrons emitted from the polycrystalline gold substrate was
negligible for all three employed light polarizations (cw, ccw, and linear), the measured
spin polarization of the electrons after their transmission through the molecules showed
a signi cant e ect. For ccw polarized light, the initial spin polarization of 4.1 6.3%
improved signicantly to 40.1 5.5% 38.8 5.9% and 60.8 5.8% after trans-
mission through 40, 50, and 78 bp dsDNA respectively [8]. Demonstrating that nearly
spin-balanced electrons become highly spin-polarized, exceeding 60%, after propagation
through the ML of 78 bp dsDNA molecules at RT.

Numerous studies have since built upon the initial ndings, broadening our comprehen-
sion of the CISS mechanism by analyzing the spin polarization of transmitted electrons
through a variety of molecules deposited on di erent substrates. One particular study
used long oligopeptides, deposited on Au substrates. This experiment involved a sys-
tematic investigation into the dependence of spin polarization on molecular length. The
results demonstrated a clear trend: as the molecular length increased from 2.2, to 2.5, and
nally to 2.8 nm, the spin polarization of transmitted electrons correspondingly increased,
with respective values of 11% 15% and 18%][25]. This correlation is consistent with
Gohler et al.'s description of the dependence between molecular length and spin polar-
ization degree, thereby justifying their interpretation. The investigation then focused on
the impact of substrate characteristics on the CISS e ect, using long bacterorhodopsin
molecules with a length of49 A deposited on Au and Al [26]. Interestingly, it was ob-
served that changing the substrate from Au - a heavy metal with high SOC, to Al - a
lighter metal with weaker SOC, only resulted in a minor alteration in the spin polarization

of the electrons after propagating through the molecules. Under illumination with a cw
polarized light beam, spin polarization changed frod7 5% on Auto 15 4% on Al
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As the investigation progressed, another twist was added by switching the type of chiral
molecules. A double layer of DPEB molecules, which are very short@.25A), lack a
helical structure, but possess a chiral center, was deposited on a single crystalline Co
substrate. The observation of a 5% spin polarization served as a key indication that spin
selectivity is not exclusively a feature of long helical molecules; it can be detected even in
very short molecules with a chiral center [27].
Furthermore, a detailed study was conducted to explore the spin polarization of electrons
transmitted through both enantiomeric forms of the [7]H molecules (shown in Figure 1.2).
These molecules, which are of interest to this PhD research, were deposited on three single
crystalline substrates: Cu(332), Ag(110), and Au(111) [28]. Although the [7]H molecule
is relatively small, possessing a single helical turn, the experiment outcomes were quite
promising. When the (P)-[7]H molecules were deposited on the Cu(332) substrate, spin
polarizations of+5.5 0.6, +6.1 0.6, and+4.4 0.6were recorded for linear, cw, and ccw
light polarizations, respectively. On the other hand, for thgM) -[7]H molecules deposited
on the same substrate, the measured spin polarizations weré.7 0.6, 6.0 0.6, and

6.3 0.6 In fact, it was the rst experimental evidence, in an electron transmission
study, demonstrating that the spin of the preferentially transmitted electron depends on
the handedness of the chiral molecule. Interestingly, the same pattern was observed even
when the substrate was switched from Cu(332) to Ag(110) and Au(111). Additionally, it
was noted that changing the substrate from the heavy metal Au to lighter elements like
Ag or Cu had a minimal e ect on the amplitude of spin polarization, which is consistent
with previously reported experimental observations [28].
To summarize, the experiments provided robust evidence for the validity of the CISS
e ect for a wide variety of chiral molecules. Ranging from complex, lengthy structures
such as DNA and oligopeptides to smaller and simpler molecules such as helicene. These
studies demonstrated a link between the handedness of the chiral molecule and the pref-
erential spin orientation of transmitted electrons. Di erent light polarizations have been
employed, establishing that the e ect is largely independent of the incident light beam
polarization. Furthermore, it was noted that the e ect ampli es with an increase in
molecules length. This observation aligns with theoretical models that analyze electron
spin polarization in CISS e ect as a function of chiral molecules' length [29 31]. By ex-
ploring the CISS e ect on a range of substrates - from heavy metals with strong SOC to
lighter metals with weaker SOC - it's been validated that the e ect is primarily attributed
to the molecular geometry and not the substrate. This interpretation contradicts some

41,2-diphenyl-1,2-ethanediol (C6H5-CHOH-CHOH-C6H5)
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theoretical studies [32, 33] that propose substrate-mediated SOC as a key factor in the
e ective spin selectivity of chiral molecules, a topic that will be further discussed in Sec-
tion 1.4.

Having reviewed CISS experiments conducted in electron transmission studies, we have
deepened our understanding of this remarkable e ect. This leads us to the next step,
in which we will discuss other experimental approaches that aimed to expand the po-
tential applications of the CISS e ect. In the next section, our focus will shift to the
study of CISS within the framework of transport experiments, which are more relevant
for potential applications of CISS, especially in the eld of spintronics.

1.3.2 CISS in electron transport

In CISS-related transport experiments, charge carriers are constrained to move within
chiral electrostatic potentials, which may involve hopping or tunneling mechanisms. The
method involves placing chiral molecules between conductive leads and applying a bias
voltage between the two leads to measure conductance through chiral molecules. The
fabrication process of these organic-metal contacts requires precision, given the critical
need to control transport at the interface between the molecule and the leads, as well as
ensuring the intactness of the organic molecule [18, 34].

Prior to the introduction of CISS experiments, preliminary investigation had already es-
tablished that by positioning dsDNA molecules between two metallic leads - the tip of a
conductive probe atomic force microscope (CP-AFM) and a gold substrate - and apply-
ing a bias voltage, it is possible to measure the conductance through these molecules [35].
Building on this foundation, Xie et al. later conducted a follow-up experiment. In their
study, the gold substrate was replaced with an out-of-plane magnetized ferromagnetic
nickel. They measured the transported current as a function of the applied bias voltage
through dsDNA molecules of three di erent lengths (26, 40, and 50 bp) which led to
the observation of spin-selective conduction in right-handed dsDNA molecules [36]. A
schematic representation of the experimental setup is shown in Figure 1.5(a).

The ferromagnetic Ni substrate was placed above a permanent magnet in order to align its
out-of-plane magnetization direction, either parallel or antiparallel to the substrate's sur-
face normal. Single-stranded DNA (ssDNA) molecules were applied to the Ni substrate,
while the complementary ssDNA strand was attached to a gold nanoparticle. Only when
both strands came together and hybridized into a dsDNA structure was a conductive con-
nection established. The gold nanoparticle was used to establish a proper contact point

10
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Figure 1.5: (a) Schematic representation of the experimental setup that measures cur-
rent through a dsDNA molecule (enclosed by a blue rectangle) deposited on a magnetic Ni
substrate using a CP-AFM device. Gold nanoparticles were employed to ensure e ective
electrical contact between the DNA molecules and the AFM tip. (b) Represents the mea-
surement of the current transported through dsDNA oligomers of di erent lengths (26, 40,
and 50 bp) versus the applied bias voltage when the substrate's magnetization was either
parallel (upward) or antiparallel (downward) to the surface normal of the substrate. Figures
adapted from Ref. [36]

with the tip of the AFM device. After approaching the AFM tip to the gold nanopatrticle

and establishing contact, the transported current through the molecular junctions was
measured as a function of the applied bias voltage and the magnetization alignment of
the Ni substrate.

Figure 1.5(b) displays thel-V curves, measured through right-handed dsDNA oligomers
of three di erent lengths. The left panels show red curves representing the measuied
curves when the substrate magnetization was parallel to the surface normal. The right
panels show blue curves depicting the obtainedV curves when the substrate magneti-
zation was switched from parallel to antiparallel alignment.

To mitigate uctuations in the obtained |-V curves, which could arise from imperfect con-
tact points or di erent numbers of molecules contributing to each measuretdV curve,
averaged curves were calculated and represented by thick black curves. Upon comparison
of these averaged curves for each molecule length, it can be observed that the magnitude

11



An overview of experimental studies on CISS

of the measured current was in uenced by the magnetization direction of the Ni substrate.
A higher current magnitude was detected when the magnetization of the substrate was
oriented antiparallel to the surface normal (shown by the downward alignment in Fig-
ure 1.5(b)). Based on this observation, the authors concluded that spin-down electrons
are preferentially transported through right-handed dsDNA molecules when the electrons
are owing away from the Ni substrate, while the opposite spin will dominate the mea-
sured current when electrons are owing from the non-magnetic tip to the magnetic
substrate [36]. Therefore, chirality-induced spin selectivity is not only dependent on the
handedness of chiral molecules and electron spins, but also on the electron's propagation
direction [18,37].

Despite the complexity of deducing a consistent correlation between amplitude of the
measured current, degree of spin selectivity, and length of dsDNA oligomers from this
data, the authors have settled for a qualitative explanation, namely that spin selectivity

of currents transported through dsDNA molecules is signi cantly higher for oligomers of
40 and 50 bp, but much less for oligomers of 26 bp.

Following this experimental report, several research groups used the CP-AFM measure-
ment technique to study a variety of molecules. The aim was to determine the impact of
the length and type of di erent enantiomers on the degree of spin polarization in chiral
molecules, and to build upon the ndings of initial study [25,38 42]. A number of these
studies selected long oligopeptides as the basis for molecular selection [25,40,41]. For in-
stance, Tassinaret al. used oligopeptides of di erent handedness,- and D-oligopeptides,
deposited on Au-coated ferromagnetic Ni substrates. Using a non-magnetic AFM tip, it
was shown that when electrons move away from a magnetic substrate, which has been
magnetized parallel to the substrate's normal vector, thé -oligopeptides (right-handed
helix) exhibit higher conductivity than the D-oligopeptides (left-handed helix). Con-
versely, when the magnetization alignment of the substrate is reversed from parallel to
antiparallel, D-oligopeptides exhibit higher conductivity thanL-oligopeptides [41].

In another study, a SAM of two di erent oligopeptides, AL5 and AL?, with di erent
lengths but the same handedness, was deposited on a gold substrate. Using a magnetic
AFM tip, the transported current through the molecules has been measured and it was
reported that the degree of spin selectivity increases with the length of the molecule [40].
The research scope expanded to incorporate other types of molecules. These ranged
from longer molecules like cysteine (2.2nm) [38] and proline (1.5nm) [42] - compara-
ble in length to the previously discussed oligopeptides - to smaller ones like cationic

5AI5:SH (CH2)2NH (Ala-Aib)5 COOH; Al7:SH (CH2)2NH (Ala-Aib)7 COOH
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[4]helicene [39], which consists of a single helical turn. Interestingly, all of these diverse
molecules demonstrated the CISS e ect, illustrating its potential applicability across a
wide range of molecules. Among the above mentioned molecules, the cationic [4]helicene
(See Figure 1.6a) deserves special attention due to its structural similarities to heptahe-
licene (the molecule under study in this PhD work). Therefore, an in-depth review of the
experimental study involving this molecule will o er valuable insights. In addition, it will
serve as a benchmark for comparing the results of our transport experiments obtained
from single [7]H molecules, which will be presented in Chapter 3.
Kiran and coworkers deposited enantiopure cationic [4]helicene molecules with(M-)
chirality on a highly oriented pyrolytic graphite (HOPG) substrate and used a CP-AFM
setup (shown in Figure 1.6a) to compare the spin-dependent conduction through the dif-
ferent enantiomers with respect to the magnetic alignment of the Fe tip [39]. As shown in
Figures 1.6(b) and (c), a number of-V curves were measured above thd-1a helicene
molecules for tip magnetization up and down (parallel and antiparallel to the substrate's
surface normal), respectively, and an average of these curves is shown in Figure 1.6(d).
Another set of experiments was conducted with thé>-1a helicene molecules, and the
averagedl-V curves for the two orientations of the magnetic tip are presented in Fig-
ure 1.6(e). The spin polarization (SP) was calculated based on the measured curves using
the following equatior?:

SP = ToownTup, (1.4)

IDown + IUp

In this context, |y, represents the measured current when the magnetic alignment of the
tip is parallel to the substrate's surface normal. Conversely,pown COrresponds to the
measured current when the magnetization is in an antiparallel alignment. Figure 1.6(f)
presents the spin polarization. When a bias voltage of 1.0V is applied, the spin po-
larization for the P- and M -enantiomers were measured to b49 3% and 45 3%,
respectively [39]. Remarkably, high spin polarization was achieved using relatively short
molecules, possessing only a single helical turn. This noteworthy nding further supports
the idea behind our focus on [7]H molecules. Given the inherent simplicity and similar
short length of both [7]H molecules and cationic [4]helicene (approximately one helical
turn), the [7]H molecules serve as promising model systems, potentially enabling compre-
hensive theoretical exploration and analysis of the CISS e ect.

6Although 'spin polarization' is often used in the literature, it technically refers to the product of the SP
generated in the molecule and that of the FM detector electrode (see Eqgs. 2.19 and 2.20). The SP of
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Figure 1.6: (a) Chemical structures of M-1a and P-1a cationic [4]helicene molecules and
diagram of CP-AFM measurements performed with the ferromagnetic Fe tip. (b) and (c)

Number of I-V curves are plotted from various M-1a helicene molecules for tip magneti-
zation in the up and down directions, respectively. (d) Depicts the averaged V curves

extracted from (b) and (c). (e) Shows the averaged V curves extracted from the various

I-V measurements abovd®-1a helicene molecules for tip magnetization in the up and down
directions. (f) Spin polarization as a function of applied bias voltage forP- and M-1a he-

licene molecules adsorbed on HOPG. Figure adapted from Ref. [39]

While the majority of transport experiments have employed the CP-AFM measurement
technique, there have been alternative methodologies applied to measure transport of
spin-polarized electrons in chiral molecules. One such method, reported by Al-Bustami
et al., steps beyond the conventional conductive probe technique to demonstrate the
CISS e ect. An application-oriented direction was pursued through the fabrication of
a nano-scale (30nm) triple junction device, which incorporated alpha-helix polyalanine
molecules. This construction allowed for the measurement of the spin-dependent conduc-
tivity of these molecules, marking a signi cant step towards the potential fabrication of

a miniaturized, chiral molecule-based memristor-like logic gate [43].

In another type of examination, precise manipulation of the scanning tunneling micro-
scope (STM) assists performing detailed investigation of the spin polarization property

the FM electrode represents the electrode's spin detection e ciency, similar to the Sherman function in
a Mott detector.
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of chiral molecules [44,45]. An STM break-junction, comprised of peptide molecules with
speci ¢ chirality, is bridged between a magnetized STM nickel tip and a gold substrate
and the conductivity of the two enantiomers was compared by adjusting the experimen-
tal variables, such as the magnetization orientation of the Ni tip, the handedness of the
chiral molecules and the sign of the applied bias voltage [44]. The experiment's outcomes
reveal that under one speci c orientation of the tip magnetization (antiparallel to the sub-
strate's surface normal), theD-peptide exhibits higher conductivity than the L-peptide,
irrespective of the electron propagation direction (whether from the tip to the substrate
or vice versa). Conversely, when the tip magnetization direction is reversed, thepeptide
displays higher conductivity for both electron propagation directions. Compared to the
aforementioned studies [25, 36, 38 43, 45], where the applied bias voltages were in the
range of a few volts, the bias voltage in this transport experiment was decreased by two
orders of magnitude ( 50mV). In comparison to previous reports, this study focused on

a narrower energy interval around the Fermi level which makes it easier to compare the
results with theoretical models.

To summarize, transport experiments have demonstrated the presence of the CISS e ect
by measuring the propagated currents through various molecules on di erent substrates.
Additionally, it has been reported that the CISS e ect becomes more pronounced as the
length of the molecules increases [36, 40] which aligns with the conclusions presented in
Section 1.3.1.

Transport experiments using scanning probe microscopy provide a solid foundation for
investigating the CISS e ect and deepening our understanding of it, but they remain a
primarily fundamental approach. To bring the CISS e ect closer to real-world applica-
tions, the design and development of devices utilizing the CISS e ect will be explored in
the following section.

1.3.3 Magnetoresistance in CISS-based planar junctions

In a typical giant magnetoresistance (GMR) [46,47] or tunnel magnetoresistance (TMR)
[48,49] spin valve, a device is constructed with two layers of ferromagnetic material sep-
arated by a thin layer of non-magnetic metal or an insulator, respectively. The fer-
romagnetic layer which serves as a reference, known as the pinned layer, has a xed
magnetization, typically obtained through exchange coupling with an adjacent antiferro-
magnetic layer. This layer functions as a spin polarizer. The other ferromagnetic layer,
known as the free layer, adapts its magnetization direction when an external magnetic
eld is applied, acting as a spin analyzer. By applying a current through the device, the
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resistance of the GMR(TMR) sensor changes depending on the relative alignment of the
magnetization of the free layer with that of the pinned layer.

In contrast to conventional GMR(TMR) spin valves, a CISS-based spin valve utilizes a

di erent approach by replacing the ferromagnetic reference layer and the non-magnetic
metal(insulator) interlayer with a chiral tunneling barrier [50] as shown in Figure 1.7.

Figure 1.7: Schematic representation of a conventional GMR spin valve (a) and a CISS-
based spin valve. The blue arrow indicates the direction of electron propagation when an
electrical current is applied. Figure adapted from Ref. [50]

To determine the magnetoresistance of a CISS-based spin valve, a constant current is
applied through the system while measuring the voltage drop between the leads in the
presence of an external magnetic eld. The magnetoresistance is the change in the elec-
trical resistance of the device as the magnetic eld is altered. Accordingly, the external
magnetic eld is swept from a direction parallel to the current ow, known as (H+), to

a direction that is antiparallel to the current ow, known as (H-). Consequently, the
magnetoresistance of the device can be calculated by using the following equation:

R(H) R(0)

MR(H) = RO)

(1.5)
where R(0) stands for the resistance of the device in the absence of an external magnetic
eld and R(H) indicates the resistance when an external magnetic eld is applied, which
can be either in the H+ or H- directior’.

In 2014, Mathew et al. conducted a noteworthy study in which they proposed an al-
ternative approach for the design of spin valve magnetoresistance devices utilizing chiral

"This de nition of MR is commonly used in spintronics for GMR and TMR measurements, typically
performed under constant current conditions. In contrast, CISS-related measurements are performed
under voltage control, where CISS-MR is de ned as the ratio of the di erence to the sum of currents
measured when the magnetic eld is oriented in the H- and H+ directions, as described in Eq. 1.4.
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Figure 1.8: (a) SEM image, obtained from a top-view perspective, illustrates a device
featuring a thin gold trace (1 m wide) and a wide nickel trace (50 m wide) arranged
perpendicularly. By passing a constant current (notated as 'l') between the Au and Ni
electrodes of the spin valve device, the consequent voltage drop (indicated as 'V') across
this device can be measured. The graph in (b) illustrates the magnetoresistance of the
device when a constant current of 1 mA is passed through it, forL-cysteine at di erent
temperatures. Similarly, (c) and (d) depict the magnetoresistance of aD-cysteine device at
di erent temperatures and at a temperature of 300K, respectively. Figures adapted from
Ref. [51]

molecules [51]. A SAM of chiral molecules was deposited on top of a gold electrode to
replace the magnetic reference layer with a non-magnetic, organic/inorganic chiral tun-
neling barrier. This was achieved by depositing a thin polycrystalline layer (1.5 - 2nm)

of Al,O3 on top of the chiral molecules, which induced chiral properties in the AD3;

Im [52]. The nal structure was completed by depositing 150 nm Ni layer on top as

a magnetic free layer. A scanning electron microscope (SEM) image (top view) of the
fabricated device is shown in Figure 1.8(a).

The magnetoresistance of the device was characterized by measuring the resistance of the
tunneling barrier under a constant current of 1 mA while varying the applied magnetic
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eld at di erent temperatures. The results, presented in Figures 1.8(b) and (c) show
the magnetoresistance as a function of the applied magnetic eld far- and D-cysteine
molecules at di erent temperatures, respectively. Figure 1.8(b) displays a decreasing be-
havior in the magnetoresistance of a device utilizing thie-cysteine molecule by increasing
temperature. In contrast, whenD-cysteine is used, the magnetoresistance value increases
with temperature as can be seen in Figure 1.8(c). It reaches maximum magnetoresis-
tance of approximately 10%at 300K, as shown in Figure 1.8(d). The authors did not

o er a de nitive explanation for the temperature dependence of magnetoresistance, spec-
ulating that it may result from contamination, which underscores the sensitivity of this
dependence to the system's properties. Similar results demonstrating the dependence
of magnetoresistance on temperature changes have been reported by [50,53]. However,
another study claims that the magnetoresistance value is not a ected by temperature
changes and considers the magnetoresistance in a device containing supramolecular chiral
molecules to be independent of controlled temperature variations [54]. This implies that
there isn't a general behavior for the dependency of magnetoresistance on temperature
across di erent molecules. Apart from the di erent temperature-dependent reactions of
D- and L-cysteine enantiomers, it's interesting to note thaD-cysteine usually has a more
pronounced magnetoresistance signal compared to tlhecysteine under equivalent ex-
perimental conditions. Additionally, the overall shapes of the magnetoresistance curves
reveal that D-cysteine molecules exhibit positive magnetoresistance values when the ex-
ternal magnetic eld is oriented in the H- direction and negative values when the eld
direction changes to H+. In contrast,L-cysteine molecules display the opposite pattern.
This behavior is consistent with the CISS e ect, where the chiral molecules cause the
electric current passing through them to become spin-polarized. This spin polarization is
then detected by the ferromagnetic Ni layer. Becaude- and L-cysteine induce opposite
spin polarizations, they result in magnetoresistance values of opposite signs under the
same magnetic eld conditions.

In subsequent studies, similar investigations have been conducted using a variety of chi-
ral molecules, ranging from long conductive polymers and CdSe quantum dots to short
helicene molecules [38,39,53]. These studies aimed to establish the practicality of chiral
molecules in spin valve devices. However, the magnetoresistance values reported were sig-
ni cantly smaller (for instance, only 1% for cationic [4]helicene [39]) than conventional
spin valve devices used in real-world applications.

18



Introduction

1.3.4 Enantioseparation of chiral molecules based on the CISS
e ect

Chiral molecules are ubiquitous building blocks of the molecules of life. Despite identi-
cal chemical composition and physical properties under achiral conditions, enantiomers
behave di erently in chiral biological and physiological environments, where they often
exhibit disparate pharmacological and toxicological responses [55]. Therefore, separating
chiral molecules into their enantiopure forms has been a signi cant focus in various sci-
enti ¢ disciplines such as medicine, pharmacy, and chemistry.

It's worth noting that more than half of the currently used drugs are chiral molecules [56].
This emphasizes the necessity for developing robust and simple techniques for enantiomer
separation, a eld with a long history. More than a century ago, Pasteur initiated this
investigation when he attempted to induce a preferential molecular handedness using
an external magnetic eld, hoping to shed light on his groundbreaking discovery of ho-
mochirality in life's molecules [57,58]. However, many attempts to break chiral symmetry
using only a magnetic eld, including Pasteur's own e orts, were unsuccessful [59]. As
a result, most of today's chiral separation techniques rely on spatial aspects like stereo-
metric matching. These methods utilize various types of chromatography, electrophore-
sis, and their combinations [60]. However, recent experimental reports have brought
Pasteur's original hypothesis back into focus. These reports demonstrate that chiral
molecules of di erent handedness selectively adsorb onto perpendicularly magnetized sub-
strates [45,61 63]. This suggests that substrate magnetization might play the role initially
attributed to the magnetic eld in Pasteur's original hypothesis.

Enantioseparation of chiral molecules based on their enantiospeci ¢ interaction with a
ferromagnetic substrate is a relatively novel approach in CISS-related investigations that
Banerjee-Ghoshet al. introduced in 2018 [61]. In order to avoid oxidation, they coated

a ferromagnetic Co substrate with 5nm gold and adjusted the substrate magnetization
alignment by applying an external magnetic eld parallel to the surface norma(H+)

or antiparallel (H-). For the molecules, two enantiopure samples of thiolated polyalanine
(PAL) molecules were selected, which form a covalent bond with the gold substrate. After
incubating the substrate with L(D)-PAL molecules functionalized by SiQ nanoparticles

for a short period (2s), the density of adsorbed SiOnanoparticles relative to substrate
magnetization alignment was determined with the help of SEM images.

Figure 1.9(a) shows the assessed density of adsorbed nanoparticles (attached to PAL
molecules) after incubation with and without a ferromagnetic substrate. It was observed
that L-PAL molecules preferentially adsorbed on a ferromagnetic substrate wifli+)
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magnetization alignment, whileD-PAL molecules primarily bound to a substrate with
(H-) magnetization orientation. In contrast, when the ferromagnetic substrate was sub-
stituted with a bare Au substrate, no di erence in the number of adsorbed - or D-PAL
molecules was observed, regardless of the presence of an external magnetic eld.

Figure 1.9: (a) The average adsorption densities of nanoparticles on ferromagnetic and
Au substrates in the presence of an external magnetic eld are presented with an error
bar based on statistical analysis of 100 measurements. (b) Schematic representation of
the spin alignment of chiral molecules on the ferromagnetic surface. The blue (red) ellipse
indicates an antiparallel (parallel) spin alignment between the bottom of the enantiomer
and the ferromagnetic substrate, leading to an adsorption con guration that is favorable
(unfavorable). Figure adapted from Ref. [61]

In light of these results, it was concluded that the e ect was not related to the mag-
netic dipole interaction of the applied external magnetic eld with chiral molecules, but
rather the magnetic exchange interaction between spin-polarized molecules and the mag-
netized substrate. The model illustrated in Figure 1.9(b) explains the enantioseparation
of chiral molecules based on their interaction with a ferromagnetic substrate through the
phenomenon of chirality-induced spin polarization. When molecules are adsorbed onto
a ferromagnetic substrate, the electric eld of the substrate induces charge dipole mo-
ments across the molecules. Due to the CISS e ect in the chiral molecules, this charge
polarization leads to di erent spin accumulations at the bottom of the molecules for left-
and right-handed enantiomers. The exchange interaction between spin accumulation at
the bottom of the molecule and the spins of the ferromagnetic substrate results in two
possible con gurations. Antiparallel spin alignment between the molecule and substrate
(depicted in the blue ellipse in Figure 1.9(b)) stabilizes the substrate-molecule interac-
tion in the rst con guration. In contrast, parallel alignment (shown in the red ellipse

in Figure 1.9(b)) weakens the substrate-molecule interactions, leading to an unfavorable
adsorption mechanism in the second con guration.
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To the best of my knowledge, only a few experimental studies have addressed the enan-
tiospeci ¢ adsorption of chiral molecules on ferromagnetic substrates, which will be dis-
cussed brie y in the following.

Tassinariet al. observed that the adsorption of chiral amino acids on a Au-coated prepen-
dicularly magnetized ferromagnetic substrate led to di erent crystallization rates [62]. It
has been reported that the incubation of the Au-coated Ni substrate in the saturated
solution of a racemic mixture of Asparagine (Asn) molecules results in enhanced crystal-
lization of D-Asn enantiomers on the part of the substrate with magnetization aligned
parallel to the surface normal (H+). Conversely, theL-Asn enantiomers demonstrated

a preference for adsorption on the substrate area where the magnetization was aligned
in the opposite direction (H-). A similar procedure was conducted with Glutamic acid
hydrochloride (Glu), revealing that the L-Glu molecules primarily crystallized on areas
where the substrate magnetization was aligned in the H+ direction. In contrast, th®-
Glu molecules preferred regions with opposite magnetization [62].

Interestingly, the observed selectivity between Asn and Glu was reversed; while tbe
Asn enantiomer favored the H+ magnetization alignment and.-Asn the H-, the opposite
preference was found for Glu chiral molecules. Despite the enantiospeci c adsorption ex-
hibited by these two chiral molecules, no ground state energy di erence between the two
enantiomers on a speci ¢ magnetic alignment of the substrate could be determined.

To elucidate these results, density functional theory (DFT) calculations were performed
for individual Asn and Glu molecules adsorbed on a gold substrate. These revealed that
Asparagine mainly interacts with the substrate through its amide moiety (CONK group),
whereas Glutamic acid interacts primarily through its non-amino acid carboxylic group.
The authors suggested that the variations in enantiospeci c interactions of these two dif-
ferent chiral molecules with the ferromagnetic substrate could be attributed to di erences
in the type of binding of the molecules to the substrate [62].

In another line of investigation, Lu et al. employed the electrochemical quartz crystal
microbalance (EQCM) technique to determine if the enantiospeci c interaction between
chiral cysteine molecules and a ferromagnetic substrate is kinetically or thermodynami-
cally controlled [63]. The quartz crystal was coated with a 100 nm ferromagnetic Ni layer
and to prevent the oxidation of Ni, an additional protective layer of Au, 10 nm thick, was
deposited on top. The coated crystal was immersed in a solution containing enantiopure
L- or D-cysteine molecules and exposed to an external magnetic eld. This magnetic eld
could alter the substrate's magnetization alignment from being parallel to the surface
normal (H+) to an antiparallel alignment (H-).
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In the rst experiment, they measured the quantity of D(L) -cysteine molecules adsorbed
onto the coated quartz crystal exposed to an external magnetic eld. A constant voltage
was applied®, and the system was allowed to equilibrate for an additional hour, ensuring
the establishment of thermodynamic equilibrium. Their observations revealed no signif-
icant variation in the number of adsorbed molecules, irrespective of the magnetization
alignment of the substrate or the handedness of the molecules [63].

In the subsequent steps, the substrate was subjected to an alternating rectangular voltage
pulse in order to facilitate time-dependent adsorption and desorption processes. Notably,
the time scale for these processes was set to only ve seconds to ensure the system re-
mained far from thermodynamic equilibrium. Their observations revealed that D-cysteine
molecules displayed higher adsorption rates when the substrate magnetization was in the
H+ direction, whereas L-cysteine had higher adsorption rates when the magnetization
was aligned oppositely.

Although the desorption rates showed a weak dependency on the substrate's magnetiza-
tion direction, attributing clear variations in the desorption rates to either the applied
magnetic eld or the molecule's handedness proved to be more challenging. This complex-
ity was primarily due to the experiment's time resolution limitations, as acknowledged by
the authors [63]. The comparison of the thermodynamic equilibrium and non-equilibrium
experimental conditions revealed that chiral cysteine molecules interact enantiospeci cally
with an out-of-plane magnetized ferromagnetic substrate under kinetic control. This sub-
ject will be explored in more detail in Sections 3.2 and 3.3, where our experimental ndings
on the enantiospeci ¢ adsorption of chiral [7]H molecules on perpendicularly magnetized
Co nanoislands will be presented.

Nguyen et al. later utilized STM measurements in ambient conditions to examine the
enantiospeci ¢ adsorption of polyalanine molecules on a perpendicularly magnetized Co
Im, coated with 5nm Au. Following the incubation of the substrate in a solution of enan-
tiopure molecules, they measured STM topographic data under ambient conditions. The
ndings indicated that under identical incubation conditions, L-polyalanine molecules
were predominantly adsorbed on the substrate with magnetization antiparallel to the
substrate surface normal. After reversing the substrate magnetization, the amount of ad-
sorbedL-polyalanine molecules signi cantly decreased. While the authors didn't provide

8Typically, an EQCM device consists of two parts: an electrochemical cell and a QCM sensor. The
electrochemical cell features two electrodes - a working electrode (here is the QCM sensor) and a counter
electrode. By applying a bias voltage with a speci ¢ polarity between these two electrodes, the direction
of ion movement within the electrochemical cell can be controlled. In this instance, the direction was
adjusted to drive the ions towards the QCM electrode, leading to molecular adsorption.
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a quantitative comparison of molecule adsorption relative to the substrate's magnetization
alignment, a qualitative analysis of both adsorption rate and adsorbed molecule coverage
con rmed that the adsorption density of polyalanine enantiomers on Au-coated ferromag-
netic Co Ims was strongly in uenced by the alignment of the substrate magnetization.
Furthermore, they conclude that their observation indicates the CISS e ect is a coopera-
tive e ect initiated by the interaction of multiple molecules [45].

Despite the fact that the experimental reports discussed in this section provide convinc-
ing proof of the concept of enantiomeric resolution using the CISS mechanism, there are
several complexities to consider. The deposition of molecules from solution under am-
bient conditions onto ferromagnetic substrates has potential disadvantages, such as the
need for a protective coating layer to prevent oxidation, or additional adsorbates being
introduced from the solution. Moreover, the provided evidence for enantiospeci city is
typically obtained from large ensembles of adsorbed molecules, complicated phenomena
that are di cult to include in theoretical models.

To accurately evaluate the potential of this separation mechanism and to provide an
appropriate foundation for theoretical investigations, a deeper understanding of the prin-
ciples behind enantiospeci c interaction of chiral molecules with magnetic substrates is
necessary. Therefore, studies conducted under well-controlled vacuum conditions at the
single-molecule scale, preferably at an atomic level, are highly desirable. As a result of
this need for a more detailed understanding, our research, presented in Chapter 3, investi-
gates the enantiospeci ¢ adsorption of [7]H molecules on perpendicularly magnetized Co
substrates at the single molecule level.

1.4 Theoretical models

In addition to the experimental investigations presented in the previous section, the sci-
enti c community has also devoted considerable e ort in developing theoretical models to
elucidate the underlying mechanisms responsible for the CISS phenomenon. Following the
rst experimental observations of this e ect, theoreticians have started forming theories
that could account for the spin selectivity observed in chiral molecules. The interplay
between molecular chirality, previously considered as a purely spatial characteristic, and
electron spin naturally suggests spin-orbit coupling (SOC) as a fundamental mechanism
for explaining the CISS e ect. Therefore, SOC has been considered as a key component
within these proposed theoretical frameworks [64 67].

SOC is a relativistic e ect that originates from the interaction between electron motion
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in an electric eld and its intrinsic spin. In the electron's rest frame, the charges that
create the electric eld appear to move with respect to the electron. This movement
corresponds to electric currents that generate magnetic elds via the Ampére's law. For-
mally the Lorentz transformation, converts the electric eld into an e ective magnetic eld
(Equation 1.6), which is experienced by the electron as it traverses the electric eld [68,69].

B = Clzv E (1.6)
In the above equation,y represents the velocity of the electron, an& denotes the electric
eld through which it moves. The electron with a magnetic dipole moment of = S,
where is the gyromagnetic ratio andS is the electron spin, experiences corresponding
Hamiltonian when placed in a magnetic eld. According to the quantum mechanical
derivation of Hsoc which results as a perturbative term when considering relativistic

e ects, this Hamiltonian can be written as [68]:

Hsoc = - B = @S (V E) (17)
By substituting = e=2m,v = p=mand S = ~ =2, where is a vector whose compo-
nents are the Pauli matrices, the Hamiltonian can be written as:

Hsoc= - (p E), (1.8)

where = e~=4m2c2. This concept applies to an electron travelling through any electric
eld, including the electric eld resulting from the chiral potential of a chiral molecule.
When an electron moves through a chiral potential created by a chiral molecule (shown in
Figure 1.10(a)), it experiences an electric eld that con nes it within the potential. This
electric led generates a centripetal force on the electron, which keeps the electron inside
the chiral potential. As mentioned above, the interplay between the e ective magnetic
eld generated by the electric eld according to the Lorentz transformation and the elec-
tron's magnetic moment leads to spin-orbit coupling [19]. As a result, when an electron
passes through a chiral potential, the interaction of the magnetic eld and electron spin
stabilizes one spin direction while destabilizing the other. For further elaboration, an en-
ergy diagram illustrating the preference of electron spin direction when passing through
a helix (chiral potential) is presented in Figure 1.10(b).

The motion of a freely propagating electron can be described using four quantum states:
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Figure 1.10: (a) Schematic representation of electron's transmission through a chiral po-
tential. The electron is represented by a sphere, and its spin is indicated by an arrow. As
the electron with a velocity of ¥ moves within the potential, a constant force (F) acts on
the electron, which is similar to the classical centripetal force, shown by the red arrow. (b)
The energy scheme illustrates the momentum-spin states of an electron as it moves within
a chiral potential. The alignment of electron spin changes depending on the handedness of
the helix. Figures adapted from Refs. [19] and [9].

j+,+ >, , >,j+, >,andj ,+ > where the rst quantum number corresponds
to the propagation direction and the second stands for spin alignment. When an electron
moves in the positive(+) direction through a left-handed helix, its up spin(+) is favored
over its down spin( ). This means thatj +,+ > is the ground state andj +, > is

at a higher energy level with a gap equivalent t&Hsoc. Thus, one state is stabilized
by the spin-orbit energy, while the other is destabilized by the same energy, resulting in
a di erence of twice the Hoc value between the two states. Additionally, the ground
state j +,+ > and the statej , >, which corresponds to an electron moving in the
opposite direction with the opposite spin, are degenerate. The state, >, which lies
at a higher energy, and the statg ,+ > are also degenerate. When the right-handed
enantiomer is chosen, the ground states become, > andj ,+ >, and the higher

energy states become+,+ > andj , > respectively [9]. If an electron undergoes
elastic back-scattering within a chiral molecule, the state will change from+,+ > to
j , >orfromj+, >toj ,+>. Thisimplies a simultaneous alteration in both the

electron's spin and linear momentum. According to conservation laws, we must account
for the conservation of both the electron’s linear momentum and spin separately.
To further clarify this concept, we can examine Equation 1.8. It implies that to maintain
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the SOC constant (assuming a xed molecular handedness and thus a constant electric
eld), if the electron's linear momentum or spin is reversed, spin-orbit coupling requires
the simultaneous inversion of the other component. Therefore, for such a simultaneous
ip to occur, the system would have to interact with several degrees of freedom in the
environment, which is less likely to happen. Accordingly, chiral molecules facilitate an
e ective transport mechanism for electrons with the appropriate spin alignment by ex-
cluding the electron back-scattering possibility.

While theoretical hypotheses that employ the SOC e ect [64 67] could qualitatively ex-
plain the underlying mechanism of the CISS e ect, they faced a signi cant challenge in
reproducing the clearly larger experimentally reported values. The typical value ofsbc

is around 20 meV results in signi cantly smaller CISS e ects (i.e. spin polarization or
CISS-MR) than reported by experiments. For a more intuitive understanding of the dif-
ferences between experimentally reported and theoretically calculated sizes of the CISS
e ects, let us look again at the transport experiment conducted by Xiest al. on the
dsDNA molecule which was previously discussed in Section 1.3.2.

Similar to Figure 1.5(b), Figure 1.11(a) shows-V curves for three di erent lengths of
dsDNA molecules. These curves were derived from a SAM of dsDNA molecules on a Ni
substrate. During the measurement, an external magnetic eld was applied, which was
aligned either parallel (depicted by the red-V curves) or antiparallel (shown in the blue
[-V curves) to the surface normal of the Ni substrate. Figure 1.11(b) illustrates corre-
sponding calculateddl/dV curves, which show an approximation of the density of states
for the system. From thesedl/dV curves, an "e ective barrier" was de ned, represented
by the gap in the dl/dV curv. This barrier depends on both the length of the molecule
and the direction of the applied magnetic eld. Interestingly, although the absolute value
of the gap increases with the length of the molecule, the di erence between the gaps
(corresponding to curves obtained from the same molecules under two di erent magnetic
alignments of the substrate) remains constant and independent of length. The determined
e ective barriers for all three di erent lengths of molecules are shown in Figure 1.11(c).
Additionally, the authors highlighted that the observed di erence in e ective barrier en-
ergies arises from two di erent spin orientations. In other words, the "unfavorable spin”
in the electron transport mechanism through the chiral molecule is associated with an
elevated energy level, estimated to be about 1eV higher. This energy di erence can be
related to twice the value of Hoc, as discussed earlier in this section. Consequently, to
explain the spin-selective conductance in dsDNA molecules shown in Figure 1.11(a), a
Hsoc strength of approximately 0.5€V is required.
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Figure 1.11: (a) Displays the I-V curves obtained from dsDNA oligomers of three di erent
lengths (26, 40, and 50 bp). Measurements were taken with the substrate's magnetization
either in a parallel (represented by redl-V curves) or antiparallel (indicated by blue I-V
curves) orientation to the substrate's surface normal. (b) Presents the di erentiated dl/dV
curves based on thd-V curves shown in (a). (c) Depicts the e ective barriers derived from
the dl/dV graphs in (b) for the three dsDNA oligomer lengths. Comparisons are made when
the substrate's magnetization is parallel (illustrated in red) and antiparallel (illustrated in
blue) to the surface normal. Figures are adapted from Ref. [36].

In order to address this discrepancy, further theoretical investigations have been car-
ried out. These studies aimed to identify potential mechanisms that could explain the
enhanced spin selectivity in electron propagation through chiral molecules, with a partic-
ular emphasis on examining the type of experiment from which the spin selectivity was
obtained.

Several research groups have explored the theoretical aspects of the photoemission ex-
periments using scattering theory in various models [64,67,70 72]. Initially, Yeganedt

al. addressed this issue by enhancing the SOC strength through modifying the electron's
e ective mass [64]. This adjustment resulted in non-negligible spin polarization values,
despite still being inconsistent with experimental results. Subsequently, the considera-
tion shifted towards the cumulative e ect of atomic SOC from each atom within a chiral
molecule, accounting for multiple electron scattering events during transmission [67,70,72].
Even after these modi cations, the estimated spin polarization values did not agree with
experimental ndings. Additionally, a number of theoretical studies have utilized SOC-
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adjusted Hamiltonians to examine the transport properties of electrons through chiral
molecules, with a particular emphasis on DNA oligomers [65, 73, 74], proteins [75], and
[13]helicene molecules [76]. While some of these studies speci cally investigated these
molecules, others took a broader approach by examining electron transport in the pres-
ence of a general chiral potential [66,77]. Despite these e orts, the spin polarization values
estimated through these theoretical models were 1-2 orders of magnitude smaller than the
experimental values previously reported for electron propagation through these types of
molecules.

The above mentioned signi cant gap between theoretical and experimental values suggests
that SOC alone might not fully explain the observed spin-selective electron conductance
through chiral molecules [78]. Therefore, further theoretical investigations have been con-
ducted to identify other potential mechanisms that could support e ective spin selectivity

in electron transport through chiral molecules.

In one such approach, Gerstert al. proposed that the strong SOC does not originate
from the chiral molecules themselves but from the substrate upon which the molecules
are adsorbed [32]. Speci cally, they attempted to take advantage of the strong SOC of
the Au substrate, commonly used in early photoemission experiments. By doing so, they
calculated spin polarization values in line with those reported in experimental studies.
Building upon this theory, Alwan and Dubi further suggested that the CISS e ect is, in
fact, an interface-induced phenomenon, stemming primarily from the pronounced SOC
in the electrodes (substrates) [33]. However, as mentioned in section 1.3.1, experimental
ndings demonstrate that the CISS e ect is not dependent on the substrate. This is
evident from the high spin polarization values obtained from chiral molecules placed on
substrates with relatively low atomic numbers like Al and Cu, which do not possess strong
SOC.

Another interesting approach was proposed by Michaeli and Naaman [79], considering the
ampli cation of a weak SOC through a secondary mechanism. Their hypothesis postu-
lates that when molecules adsorb onto a substrate, the substrate's surface electric eld
induces a charge dipole across the molecule due to its polarisability. Even small SOC,
which acts on the displacement current during the formation of the electric dipole, leads to
opposite spin accumulation at the poles. For further elaboration of this concept, one can
refer to the model suggested by Ghosét al. This model, based on Michaeli's hypothesis,
presents a slightly di erent scenario where the chiral molecule is sandwiched between two
metallic leads and subjected to an externally applied electric eld [80].

Figure 1.12 illustrates a schematic representation of this model. Due to the externally
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Figure 1.12: Schematic representation of a qualitative model showing the formation of a
charge dipole on the molecule upon applying an external electric eld, leading to di erent

energy barriers for electrons with di erent spin orientations, up and down, as they attempt

to tunnel through the molecule. Figure adapted from Ref. [80].

applied electric eld, charge separation occurs within the sandwiched molecules. This
charge separation can also lead to spin separation as a consequence of the CISS e ect,
which is illustrated by two curves depicting the density of states for spin-down (green
curve) and spin-up (purple curve) electrons. As shown in the gure, electron densities
shift towards the positive pole. However, the CISS e ect results in a di erent response
between the two spin states. The spin-up electron, aligned favorably with the molecule's
handedness, progresses further towards the positive pole, while the spin-down electron is
left behind.

When a subsequent electron, driven by the external electric eld, attempts to move
through the molecule from the negative to the positive pole, its propagation is in u-
enced by its spin alignment. If the electron possesses a spin-down orientation, the Pauli
exclusion principle hinders its forward movement. Conversely, for a spin-up electron, the
Pauli exclusion principle permits its movement. This distinction in electron movement is
explained by Pauli's spin repulsion. The di erence in these scenarios translates to di er-
ent energy barriers for electron propagation within the chiral molecule according to their
spin characteristic, denoted as E. This model represents a combination of a small SOC
with an amplifying spin-blockade-like scenario. The resulting ampli cation e ect is com-
parable to tunneling through a magnetic barrier, where a minimal energy splitting gets
magni ed by an exponential term in the tunneling regime [80]. In a basic calculation, we
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can express the di erence in energy barriers asE = P - Egst, where P represents
the spin polarization and Est denotes the energy splitting between singlet and triplet
states due to Pauli repulsion. Assuming that the usual energy splitting between singlet
and triplet states, which can also be referred to the exchange interaction responsible for
spin blockade in hydrocarbons, is about 1eV. Thus, a small initial SOC-driven spin po-
larization of 3% would result in an energy splitting of 30 meV [80]. As we can conclude,
taking into account a secondary process that ampli es the small SOC e ect to explain
the signi cant CISS e ect was a valuable qualitative approach.

In other theoretical approaches, scientists have considered various e ects and parameters
that could help us progress towards understanding the CISS e ect. While a detailed
explanation of these theories is beyond the scope of this work, a brief overview of some
notable ones is bene cial.

One of the parameters in uencing spin polarization achieved through electron propaga-
tion within chiral molecules is molecular length. While the CISS e ect has been observed
in various molecules of di erent lengths, as discussed in Sections 1.3.1 and 1.3.2, exper-
imental ndings indicate a correlation between molecular length and the resulting spin
polarization values. This correlation can also be veri ed theoretically [29 31]. Theoretical
calculations suggest that the estimated spin polarization value for electrons propagating
through a chiral molecule generally increases with the length of the molecule or the chiral
potential.

As part of a di erent approach, Franssonet al. provided an alternative point of view.
They noted that although most experimental work was performed at room temperature,
many proposed theories did not consider lattice and molecular vibrations. Therfore, they
proposed a theoretical model that includes the vibrational contribution to the spin-orbit
coupling, capturing all observations and yielding spin polarization values consistent with
experimental results [31, 81].

Alternatively, Liu et al. suggested a completely novel approach by asserting that SOC in
the chiral molecule is too small to account for the CISS e ect. They introduced an orbital
polarization model with SOC from the electrode to explain CISS in transport. In this
model, as electrons pass through the chiral molecule, they become orbital-polarized, and
the orbital polarization is converted to spin polarization by the SOC in the electrodes [82].
While this model o ers a plausible explanation for CISS-related magnetoresistance, it can-
not be universally applied to other ndings, such as those from photoemission experiments
or enantiospeci ¢ adsorption.

In summary, it should be emphasized that the theoretical investigations that have been
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explored so far primarily focus on describing the CISS e ect in terms of transmission,
transport, and magnetoresistance phenomena. Nevertheless, as highlighted earlier in Sec-
tion 1.3.4, the eld of enantiospecic adsorption of chiral molecules on ferromagnetic
substrates is still in its early stages. Only a handful of experimental reports have been
published on this topic. Therefore, the theoretical framework surrounding this area re-
mains underdeveloped [34].

Despite considerable progress has been made over the past decade, a comprehensive model
that quantitatively accounts for all experimental ndings has yet to be established. Con-
sequently, the CISS e ect remains a fascinating and signi cant research area, engaging
the curiosity of scientists who aim to deepen our knowledge of its underlying mechanisms
and implications.

1.5 Filling the gap

It has been stated in previous chapters that, although the CISS e ect is evident in a wide
range of experimental results, the theoretical framework to fully elucidate the mechanism
remains underdeveloped. Various scienti ¢ investigations over the years have attempted
to provide a theoretical foundation for the pronounced spin selectivity of chiral molecules.
However, a conclusive and universally accepted theory that can comprehensively address
experimental observations has yet to emerge.

One of the primary challenges is to bridge the gap between experimentally studied real
systems and theoretically modeled idealized systems. Experimental research generally
involves molecular ensembles, yielding information that is averaged across various con g-
urations, such as absorption sites, geometries, or paths of electric current. Additionally,
the majority of experiments take place under ambient conditions that require protective
measures, like a gold coating layer on ferromagnetic substrates, or lead to the presence of
extra adsorbates, such as water due to atmospheric humidity, factors that are typically
not considered in theoretical models. Thus, the need for a well-de ned experimental sys-
tem that can be carefully investigated is crucial for closing this gap, allowing for a deeper
understanding of the CISS e ect and its underlying mechanisms [83]. This is essential
not only for advancing our knowledge of the phenomenon but also for developing new
technologies and applications that rely on it.

In this doctoral project, we adopt a surface-science approach to investigate the CISS
e ect in chiral heptahelicene molecules, a member of the chiral helicene family. These
molecules have been theoretically [76,83,84] and experimentally [28, 39] studied for the
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CISS e ect. We deposit a racemic mixture on clean, perpendicularly magnetized single-
crystalline ferromagnetic surfaces under UHV conditions, preferring this over depositing
from solutions. Using high-resolution spin-polarized scanning tunneling microscopy and
spectroscopy (SP-STM/STS), we analyze molecular adsorption geometries and identify
the handedness of the individual molecules. This enables us to focus on discrete molecules
with unique adsorption positions on substrates, thus avoiding the need to average over
ensemble of molecules. Such precision facilitates an in-depth analysis of spin selectivity
across di erent enantiomers under otherwise identical conditions.

Ultimately, our goal is to develop an experimental model system that aligns more accu-
rately with theoretical frameworks in order to enhance our understanding of the CISS
e ect and by bridge the gap between experimental observations and theoretical interpre-
tations.
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CHAPTER 2

Experimental methods and materials

2.1 Vacuum system

In this PhD project, all experimental procedures were conducted in the UHV cluster
instrument discussed in this section. This setup, known as the Nano Spintronics Cluster
Tool (NSCT), consists of ve interconnected UHV chambers, as shown in Figure 2.1.
Each chamber is capable of independent pumping and sealing, allowing for in-situ sample
preparation and analysis under UHV conditions. For the sake of brevity, this description
focuses only on those equipment components directly relevant to this study.

1. Preparation chamber

The preparation chamber can be used to fabricate and analyze a variety of sample
systems. The chamber is equipped with a number of techniques, such as argon sput-
tering, high-temperature heating and ashing stage (particularly for tungsten crys-
tals), electron beam evaporators for ultra-thin Im deposition, low energy electron

di raction (LEED) analysis, Auger electron spectroscopy and X-ray photoelectron
spectroscopy. A motorized manipulator is available for moving the sample within
the preparation chamber and to the STM chamber. The manipulator is equipped
with a sample holder stage that can be heated or cooled separately. The preparation
chamber base pressure can achieve approximat@y) 10 °mbar.

2. LT-STM chamber
All scanning tunneling microscopy (STM) and spectroscopy (STS) measurements
were performed using an Omicron low-temperature STM (LT-STM). This STM
head is cooled using two bath cryostats: both can be lled with liquid nitrogen
to reach a temperature of approximately 78K, or alternatively, the outer cryostat
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Figure 2.1: Schematic drawing of the Nano Spintronics Cluster Tool. Figure adopted from
Ref. [85]

can be lled with liquid nitrogen and the inner one with liquid helium, thereby
achieving temperatures as low as 5K. Thanks to the reduced drift and enhanced
thermal stability at such low temperatures, the LT-STM is exceptionally suitable for
single-molecule microscopy and spectroscopy studies. Under standard conditions,
the LT-STM chamber can maintain a pressure of approximatel$.0 10 ! mbar.

3. Molecular chamber
The chamber is equipped with a custom-designed Knudsen-cell type evaporator, a
pressure gauge and a temperature sensor, which enables the determination of op-
timal sublimation conditions for precise molecular deposition at the sub-monolayer
level. In addition, it can be baked separately, allowing faster molecules exchange
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and preventing contamination of other chambers. The vacuum pressure remained
below2.0 10 °®mbar during the sublimation of molecules.

4. Load lock and transfer chamber

To introduce samples, molecules, or STM tips into the UHV system, they are initially
placed inside the load lock chamber. Subsequently, the chamber is pumped to
the desired vacuum level (approximatelyl.0 10 " mbar) utilizing a combination

of a roughing pump and a turbo-molecular pump. Once the desired pressure is
achieved, the gate valve is brie y opened to allow the transfer of samples into the
transfer chamber. There is a rail system within the transfer chamber that facilitates
the movement of samples to other chambers within NSCT at a lower pressure of

5.0 10 ©mbar.

5. Scanning electron microscope (SEM)
This chamber is equipped with a scanning electron microscope with polarization
analysis (SEMPA) and a focused ion beam (FIB) for the precise fabrication of
nanostructures. Although this chamber has many functionalities, it was not used in
the current PhD project, so further discussion of its features will not be included.
For more information, please refer to References [86, 87].

2.2 Scanning tunneling microscopy and spectroscopy

The scanning tunneling microscope is a technological revolution that has greatly impacted
the elds of nanoscience, surface analysis, and material science. Binnig and Rohrer in-
vented a device that takes advantage of the quantum tunneling e ect to overcome the
resolution limitations of conventional optical microscopes [88 91]. This advancement not
only allows researchers to visualize and examine the physical properties of nanostructures,
molecules, and even single atoms on surfaces with sub-angstrom resolution, but it also
enables the manipulation of individual atoms and molecules [92,93].

A typical STM operates by placing a sharp metal tip, assisted by a piezoelectric crystal,
extremely close to the sample surface at a distance of just a few Angstrom. At this prox-
imity, the electron wave functions of the tip and sample overlap, leading to the quantum
tunneling phenomenon. This allows electrons from the tip to traverse the tiny vacuum
gap to the surface or vice versa. When a bias voltage is applied between the sample and
the tip under these tunneling conditions, a net electric current starts owing, providing
information on the sample's surface characteristics. The tip, guided by high-precision
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Figure 2.2: A typical STM setup is schematically illustrated with an atomically sharp
metallic tip mounted on a piezoelectric element capable of moving the tip inx, y, and z
directions with atomic precision. The tip is brought close to the surface, and when the
distance between the tip and the conducting sample is within a few Angstrém, a tunneling
current (I1) is generated due to the applied bias voltage ¥gias). The STM probes the
sample surface by measuring this tunneling current.

piezo elements, explores the sample surface by monitoring the tunneling current as it
scans the surface [94,95]. The working principle of STM is shown schematically in Figure
2.2.

The essential concept underlying scanning tunneling microscopy is the tunneling e ect,
enabling electrons to pass through classically impenetrable potential barriers. To develop
a solid understanding and insight, it is helpful to study the theory of STM, starting with
the most basic example of tunneling: a one-dimensional rectangular barrier.

2.2.1 Tunneling through one-dimensional barrier

The fundamental concept of the tunneling process can be explained using the one-dimensional
rectangular barrier model depicted in Figure 2.3. An electron with enerdy is character-
ized by the wave function (z), which ful lls the time-independent Schrédinger equation.

2 A2

omaz AT V@ @=E @) (2.1)
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Figure 2.3: Energy diagram of a particle tunneling through a rectangular barrier.

where~ is the reduced Planck constant anan is the electron mass. The energy diagram
is divided into three distinct regions by the rectangular potential barrier:

8
2V, 0<z<d

z 0, otherwise.

V(z) = (2.2)

As shown in the diagram, regions | and Il represent classically permitted zones where
E >V (2). In contrast, region Il is a classically restricted area where a classical particle
with energy E <V cannot overcome the barrier. Due to the wave nature of electrons,
guantum mechanics allows electrons to penetrate through the barrier and to pass from
the rst region to the third. The Schrodinger equation’'s solution can be expressed as [96]:

I(Z): Aeikz + Be ikz
n(z)= Ce * (2.3)

n(z) = D + Ee "¢,

with

p___ VIR
2n(Vv.  E
__2ME 4 = 2V B) (2.4)

Kk

Since there is a non-zero probability of detecting the electron in region Il, the electron
can penetrate the rectangular barrier. To analyze the electron's transmission dependence
on the barrier, we apply continuity conditions to the wave functions and their rst deriva-
tives, obtaining the coe cients and de ning the transmission coe cient as the ratio of
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the incoming and transmitted wave amplitudes. The transmission coe cientl, which
represents the electron's ability to tunnel through the barrier, is de ned as:

D ? 1
T= — = i 2.5
A 1+ &+ . sinh?(d) @9

a7 2

Considering a thick and high barrier with strong attenuation( d 1), which aligns with
typical STM operating conditions, the transmission coe cient can be approximated as:

m- e (2.6)

Therefore, electron transmission across a barrier is exponentially associated with its width,
which corresponds to the distance betweeqn the tip and the sample, as well as the square
root of the e ective barrier height ( = 2m(V E)=-), which is approximated as
the average work function of the tip and sampfe This exponential dependence of the
transmission on the tip-sample distance and average work function of the tip and sample
provides a foundational insight. It is, however, necessary to develop a more detailed
theoretical framework in order to fully understand the underlying quantum mechanics
behind tunneling. This leads us to Bardeen's perturbation theory, which adds to our
understanding of tunneling phenomena.

2.2.2 Bardeen perturbation theory

Bardeen initially proposed a theoretical model for metal-insulator-metal tunnel junctions
using perturbation theory [97]. In this approach, the combined system is divided into
subsystems, and the electronic states of these subsystems can be determined by solving
their respective stationary Schrédinger equations. Bardeen demonstrated that when the
interaction between the two electrodes is weak, the tunneling probability between the
two unperturbed electronic states, and , is determined by the overlap of their wave
functions. In STM context, and represent the tip and sample states, respectively.

Iwork function measures the energy needed to remove an electron from a material's surface to a point
in the vacuum outside the surface. In STM, both the tip and sample have associated work functions.
The average of these work functions determines the e ective barrier height an electron has to overcome
to tunnel from the tip to the sample or vice versa.
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Utilizing Bardeen's framework, a rst-order time-dependent perturbation theory can be
employed to derive the subsequent expression for the tunneling currdn{98]:

| = ZTeX f(ENL f(E +eV)]jM j2 (E E). 2.7)

In this formulation, f (E) stands for the Fermi function, whileV refers to the applied
sample bias voltage. The tunneling matrix element between the unperturbed electronic
states  of the tip and of the sample surface is represented iy . Additionally,
the energy of the state is given by E , and the energy of the state is denoted by

E , both in the absence of tunneling. The function serves to express the conservation
of energy in cases of elastic tunneling. In this approach the tunnel matrix element is
expressed as:

=27

= >m as- r r . (2.8)

Integration is carried out over a surface that separates the two electrodes. To determine
the tunneling current, we need to consider all possible initial and nal states and multiply
them by the transition probability. In the case of low temperatures and small bias voltages,
the elastic tunneling current at a given bias voltagd/ can be obtained by integrating all
relevant states. Since the precise expressions for and  are typically not available,
Terso and Hamann developed a tunneling model based on an atomically sharp tip, where
only the last atom, speci cally the one nearest to the surface, contributes to the tunneling
process. Their model featured a spherical apex geometry (see Figure 2.4), with the tip's
curvature determined by radiusR. In their approximation of the tunnel matrix elements,
they took into account only s-like wave functions for the tip and disregarded contributions
from wave functions with angular dependence [98,99]. Moreover, they included a work
function (e ective barrier height between tip and sample) and an inverse decay length
of = P 2m = ~. Thus, the electronic state of the tip can be represented by:

(2.9)

Additionally, they assumed a constant density of states within the energy range of interest
and accounted for only elastic tunneling processes, implying energy conservation during
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tunneling. With these simpli cations in place, the tunneling current can be expressed
as [100]:

| = ZTGVX iM | (E  Eg) (E  Eg), (2.10)

whereEg is the Fermi energy, andE and E are the electron's energy in tip and sample
states, respectively. Utilizing the simpli ed approximation of the tip state presented in
Eq. 2.9, we can derive the subsequent expression for the tunneling current:

11 VER (B i (o) (E Eg), (2.11)

where the term ((Er) represents the density of states at the Fermi level for the tip. We
can also write down:

X . 2
s(EFro)=j (ro)j° (E  Eg), (2.12)

which indicates the local density of states (LDOS) for the sample at the Fermi level,
calculated at the central point of the spherical tip apex. The sample wave functions
exhibit an exponential decay in thez direction (toward the vacuum), such that:

i (j! e * (2.13)

Figure 2.4. Schematic sketch of Terso and Hamann's simpli ed tip-sample geometry. The
tip apex is approximated by the spherical form of radius R.
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and
j (o)1 e 2 (@R, (2.14)
whered is the thickness of the tunneling barrier. Thus, we can write:
s (EF.ro) s(Ep)e 2 (@R (2.15)

by including this expression into Eq. 2.11, we can derive a new equation that explicitly
reveals that the tunneling current exhibits an exponential dependence on the distance
between the tip and the sample, as well as a linear dependence on the applied bias voltage
and the local density of states (LDOS) of both the tip and the sample at the Fermi energy,

|/ V (Er) s(Ep)e 29. (2.16)

So far, our discussion has been limited to the case of small bias voltages. However, to
present a more practical situation, we must remove the restriction of small applied bias
voltage. By extending the Terso and Hamann model to include a nite bias voltage
window V, and assuming that the wave functions and corresponding energy eigenvalues
are invariant under the application of this bias voltage, we get:

2e Zev 2 ot (E\V)d
17 28 % (E eV) J(E)e 2 EVGE, 2.17)
0

q
where o = 2m o (E,V)=and ¢ (E,V) = %*ev E. The exponential com-
ponent in the above equation is commonly referred to as the transmission coe cient
T(E,V). Thus, the above equation can be reformulated as:
2e Zev
I/ — t(E eV) ¢(E) T(E,V) dE. (2.18)
0

Figure 2.5 displays a diagram of a tunneling junction with bias voltag¥ and the DOS for
both tip and sample. When a positive bias voltage is applied to the sample, the tunneling
electrons move from the tip's occupied states to the sample's unoccupied states. Con-
versely, with a negative sample bias, the opposite takes place. By appropriately selecting
the bias voltage, we can identify the electronic states contributing to the tunneling cur-
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Figure 2.5: Schematic representation of a tunneling junction between a tip and sample,
featuring arbitrary DOS, demonstrates that when a positive voltage V is applied to the
sample with respect to the tip, electrons from occupied tip states (on the left) tunnel into
unoccupied sample states (on the right). Varying lengths of arrows indicate that electrons
closer to the Fermi level of the tip have a higher probability of tunneling.

rent, and ideally, measure the local density of states in the sample. However, it should be
noted that tunneling currents do not directly correlate with LDOS. Rather, it is related

to the convolution of the LDOS of both the tip and sample over theeV energy range.

In addition, since the transmission coe cient T(E,V) is a function of energy and bias
voltage, electrons near the Fermi level of the negatively biased electrode have a higher
probability of tunneling. This is due to the fact that they encounter a lower e ective
barrier height. Therefore, these electrons make the most signi cant contribution to the
tunneling current as indicated in Figure 2.5.

2.2.3 Spin polarized tunneling

So far, the spin of the electrons contributing to tunneling processes has not been taken
into account. However, as this study focuses on magnetic substrates and the unique
spin-selective characteristics of chiral molecules, the role of electron spin in the tunneling
process becomes extremely important.

The theoretical basis of spin-polarized (SP)-STM can be explained by the Stoner model,
a framework that elucidates the behavior of ferromagnetic materials featuring itinerant
magnetism. Based on the Stoner model, electron exchange interaction favors parallel spin
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alignment. This alignment results in distinct densities of states for spin-up and spin-down
electrons, which results in a shift in energy between them. This shift results in a spin
polarization P that can be expressed as follows [101]:

8
. 2 positive; >0
P = e, P= >p i (2.19)
R " negative: - 4< 0,

here, - ( ) represents the DOS for spin-up (spin-down) electrons.

Obtaining spin-polarized STM data necessitates not only a magnetic substrate but also a
magnetic tip, essentially creating a tunnel junction between two ferromagnetic materials.
In such a con guration, it has been demonstrated that the tunneling conductance depends
on the relative alignment of the magnetization direction of the two electrodes [102 104].
This phenomenon, known as tunneling magnetoresistance (TMR), arises from electron
spins and serves as the basic principle underlying spin-polarized STM. Under the condi-
tions of low temperatures, small bias voltages, and assuming elastic tunneling process,
the spin-polarized tunneling current can be expressed as follows:

lep = lo(1+ P{Pscos ), (2.20)

where the tunneling current for the nonmagnetic case is denoted by, P; and Ps represent
the spin polarization of the tip and sample and the angle between the magnetization di-
rections of both electrodes is denoted as It is noteworthy that magnetic information can
only be obtained from di erential measurements, which eliminate the non-spin-dependent
current contributions. There are three cases of particular interest:

8
§|0(1+ P Ps), =0

| = |0, =90 (221)
“1o(1 PPy, =180.

In the case where =0 , the magnetization alignment of the tip and sample is parallel,

leading to the highest tunneling current. Figure 2.6a illustrates this situation, display-

ing the tunneling process between two magnetic materials (tip and sample) with parallel
magnetization alignment. The DOS for spin-down electrons at the Fermi level in both
electrodes is considerably larger than for spin-up electrons. As a result, many initial and
nal states are available for transport, generating a high current of spin-down electrons.
When spin- ip events are excluded, spin-down electrons from the tip will consistently
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tunnel into the spin-down states of the sample. Conversely, the DOS at the Fermi level
for spin-up electrons in both electrodes is low, with only a few initial and nal states
accessible for transport. This causes spin-up electrons to contribute signi cantly less to
the total tunneling current.

In contrast, the antiparallel alignment case with = 180 exhibits a high DOS for spin-
down electrons in the rst electrode but a low DOS in the second electrode, as shown in
Figure 2.6b. Despite the availability of many initial states in the tip, the limited number
of nal states in the sample restricts the tunnelling current. For spin-up electrons, the
DOS in the tip is low, while it is high in the sample, resulting in a small number of initial
states and large numbers of nal states. This condition leads to a reduced tunneling
current in both channels, and as a result, the junction's overall conductivity is low.

In the case of orthogonal alignment between the magnetization direction of the tip and the
sample, the spin-polarized component of Eq. 2.21 will disappear, and the tunneling cur-
rent will be the same as in a non-polarized tunneling proceéls;, = 1,). Thus, to achieve

a spin-polarized STM measurement, it is crucial to align the magnetization direction of
the tip and the sample along the same axis, or at least have a common magnetization
direction component. For instance, a tip with only in-plane components would be unable
to investigate the out-of-plane magnetic features of a sample.

While the discussions up to this point clari es the fundamental mechanism driving spin-
polarized tunneling between two ferromagnetic materials, it is essential to expand the
model to account for speci ¢ aspects of the STM junction in order to gain further insight
into the tunneling current's dependence on local properties like the sample's LDOS. This
was accomplished by Wortmanret al. [105], when they extended the Terso and Hamann
model to spin-polarized STM. In this context, the density of states for the tip is assumed
to be constant( -, {# = const), yet di erent for both spin directions ( ;» 6 ), which
accounts for the magnetization of the tipm, = ( - t#)* ew. In addition, unlike the
tip's DOS, the sample's density of states exhibits a dependence on spatial position as well
as energy. The terms (ro,V) and ms(ro,V) denote the energy-integrated LDOS and
the energy-integrated local magnetization of the sample, respectively, within the range
[EF;EF + eV]. In the case of nite bias voltages and low temperatures the tunneling
current can be described by the following expression [101, 105]:

|(r0,V, ): |0(r0,V)+ Isp(ro,V, )

(2.22)
1 (ro,V, )/ ¢ s(ro,V)+ mmg(ro,V)cos .
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Figure 2.6: Schematic representation of the spin-polarized tunneling process between a
magnetic tip and a magnetic sample. By applying a bias voltageV between the tip and
sample, a spin-polarized current is generated. (a) When the magnetization directions of
the tip and sample are aligned parallel, spin-down electrons from the occupied tip state
tunnel into the unoccupied spin-down states of the sample, contributing signi cantly to
the total tunneling current, as marked by the thick red arrow. In contrast, the limited
availability of initial states in the tip and nal states in the sample for spin-up electrons
results in a smaller contribution to the tunneling process, as represented by the thin blue
arrow. (b) In the case of anti-parallel alignment of the magnetization directions, spin-down
electrons from the occupied state of the tip tunnel into the unoccupied spin-down states
of the sample. However, due to the restricted availability of nal states in the sample, the
number of electrons participating in the tunneling process is limited, as indicated by the
thin red arrow. For spin-up electrons, despite the fact that there are many unoccupied
majority spin states in the sample's DOS, there are not enough spin-up electrons in the
energy interval betweenE and EF eV to contribute to the tunneling process, as shown
by the thin blue arrow. In general, the anti-parallel alignment results in a lower tunneling
current compared to the parallel con guration.

Utilizing the de nition of the m¢, along with the de nition of polarization in Eq. 2.19,
the tunneling current can be expressed as follows:

h i
|(r0,V, )/ lg 1+ PtPs(ro,EF + eV) cos . (223)

However, as seen from the equation above, it is especially challenging to directly extract
magnetic information from the tunneling current, considering that the spin-polarized tun-
neling current relies on the energy-integrated local magnetization of the sampla{ =
(g s#) ' ew). This problem occurs because the unpolarized terni,, constantly
increases as the bias voltag¥ rises, whereas the spin-dependent componeft,, may
remain constant or even diminish due to variations of the spin polarization within the
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analyzed energy interval. As a result, the tunneling current is typically dominated by

lo. Nevertheless, these challenges can be addressed by examining the di erential conduc-
tance di=dV, which will be covered in detail in Section 2.2.7.

To ensure the accuracy and reliability of spin-resolved measurements, precise calibra-
tion of the magnetic tip is crucial. This calibration is typically conducted using well-
characterized magnetic structures, such as bilayer cobalt islands or the domain structure
of bilayer Fe/W(110). The signi cance of this calibration process is further outlined in
Chapter 3, where these substrates are employed to calibrate our magnetic tips before
performing spin-polarized magnetic measurements.

In addition to exploring the theoretical principles of STM, it is important to acknowledge
the di erent ways in which this technique can be employed. In the following sections,
the operational modes used in this study will be described in order to provide a better
understanding of STM's potential and its signi cance to this research.

2.2.4 Constant current mode

The constant current mode is the most frequently used method in STM experiments. In
this mode, a feedback loop maintains a constant tunneling current by adjusting the height
of the tip above the sample surface. The feedback loop, through the control of a piezo-
electric driver and high precision piezo elements retract the tip from or bring it closer to
the surface if the current exceeds or falls below the set point val(kr), respectively, due

to sample topography or changes in LDOS [106]. As outlined in Eqg. 2.16, the tunneling
current depends not only on the exponential distance between the tip and sample but also
on the sample's LDOS. When analyzing constant current images, it is essential to realize
that they can only be regarded as topographic representations if the tunneling current is
mainly in uenced by geometric structures. Such examples, however, are rare in typical
STM measurements at atomic scales, so constant current images should be interpreted
as a representation of both sample apparent height and LDOS. Thus, the tip scans an
isosurface of constant integrated LDOS of the sample integrated over the energy window
given byEF E Eg + eV. Both the bias voltage and the set point tunneling current
are independent parameters in the experiment and the polarity of bias voltage determines
whether occupied ¥ < 0) or unoccupied states Y < 0) in the sample are detected.

As the STM tip scans the surface laterally, guided by a raster scan generator, the feed-
back loop continuously adjusts the tip's vertical position(z) based on changes in lateral

46



Experimental methods and materials

Figure 2.7. (a) The constant current mode in STM topography involves adjusting the tip
height to maintain a constant tunneling current while scanning the sample surface. There-
fore, the tip height will track the surface topography to a good approximation, providing a
visual representation of the surface. (b) In constant height mode, the tip height regulation
is switched o while the sample surface is scanned, and the tunneling current is measured.
As a result, variations in the tunneling current correspond to the surface topography. The
tunneling current decreases with increasing tip-sample distance, whereas tunneling current
increases with decreasing the distance, providing a visual representation of the surface to-

pography.

positions(x,y). In this mode, the height of the tip presents a comprehensive visualization
of the sample surface, as shown in Figure 2.7a.

2.2.5 Constant height mode

The constant height mode of STM maintains a xed height of the tip above the sam-
ple surface by switching o the feedback loop while the tunneling current varies during
scanning. In this mode, changes in the surface topography or LDOS will be re ected in
variations in the tunneling current, and by detecting these changes, the surface can be
mapped as shown in Figure 2.7b.

The constant height mode is an appropriate method for imaging atomically at surfaces,
can encounter di culties when applied to surfaces with considerable topographical varia-
tions, such as atomic step edges. For example, performing a constant height scan with the
feedback loop deactivated, particularly when the tip is in close proximity to the sample
surface, can be quite challenging. This may result in high tunneling currents and potential
damage to both the tip and the sample [106].

2.2.6 | V characteristics

The |l V curve mode is a key technique for probing the electronic properties of surfaces
at the atomic level in STM measurements. Measuring the tunneling current  as a
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function of applied bias ) between the STM tip and sample provides insight into the
material's LDOS, energy gaps, and potential barriers [95].

To obtainan| V curve, the STM tip is positioned at a xed location. The bias voltage is
systematically varied while the corresponding tunneling current is recorded. The resulting
curve is highly sensitive to the electronic structure of the sample. For example, metallic
samples typically exhibit a linearl V relationship, indicating a continuous density of
states, while semiconductors or insulators often exhibit nonlinear behavior due to energy
gaps.

In practical applications, once the STM tip is stabilized at the desired location above the
sample, the feedback loop is deactivated to maintain a constant tip height and the bias
voltage is swept over a speci ed range.

Thel V curve measurement mode has been an integral part of this dissertation, o ering
valuable insights into the interactions between chiral molecules and magnetic substrates at
the single-molecule level. These interactions, which are relevant to spin selective electron
transport, will be further explored in Sections 3.4 and 3.5.

2.2.7 dl=dV spectroscopy

One of the remarkable features of STM is its ability to determine the sample LDOS
with atomic precision in specic energy intervals. The tunneling current as a function
of bias voltage, provides information about the integrated density of states within the
range[Er; Er + eV], as explained in Section 2.2.3. To directly access the electronic states
within a speci ¢ energy interval, di erentiating Eq. 2.18 with respect toV reveals the
relationship between the di erential conductivity (dI=dV) and the sample's LDOS.

Ze
a0 (enTEev)+  YE ) ey EevydE
v, (T(E S'/V (2.24)
S (5) WTEY) e

dv

In the above equation, the second and third terms account for potential changes in the
DOS of the tip and the tunneling transmission probability as the bias voltage varies.
However, these contributions are often negligible in practiéd107]. Thus, in the rst

2This simpli cation is based on two key assumptions. First, it is assumed that the DOS of the STM
tip, (E), remains relatively constant over the small range of bias voltages typically used in STS.
Consequently, ?W‘ 0, allowing the second term to be ignored. Second, the tunneling transmission
probability, T(E,eV), is considered to change only slightly with the applied voltage, rendering the third
term negligible.
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approximation, the di=dV signal is proportional to the sample's LDOS, i.e.;s(eV). Ad-
ditionally, in a xed location, the transmission factor T(E, eV) exhibits a monotonic
increase withV, creating a smooth background signal where spectroscopic details are
superimposed. Since this increase is both steady and monotonic, any structure observed
in dI=dV as a function ofV can generally be attributed to changes in the density of state
through the rst term. As a result, it is possible to determine the LDOS of the sample
as an energy function at any speci ¢ point on the surface [108]. However, the tunneling
current is often too noisy to acquire reliable data solely through numerical di erentiation

of the acquiredl V curve. To address this issue, the lock-in technique is employed to
improve the signal-to-noise ratio and extract precise information about the LDOS of the
sample.

The lock-in technigue works by adding a small high-frequency AC modulatiofVmog) to

the bias voltage and subsequently detecting the tunneling current's response synchronized
with the same modulation frequency. By using a narrow bandwidth around the modu-
lation frequency, the lock-in ampli er Iters out noise and enhances the measured signal
quality.

By employing a Taylor series for the tunneling current, the following equation can be
formulated [106]:

di (V)

[V + VinogCOS(!t )) = 1 (V) + = Vinouco(!t ) + d?l (V)

Wv,ﬁodcos(!t ) +..., (2.25)

whereVnog and fog = =2 represent the amplitude and frequency of the applied mod-
ulation voltage, respectively. Thedl=dV signal is obtained by using a lock-in ampli er

to detect the rst harmonic.

The spectroscopiadl=dV data presented in this work were obtained using two di erent

methods:

Maps of di erential conductance
Point spectroscopy

Di erential conductance (dI=dV) maps were obtained simultaneously with the acquisition
of a constant-current topographic image while the feedback loop was closed. ThedV
signal was extracted by superimposing the DC bias voltagé,.s with a small sinusoidal
modulation having an rms amplitude oV,,q = 20 or 10 mV and a frequency of ,,oq = 752

or 875Hz. The tunneling current's modulation atf o4 is detected using a lock-in ampli er
and recorded as a function of the lateral tip position during a scan in a second data
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channel. Thedl=dV maps, to a large extent, depict the spatial variations of the LDOS
above the sample at the energy interval ofEr + €Mjas €Vinod : EF + €Wias + €Vinod]

In the present study,dl=dV maps were acquired using magnetic tips, which enabled the
investigation of magnetic properties and the magnetic domain structures of ferromagnetic
substrates of interest.

In the context of dI=dV spectra, the STS technique plays a crucial role in examining the
local electronic properties of a sample surface. During the STS curve acquisition process,
the tip is carefully positioned over a chosen sample location and stabilized at specic
bias voltage and tunneling current values. Once the tip is stabilized, the feedback loop
is deactivated to ensure that the tip-sample distance remains constant throughout the
measurement. Subsequently, the bias voltage is swept within a predetermined interval
to probe various energy levels of the LDOS. As the bias voltage is swept, the lock-in
ampli er detects and records thedl=dV signal. In this PhD project, dI=dV point spectra
were collected usually for adsorbed molecules, illustrating the di erent impact of various
substrates on the LDOS of the molecules. The amplitude and frequency of the applied
modulated voltage are the same as those mentioned for tde=dV maps.

The manuscript presented in Section 3.1 provides a more elaborate information of the
dl=dV maps of the investigated ferromagnetic substrates and the point spectra of the
adsorbed molecules.

2.3 Materials

As highlighted in Section 1.5, this study aims to establish an experimental model system
for studying individual chiral molecules deposited on ferromagnetic substrates in order
to enhance our understanding of the CISS e ect. In pursuit of this goal, we selected
heptahelicene, a simple chiral molecule, characterized by the helical arrangement of its
seven ortho-fused benzene rings that do not lie in the same plane (See Figure 1.2). Due
to its relatively simple structure, [7]H molecule stands out as an excellent candidate for
precise theoretical modeling and simulations, compared to the more complex and lengthy
molecules used in most of the previous experimental investigations.

Additionally, several studies have been conducted on this particular molecule, mainly em-
phasizing the self-assembly and crystallization processes that occur when the molecule is
physisorbed on di erent substrates [109 114]. The [7]H molecule also belongs to a family
of helical molecules whose spin selectivity has been studied previously [28, 39].
Considering the availability of precise modeling and the extensive scienti ¢ studies on
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the adsorption and geometrical con guration of this molecule at the atomic scale, this
molecule was likely to be a suitable choice for our single-molecule studies.

For the selection of substrate, we decided for well-established single-crystalline ferromag-
netic substrates: the Fe bilayer thin Ims on W(110) and bilayer Co nanoislands on
Cu(111), for which the formation, atomic structure, electronic, and magnetic properties
have been extensively investigated and are well established [115 126]. Both substrates
exhibit OOP magnetization. In the STM geometry, this OOP magnetization leads to
electrons tunneling with either positive or negative helicity, i.e. with a parallel or antipar-
allel projection of the spin onto the momentum vector. This feature is a prerequisite for
investigating the CISS e ect as an interplay between the molecule's chirality and the spin
of the electron.

In order to prevent unnecessary repetition, the explanations regarding sample preparation
and characterization, which covers substrate cleaning, deposition of ultra thin layers of
ferromagnetic materials, and the sublimation process of [7]H molecules, will be omitted
here. The manuscript presented in 3.1 elaborately discusses these topics.
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CHAPTER 3

Experimental results

In this chapter, the experimental results of this PhD study will be presented. Most of
the obtained experimental results have already been incorporated into three individual
scienti ¢ publications, therefore the published manuscripts for these publications will be
directly integrated into this chapter. Furthermore, the remaining data, which have not

yet been drafted into scienti c articles, will be presented and discussed in the following.

3.1 Manuscript 1: Deposition of chiral heptahelicene
molecules on ferromagnetic Co and Fe thin-Im
substrates

This section consists entirely of the above-named manuscript, providing a comprehensive
overview of the technical procedures involved in the preparation of ultra-thin ferromag-
netic substrates. The manuscript focuses on the characterization of these substrates'
atomic structure and magnetic properties. Following this detailed characterization, we
investigated the deposition of [7]H molecules from a racemic mixture onto three distinct
single-crystalline substrates: non-magnetic Cu(111), OOP magnetized bilayer Fe Ims
on W(110), and OOP magnetized bilayer Co nanoislands on Cu(111). Utilizing high-
resolution topographical and spin-polarized STM images, we examined the handedness
and in-plane adsorption orientation of several hundred individual chiral molecules, as well
as the magnetization of the underlying substrates (in the case of Fe and Co).

Our investigation revealed the persistence of OOP magnetization in the substrates follow-
ing molecular deposition, a factor that is critical for our subsequent investigations. This
persistence is especially signi cant when examining the CISS e ect, which involves the
interplay between electron spin and the handedness of chiral molecules.
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Manuscript 1. Deposition of chiral heptahelicene molecules on ferromagnetic Co and Fe
thin- Im substrates

Beyond the topographical STM data, we conducted point spectroscopy, which revealed
that [7]H molecules undergo physisorption on Cu(111) surfaces, while chemisorption takes
place on Co(111) and Fe(110) bilayers.

This manuscript is published in Nanomaterials and is available as [127].

Mohammad Reza Safari and Frank Matthes conducted the sample preparations and
the STM/STS experiments. Karl-Heinz Ernst synthesized and provided the molecules.
Mohammad Reza Safari, Frank Matthes and Daniel E. Blrgler conducted the data
analysis. Mohammad Reza Safari wrote the manuscript in close collaboration with
Daniel E. Burgler and Frank Matthes and with contributions from Karl-Heinz Ernst
and Claus M. Schneider.
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