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Deutsche Zusammenfassung

Die moderne Informationsgesellschaft benétigt immer leistungsfahigere und gleich-
zeitig auch gilinstige Bauelemente fiir integrierte Schaltkreise und Datenspeicher.
Dabei gelang es der Halbleiterindustrie bisher, diese Anforderungen durch eine ef-
fiziente Optimierung bestehender Technologien zu erreichen. Es ldsst sich jedoch
abschétzen, dass in naher Zukunft eine einfache Verkleinerung der Bausteine, die
im Zentrum aktueller Verbesserungen steht, an ihre Grenzen stoflen wird. In den
inzwischen erreichten Grofien weniger Nanometer spielen Quanteneffekte eine im-
mer wichtigere Rolle. Die auf der Halbleiterelektronik basierenden Technologien
lassen sich in diesen Grofien nicht mehr eins-zu-eins umsetzen. Es ist deshalb von
entscheidender Bedeutung fiir die weitere Entwicklung, neue Konzepte einzufiih-
ren, die diese Probleme nicht nur 16sen sondern sich diese Effekte sogar zu Nutze
machen. Es bleibt ein zentraler Punkt der Forschung, diese Ansitze weiter zu ent-
wickeln und eine Verwendung in kommerziellen Anwendungen voranzutreiben.

Ein auf solchen neuen Effekten beruhendes Konzept, das aus der heutigen Informa-
tionsgesellschaft nicht mehr wegzudenken ist, sind die Magnetowiderstande. In der
modernen Datenspeicherung spielt der Riesenmagnetowiderstand (giant magneto-
resistance: GMR) seit seiner Entdeckung 1988 eine entscheidende Rolle [1,2]. Seine
Anwendung in Lesekdpfen von Festplatten ermdglichte es {iberhaupt erst, heutige
Speicherdichten (> 375Gb/in? [3]) zu erreichen. Die Anwendung des GMRs in Fest-
platten ist ein gutes Beispiel fiir eine schnelle Umsetzung von der Grundlagenfor-
schung zur kommerziellen Anwendung. Das Hauptaugenmerk der intensiven For-
schung auf dem Gebiet der Magnetowiderstande lag auf der Verbesserung des Wi-
derstandsverhiltnisses, um noch hohere Speicherdichten zu erreichen. Einen weite-
ren Schub lieferten dabei Systeme, die nicht mehr auf dem Riesen- sondern auf dem
Tunnelmagnetowiderstand (tunneling magnetoresistance: TMR) beruhen [4,5]. In den
auf Eisen-Magnesiumoxid-Fisen-Kontakten basierenden Komponenten wurde ein
deutlich hoherer Magnetowiderstand gemessen. Diese verdrangten GMR-basierte

Bauelemente und wurden in der Folge in kommerziellen Festplatten verwendet. Ein



Deutsche Zusammenfassung

Problem der TMR-basierten Komponenten ist die geringe Stromdichte, da der Elek-
tronentransport zwischen den Elektroden mittels Tunneleffekt im Vergleich zum
metallischen Transport deutlich reduziert ist. Der Durchlasswiderstand steigt dabei
so stark an, dass bei kleinsten Nanostrukturen die Strome zu niedrig fiir hochfre-
quente Anwendungen werden. Deshalb wird in aktuellen Anwendungen wieder
verstarkt auf GMR-basierte Komponenten zurtickgegriffen [6]. Dabei muss der Fo-
kus nun darauf gelegt werden, Systeme zu entwickeln, welche hinreichend grofse
Magnetowiderstande haben und gleichzeitig klein genug fiir die gewiinschten An-
wendungen sind.

Nicht nur in der Datenspeicherung auch in der Elektronik liegt der Fokus auf einer
weiteren Verkleinerung der verschiedenen Komponenten. Ein vielversprechender
Ansatz dabei, als Nachfolgetechnologie zur Halbleiterelektronik, basiert auf dem
theoretischen Konzept von Aviram und Ratner [7]. Sie machten den Vorschlag,
einzelne Bauelemente, wie zum Beispiel eine Diode, aus einem einzelnen Mole-
kiil herzustellen und diese zu integrierten Schaltkreisen zusammenzufiigen. Dieses
Konzept leitete eine intensive Forschung auf dem dadurch entstandenen Gebiet der
molekularen Elektronik ein. Zu Beginn lag das Hauptproblem darin, geeignete Me-
thoden zur Untersuchung einzelner Molekiile zu entwickeln. In den letzten Jahren
haben sich zwei unterschiedliche Ansidtze — auf der einen Seite die Bruchkontakt-
messungen [8], auf der anderen Kontaktierungen mit dem Rastertunnelmikroskop
(scanning tunneling microscope: STM) [9] — sowie damit verwandte Methoden durch-
gesetzt. Darauf basierend gelang es in den letzten Jahren, einige Komponenten aus
Einzelmolekiilen herzustellen [8, 10-14]. Es bleibt aber weiterhin ein grofies Pro-
blem die Molekiile in reale Schaltkreise zu integrieren.

Das Ziel dieser Arbeit ist es, diese beiden Konzepte zu verkniipfen und Magneto-
widerstandsmessungen an Einzelmolekiilen durchzufiihren. Dadurch lieflen sich
GMR-Kontakte in der Grofle weniger Nanometer herstellen. Dazu musste eine ge-
eignete Methode entwickelt werden, die es moglich macht, den spin-polarisierten
Transport einzelner Molekiile zu messen. Der Ansatz dazu beruht auf der Idee, das
spin-polarisierte STM [15] fiir Kontaktmessungen zu verwenden. Der erste Schritt
war, eine geeignete Methode zu etablieren, den Magnetotransport tiber einzelne
Molekiile zu messen. Als Grundlage dazu dienten die Kontaktierungsmessungen
mit dem STM von Joachim et al. [9]. Diese Methode wurde in den letzten Jahren

verfeinert und auf unterschiedliche Molekiile angewendet [16—20]. Die Kontakt-
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messungen lassen sich dabei sehr gut mit anderen grundlegenden STM-Techniken
kombinieren. So lassen sich zum Beispiel Vibrations- oder magnetische Anregun-
gen mit Hilfe der inelastischen Tunnelspektroskopie messen [21-23]. Diese etablier-
ten Techniken sollten in dieser Arbeit mit dem spin-polarisierten STM kombiniert
werden, um die ersten GMR-Messungen an Einzelmolekiilen durchzufiihren.
Nicht nur als mogliche GMR-Bauelemente sind Einzelmolekiile ein vielverspre-
chendes Konzept fiir die weitere Verbesserung von Speicherdichten in Festplatten.
Fir Doménengrofien, welche in modernen Festplatten verwendet werden, ist es
schwierig eine ausreichend hohe magnetische Stabilitdt zu erreichen. Der Ansatz,
die Stabilitdt der lokalisierten Spins zu erhohen, ist, diese durch einen organischen
Molekiilkéfig zu stabilisieren. Diese Molekiilklasse, die einzelmolekularen Magne-
te, zeigen hohe magnetische Anisotropien welche fiir stabile Bits essentiell sind.
Sollte es gelingen stabile Bits aus den molekularen Magneten herzustellen, liefSe
sich die Doméanengrofse auf die Ausdehnung einzelner Molekiile reduzieren. Es ist
deshalb von entscheidendem Interesse, die Molekiile auf Oberflichen aufzubrin-
gen und zu untersuchen, wie sich dadurch ihre elektronischen und magnetischen
Eigenschaften dndern.

Diese Arbeit widmet sich diesen beiden magnetischen Anwendungsmoglichkeiten
von Molekiilen. In Kapitel 2 werden zuerst die Grundlagen sowie aktuelle For-
schungsergebnisse auf dem Gebiet des Magnetismus, der Rastertunnelmikroskopie
sowie der molekularen Elektronik prasentiert, welche fiir die weitere Arbeit von
Bedeutung sind. Kapitel 3 zeigt den verwendeten Versuchsaufbau sowie die ver-
schiedenen Materialien welche bei der Durchfiihrung verwendet wurden. Darauf
basierend wurden die ersten Transportmessungen an Einzelmolekiilen durchge-
fithrt. Phthalocyanine-Molekiile, die aufgrund ihrer Anwendungen in verschiede-
nen Systemen und Konfigurationen untersucht wurden [24], werden benutzt, um
die Transportmesungen zu etablieren. Phthalocyanine bestehen aus vier aromati-
schen Isoindoldoppelringen (CgH4N) die tiber vier Stickstoffbriicken eine geschlos-
sene aromatische Ringstruktur ausbilden. Durch Platzieren verschiedener Metalle
in der zentralen Kavitdt lassen sich die Eigenschaften der Phthalocyanine verdn-
dern. In Kapitel 4 werden die Ergebnisse fiir verschieden Molekiile (HyPc, CoPc
und MnPc) auf unterschiedlichen Oberflachen (Cu und Co) gezeigt. Dabei wurden
die unterschiedlichen Einfliisse auf den Transport, wie zum Beispiel die Hybridi-

sierung mit den Oberfldchen, anhand dieser Systeme untersucht.
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Basierend auf diesen Voruntersuchungen wurden magnetische Transportmessun-
gen an HyPc-Molekiilen durchgefiihrt (Kapitel 5). Dazu wurde H,Pc auf magneti-
sche Kobaltnanostrukturen aufgedampft und Transportmessungen mit einer ma-
gnetischen Kobaltspitze durchgefiihrt. So gelang es, die ersten Messungen des
GMRs von Einzelmolekiilen durchzufiihren. Diese bahnbrechenden Ergebnisse
konnten einen entscheidenden Beitrag zur fortschreitenden Miniaturisierung von
Speichermedien leisten, da sie relativ grofle Strome mit Widerstandsverhéltnissen
verkniipfen konnten, die fiir moderne Anwendungen benotigt werden.
Theoretische Rechnungen bestdtigen die experimentellen Messungen und liefern
eine physikalische Erklarung der Beobachtungen. Grund fiir den starken Einfluss
des nichtmagnetischen Molekiils auf den Magnetotransport ist die starke Abhan-
gigkeit der Hybridisierung der Molekiile mit den Elektroden vom Spinkanal. Dar-
tiber hinaus wurden GMR-Messungen an asymetrischen Fe/H,Pc/Mn-Konktakten
durchgefiihrt. Aufgrund der unterschiedlichen Hybridisierung mit den verschiede-
nen Materialen — auf der einen Seite das ferromagnetische Fe, auf der anderen das
antiferromagnetische Mn — wurde fiir dieses System ein negativer Magnetowider-
stand beobachtet.

Fiir die Untersuchungen der magnetischen Eigenschaften eines Molekiilspins wur-
den Chromacetylacetonate (Cr(acac);) verwendet (Kapitel 6). Diese bestehen aus
einem zentralen Cr>*-lon, welches von drei Acetylacetonatgruppen (CsH;O;) um-
geben ist und einen metallorganischen Komplex bildet. Die Molekiile besitzen
einen entarteten Spin-1/2-Grundzustand [25]. Fiir die Molekiile auf einer Cu(111)-
Oberflache beobachtet man, dass sich deshalb eine Kondo-Resonanz ausbildet. Dies
hat zur Folge, dass die Cr(acac)3-Molekiile keinen stabilen Spin mehr besitzen. Da-
bei ist die Kondo-Resonanz nicht nur auf das Molekiilzentrum beschrankt, sondern
sie tritt auch in der Umgebung der Kondo-Storstellen auf. Ahnlich wie fiir Quan-
tenspiegel [26] ldsst sich dies anhand der Einfliisse des Oberflaichenzustandes des
Cu(111) erkldren. Cr(acac)s3-Molekiile lassen sich also nicht fiir magnetische Bits
verwenden, stattdessen bilden die beobachteten Ergebnisse eine Grundlage fiir eine
weitere Untersuchung verschiedener Interferrenzeffekte der Oberflaichenzustande.



1 Introduction

In the last decades, remarkable progress has been made in semiconductor industry
towards the miniaturization of electronic devices following Moore’s and Kryder’s
law [27,28]. Since the modern information society needs increasing computing
power and storage capacity accompanied by a cheap production, a lot of efforts are
put into this development. Most of today’s applications are based upon semicon-
ductor technology. The recent developments were mainly achieved by optimizing
geometries and downsizing existing devices. The physical limits of this top-down
approach will be reached in the foreseeable future since devices of the size of sin-
gle atoms or molecules will be required. Thus, the understanding of the electronic
and magnetic properties on the nanometer scale plays an important role for future
applications. Since devices on the molecular level introduce new physics, this field
attracted significant interest after the theoretical prediction of devices constructed
out of single molecules made by Aviram and Ratner in 1974 [7]. Although intense
research was done in this field in the last years, there are still many problems which
have to be solved on the way to future applications.

In most of modern hard disks, read heads based on magnetoresistance effects are al-
ready present. Starting with the discovery of the giant magnetoresistance (GMR) in
1988 [1,2] and its application in hard disks, storage densities increased rapidly and
enabled cheap hard disks with large storage capacities. This is a prominent example
of the fast incorporation of fundamental research in industrial applications [29]. In
the last years, devices based on the tunneling magnetoresistance (TMR) effect [30]
outperformed the GMR devices [4,5]. The TMR based components are facing an-
other problem with downsizing: due to their high areal resistances, the currents for
very small devices become too low for high frequency applications. However, in the
GMR case, the magnetoresistance signal becomes too small. The latter problem can
be addressed by decreasing the size of the devices and simultaneously keeping the
current densities and the magnetic sensitivity on a sufficient high level [31]. More-
over the application of GMR based devices is not only restricted on read heads.
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They are widely used in different sensors for example in automotive or biological
applications [32—-34].

A promising idea on the way of downsizing the magnetoresistance devices is to
apply GMR building blocks based on single molecules. There are several studies
focusing on the magnetoresistance of systems partly consisting of organic mate-
rial [35—38] even on the single molecular level [39]. But all of these measurements
were performed in the tunneling regime through organic films facing the same
problems of high areal resistances. This issue shall be focused in this work, making
the transition from the TMR to the GMR regime for single molecules.

The application of single molecules in data storage devices is not restricted on com-
ponents based on magnetoresistance effects. Increasing of the storage density by
downsizing the individual bits faces the problem of decreasing stability. Thus, the
application of single molecular magnets is an auspicious approach [40, 41]. These
molecules consist of magnetic ions carrying a spin serving as magnetic bit and a
surrounding organic ligand. The organic part is destined to stabilize the spin of the
ion and shield it against external influences. For application as magnetic bits, they
have to be placed on a surface. Thus, they have to be studied when they are in con-
tact with the surface, since the adsorption strongly influences their properties [42].
The scanning tunneling microscope (STM) [43] is a powerful tool to address both
interesting aspects of molecular magnetism. It was introduced as one of the best
methods to study the electron transport on the molecular level [9]. The STM
tip is used to contact the molecule which is adsorbed on the surface. By doing
this, a molecular junction is formed, which can be used to determine the conduc-
tance properties of individual molecules. For studying magnetic properties of sur-
faces or adsorbed nanostructures, the STM offers the possibility of using magnetic
tips [15] as well as applying inelastic tunneling spectroscopy to study
magnetic properties [21,22].

This work combines the different STM techniques for the study of different proper-
ties of individual molecules. At first, in chapter 2, an introduction to the magnetic
effects, which are important for the following work, and to STM is given. The
experimental setup as well as the samples used in the experiment are presented
in chapter 3. Phthalocyanine molecules, widely studied in different systems and
configurations [24], were used to establish the molecular transport measurements.

By changing the surfaces and the metal cations inside the molecules different influ-



ences on the transport were studied (chapter 4). With applying spin polarized STM
in the transport measurements, it was possible to measure the magnetoresistance
of an individual molecule in the contact regime shown in chapter 5. By this the
tirst successful measurements of the GMR of an individual molecule could be mea-
sured. The groundbreaking success combining relatively large conductances with
a high GMR ratio offers the huge possibility of contributing to downsizing of data
storage devices. In chapter 6, a second class of molecules — the acetylacetonate —
were used to study the magnetism of a metal ion shielded against the surface by
organic ligands.

The theoretical DFT calculations supporting this experimental work have been per-
formed by Ferdinand Evers and Alexej Bagrets of the Institute of Nanotechnology
of the Karlsruhe Institute of Technology.






2 Experimental and theoretical background

The basis of research on molecular spintronics is to have the knowledge of funda-
mental properties. For spintronics, this is especially the magnetism of the different
parts. Here the electrodes of the molecular junction play an important role. After
understanding the magnetism of the bulk, magnetoresistance effect become pivotal
when transport between ferromagnetic leads is examined. But for metal-organic
molecules, the magnetism is not limited to the electrodes: the metallic part can
cause different interesting effect as for example the Kondo effect. Thus, the present
chapter will start with an introduction to magnetic effects, which are important for
the present work. To address the different properties the scanning tunneling mi-
croscope (STM) with its various operational techniques has proven its high impact
on modern research. The STM is the method of choice for studying the magneto-
transport on individual molecules. The basic working principles and the different
techniques will be described in the second part. The chapter completes with an in-
troduction to molecular electronics and its impact on optimizing modern devices.
The different methods to study molecular properties — especially with the STM —

will be presented.

2.1 Magnetism

The phenomenon of magnetism is already known since 4000 b. c. The most famous
application is still the compass for the orientation in the magnetic field of the earth.
Since Gilbert started the scientific research in the field of magnetism in the 16th
century, many additional applications of magnets have been introduced. In mod-
ern information technology, magnetism plays a remarkable role especially in the
character of spintronics, combining electronics with spin effects. Two main discov-
eries, which are fundamental for this work, strongly affected the evolution of data
storage devices: today’s storage densities in hard disks — exceeding 350 Gb/in? [3]

— would be impossible without using one of two fundamental magnetotransport
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effects: the tunneling magnetoresistance (TMR) [30] and the giant magnetoresis-
tance (GMR) [1,2]. Both effects describe the transport between two magnetic leads
separated by a spacing layer. The difference between the two effects is related to
the nature of the spacing layer. While for the TMR the transport takes place via
tunneling between the electrodes over a non-conductive layer, the GMR is domi-
nated by interface effects in a conductive regime. A theoretical understanding of
the ferromagnetism of the leads is essential and should be illustrated in the first
section. Afterwards, an introduction to the TMR and GMR will be given.

2.1.1 Theoretical description of ferromagnets

The first theory focusing on ferromagnetic materials, namely the Weiss model, used
localized moments to describe the spontaneous magnetic order in ferromagnetic
materials [44, 45]. For rare earth metals this model is a good description because
in their case the magnetism is dominated by the f electrons, localized around the
atomic nuclei. For transition metals, magnetism originates from the d electrons,
which are delocalized over the crystal and thus forming the conduction band.
Motivated by the discrepancy between the Weiss model and the ferromagnetism
of transition metals as well as the introduction of the band models for electronic

states in metals [46], Stoner proposed in the 1930s his model based on three postu-

lates [47,48]:
¢ The d electrons are responsible for the magnetism.
® The electrons have to fulfill Fermi statistics.

* The exchange interaction between the spins is treated as a molecular field

contribution in the Hamiltonian.

The basis of the Stoner model are two paramagnetic electron bands which are iden-
tical for both spin directions (see Fig. 2.1(a)). In an external field, the bands are
split for the two opposite spin channels due to the energy shift caused by the Zee-
man energy. As the Fermi energy for both channels must remain on the same level,
the occupation numbers depend strongly on the spin channel.

For ferromagnetic materials, the interactions between the electrons are described in

terms of a molecular field contribution to the energy. The molecular field results in

10
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an band splitting of
em = —kpbmd, [2.1]

where 0\ = 18NMo/ky and ¢ = M/M, are the characteristic parameters. When the

occupation numbers
n
”T/izz(lié) [2.2]

are compared with the occupation numbers derived from the density of states
(DOS) the equilibrium state is given in dependence of ¢:

kBGM_ 1
e 2 (1+¢)

2
3

QAN

—(1-9¢) [2.3]

The result can be divided in three regimes:
1. ksbu/ep < 0.67: the system is non magnetic since ¢ vanishes
2. 0.67 < ksbm/ep < 0.79: the system is weak ferromagnetic
3. 0.79 < ksOm/ep: the system is strong ferromagnetic since ¢ ~ 1.

With introducing the DOS at the Fermi edge, the condition for spontaneous mag-
netization can be rewritten to the well known Stoner criterion

2

This means that a material becomes ferromagnetic when the either the DOS
at ep or the molecular field term, which is a characteristic material property,
becomes large.

If the Stoner criterion is fulfilled an internal exchange field causes the band splitting
(see Fig. 2.1 (b)). Hence, filling the bands to the Fermi energy results in an sponta-
neous magnetization of the system, since in the so-called majority band there are
more states to be filled. This finally results in a net magnetization of the itinerant
electrons and can explain the finding that the transition metals show magnetic mo-
ments that are non-integer in units of the Bohr magneton.

Since in the Stoner model the conduction band of a ferromagnetic material car-
ries spin, the charge transport is always combined with spin transport. The states

around the Fermi edge of the system dominate in the electron transport. Therefore,

11
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the important quantity for spin transport is not the magnetization of the system
but the spin polarization at the Fermi edge. Under certain conditions the transport
can mainly be conducted by the minority channel. The DOS sketched in Figure 2.1
shows an exemplary case where the spin polarization is of opposite sign than the
magnetization: there are more states at the Fermi energy for the minority channel.

2.1.2 The tunneling magnetoresistance

In general, magnetoresistance describes the transport across a device in depen-
dence of the magnetic field or the magnetic configuration of the components. In
the case of TMR and GMR it is the transport across a non-magnetic spacer sand-
wiched between two ferromagnetic leads. In both effects, the resistance depends
on the relative magnetization of the electrodes but it relies on a different conduc-
tion mechanism. For the TMR it is an insulating spacing layer, that separates the
two electrodes (see Fig. 2.2). This means that electrons are transmitted between the
two electrodes via tunneling as described in more detail in section 2.2.1. During
the tunneling process, the spin of the electrons is conserved. In case of parallel
magnetized layers the electrons from the spin-up band of the source tunnel into the
spin-up band of the drain and vice versa. For small voltages only the states at the
Fermi edge contribute to the tunneling. A channel with a higher spin polarization

(a) E (b) Ey

el

Figure 2.1: (a) Schematic density of states (DOS) picture for the two spin channels of a
paramagnetic material without external field. (b) The bands are split for ferromagnetic
materials. The number of majority (1) electrons is higher than that of the minority ({)
ones

12
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Figure 2.2: Schematic image of a magne-

-
—_—
toresistance device. The magnetization
of one of the magnetic leads can be re-
versed and the current is measured in
dependence of the relative orientation.

at ep provides more electrons that can tunnel and more states to tunnel into. Since
the number of electrons that are transmitted across the junction is proportional to
both quantities, the transport strongly depends on the spin polarization. For a sym-
metric tunneling junction, the DOS for the analogous spin channels are the same in
the parallel case. Thus, the channel with the high DOS offers many electrons at the
source and many unoccupied states at the drain. This leads to a high contribution
to the electron current, which is of course much higher than the contribution of the
second channel with a low DOS at the Fermi edge. In the antiparallel case the spin
channels are crossed and hence there is in both channels one electrode with a small
DOS at eg. Therefore, the electron transport is quenched (see Fig. 2.3 (b)). Overall,
the complete conductance for the parallel case is higher. This effect is the so-called
tunneling magnetoresistance. The TMR ratio which is a measure for the strength
of the effect can be defined in three different ways:

¢ optimistic TMR:

G- -G
TMRopt = —— > =
* pessimistic TMR:
TMRpes = G> G>G<
e Asymmetry: c c
"=GTe.

Here G- and G< stands for the conductance of the spin configuration, for which

its value is higher or lower, respectively.
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2 Experimental and theoretical background

In 1975, Julliere was the first to report the TMR effect for ferromagnetic Fe and Co
tilms separated by a non-magnetic Ge spacer layer [30]. He also connected the TMR
ratio to the polarizations of the electrodes:

AG/G = 2P P, [2.5]

with the spin polarizations
D" — pmin
1 ]

maj in
D™ 4 pmin

and G being the average of the two channels. He reported an experimental TMR
ratio of ~ 14 % measured at 4.2 K. In 1989, Slonczewski generalized Julliere’s model
for arbitrary angles between the magnetization of the electrodes [49]:

G(0) = G(1 + PiipPsample cos0) [2.6]

For two antipodal magnetizations (6; = 0, 6, = 7) Julliére’s formula is reproduced.
In the 1990s, after the discovery of the GMR (see sect. 2.1.3) and its application in
hard disks, there was an high effort in optimizing MR ratios not only for GMR de-
vices but also for TMR devices. It begun with insulating spacing layers consisting

(a) parallel (b) antiparallel

Figure 2.3: Schematic description of the TMR: (a) in the parallel case the minority channel
has a strong contribution while the majority channel is quenched. (b) in the antiparallel
case either the source or the drain states are reduced. Thus, the conductance is smaller
than in the parallel case.
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2.1 Magnetism

of Al,O3 revealing TMR ratios of ~ 12% at room temperature [50,51]. For applica-
ton in read heads of hard disks, the Fe/MgO/Fe devices showed the highest TMR
ratio (~ 200% at room temperature) with a good technologic applicability [4, 5].
The crucial point is that the transmision across the MgO layer strongly depends
on the symmetry of the electron states and thus the spin of the electrons. Due to
this high MR ratios the MgO barriers are used in many modern hard disk read
heads, outperforming GMR read heads. Nowadays, with further downsizing the
magnetic domains of a hard disk, the TMR faces another problem. Due to the high
areal resistance of the tunneling junction the currents become too low for sufficient
small TMR junctions. Consequently, it is impossible to use such devices in high
frequency applications due to shot noise and impedance mismatch [52].

2.1.3 The giant magnetoresistance

The GMR is a second magnetoresistance effect which is closely related to the TMR
described in the previous section. The effect was simultaneously observed in the
groups of Peter Griinberg and Albert Fert in 1988 [1,2]. The first experiments have
been performed on Fe/Cr/Fe systems representing two ferromagnetic layers sep-
arated by a antiferromagnetic spacing layer. Since the spacing layer in case of the
GMR is conductive, the characteristics of its material have a stronger influence.
However, for GMR junction the main influence are the interface properties. The
hybridization between the different states of the two materials connected at the in-
terfaces generally depends on the spin channel. For example the majority states of
the leads hybridize much better with the spacing layer. Therefore, the transmission
of the electrons across the interface is much higher for this channel. For the sec-
ond channel exhibiting a lower hybridization the reflectivity is higher and thus the
transmission is quenched.

For a parallel alignment of the electrodes (see Fig. 2.4 (a)), this means that the trans-
mission over both interfaces is high for the majority spin channel. Hence, the elec-
trons can be transmitted ballistically over the whole device and the resistance is
small even though the minority channel does not contribute to the transport. In the
antiparallel case (see Fig. 2.4 (b)), the states of the spacer layer hybridize with the
majority states of each ferromagnetic electrode individually. Due to the antiparal-
lel alignment the hybridization is not across the whole structure. This results in a
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2 Experimental and theoretical background

(a) parallel (b) antiparallel

Figure 2.4: Sketch of the GMR for the two relative magnetizations. (a) For parallel alignment
of the electrodes, the same channel hybridize strongly with both electrodes. The electrons
are transmitted over both interfaces. (b) For the antiparallel alignment, the electrons are
reflected either at the first or second interface due to weak hybridization.

strong reduction of the transmission for the antiparallel alignment [1,2].

The GMR had a high impact on the data storage technology allowing a large in-
crease of the storage densities of hard disks. In 1997, IBM produced the first com-
mercial hard disk using GMR. The high impact on the research field of spintronics
resulted in awarding the Nobel prize in 2007 to Griinberg and Fert. For a long time
the main research on the field of magnetoresistance devices was to increase the MR
ratios. With the discovery of the high TMR ratios in MgO junctions [4, 5], their
values exceeded the GMR ratios. Therefore, the TMR became more frequently im-
plemented in hard disks. With today’s domain sizes, GMR junctions become again
more important. Due to their lower areal resistance the currents for TMR junctions

become markedly small.
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2.1 Magnetism

2.1.4 The Kondo effect

For individual spins that are adsorbed on a surface, different effects influences the
magnetic properties. One of the important effects that have been observed for mag-
netic molecules is the Kondo effect [53]. Originally, it describes a low temperature
anomaly of the resistance in metals with dilute magnetic impurities. It was discov-
ered by de Haas and van den Berg in 1936 [54]. It took some time until it could
be explained theoretically by Kondo in 1964. In his calculations he showed that an
additional spin term in the Hamiltonian is responsible for this anomaly [55]. The
increase of the resistance at low temperatures can be explained in the formation of
the so-called Kondo resonance at the Fermi edge causing a higher probability of
the conduction electrons to scatter from the impurity [56].

With the discovery of a closely related effect in transport measurements across
quantum dots [57-59], the Kondo effect experienced an important comeback. Also
for quantum dots, a Kondo resonance can be formed that is no longer responsible
for a decrease of the conductance but provides a channel for the electron transport
across the quantum dot. This results in a zero bias conductance [60, 61]. For the
formation of the Kondo resonance, several conditions have to be fulfilled: a degen-
erated ground state, the possibility to switch between the ground states by transfer
for example the spin to a lead electron, and strong coupling to the leads.

The Kondo resonance can be directly addressed by measuring the DOS of the Sys-
tem. The Kondo resonance appear as a Fano shaped peak at the Fermi edge. In

order to determine the characteristic Energy scales the peak can be fitted by the

2
eV+£0
dI r T4

W 1 ()

Here ¢ is the peak position with respect to the Fermi edge, I is half width at half

Fano function:

maximum of the peak, which is connected to the Kondo temperature
I'= kB TK [2.8]

and describe the caracteristic energy scale of the Kondo effect. A is the amplitude
of the peak and B the background, are fitting parameters. g describes the type of
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the Fano resonance. For small g the Fano resonance appears as a Lorentzian dip,
while for large g as a Lorentzian peak. g is directly connected to the coupling to
the tip: a large ¢ means a strong coupling to the Cr ion, while a small g represents
a strong coupling to the surface.

Since its discovery in quantum dots, the Kondo effect was detected in various dif-
ferent nanostructures, for example in carbon nanotubes [62] or semiconducting
nanowires [63]. In molecular transport the effect was discovered in individual di-
vanadium molecules [64] and in Cg molecules [53]. The latter showed the first
observed Kondo effect of a system with spin 1, which can be explained by an un-
derscreened Kondo effect [65]. Also for phthalocyanine molecules, this effect can be
observed after manipulating the organic ligand and thus the coupling to the sub-
strate [66]. Another interesting application of the Kondo is the use in spectroscopy

to determine spin states in molecular magnets [67]

2.2 Principles of the scanning tunneling microscope

Since its invention in 1982 [43], the use of scanning tunneling microscopy has
strongly contributed to the study of numerous properties of various systems. Its
boost on surface science resulted in awarding the Nobel prize to its inventors Bin-
nig and Rohrer in 1986. As all other scanning probe techniques, the STM usually
consists of a probe, i.e. the STM tip, built of a conductive material shaped as a
sharp tip and a sample, which in the case of STM must be conductive. Between
tip and sample a bias voltage is applied over the vacuum barrier separating them.
This results in an effective current utilizing the tunneling effect which is the pivotal
principle of the STM. After giving an introduction to the tunneling effect, the dif-
ferent working principles of the STM will be presented. In particular for studying
magnetic properties this are the different spectroscopy techniques and the spin-
polarized STM.
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2.2 Principles of the scanning tunneling microscope

2.2.1 Theoretical description of the tunneling effect

The tunneling effect

The easiest way to explain the tunneling effect is to treat the electron as a quantum
mechanical wave scattered at a finite potential barrier of the width a. The potential
of this model system is determined by

0 x<—ag,
V(x)=qVy, —a<x<a, [2.9]
0 x>a.

Classically, it would not be possible for the electron to be transmitted from one side
of the barrier to the other as long as its energy is lower than the barrier height Vj.
For a quantum mechanical treatment, one has to solve the Schroedinger equation

for this system. The resulting wave function has the form:

elk¥  pe—ikx  y <« g,
P(x) =13 ae* +he ™ —p<x<a, [2.10]

tetkx xX>a,

with k = v2meE/n and x = /2me(Vo—E) /n. At the barrier one part of the incoming

wave e** is reflected, represented by the part re

~i while the other part tel*
is transmitted to the other side of the barrier. Inside the barrier, the electron is
described by an evanescent wave decaying exponentially over the barrier width.
Using the four constraints for connecting the three parts of the wave function, the
four constants 4, b, r, and t can be calculated. This finally results in the transmission
probability T = |#?|:

1
T =

V2 .
1 + AWO_VO)SIHh(ZKa)

g
T E(E-W)

—2xa [2.11]
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2 Experimental and theoretical background

where the later simplification is valid for e ** < 1, which is always fulfilled in the
case of the STM.

Although this description of the tunneling effect is a quite simple approach it is
useful to understand the basic principle of the STM. The transmission probability
[2.11] and thus the tunneling current strongly depends on the tip-sample separa-
tion. Therefore, it can be used as a very sensitive measure for the distance between
two conductive electrodes separated by a tunneling barrier which is in the STM
geometry formed by the vacuum. This is used in the STM to map the surface of a
sample by scanning it with a conductive tip and measuring the tunneling current.
However, the remaining engineering challenge is to provide a stable system such
that a very precise control of the movement of the tip is possible. Therefore, the sys-
tem must be isolated against inner and outer vibrations that will otherwise highly
influence the imaging quality. The control of the movement of the tip is done as for
other scanning probe microscopes using piezo electric motors. Applying a voltage
on these piezo electric elements leads to a controlled movement of either the tip
or the sample. By using a two-stage system the coarse and the fine motion are
separated to combine high range with high precision.

The naive operation mode of the STM is to use the so-called constant height mode.
The tip is scanned at a constant z position above the sample while the tunneling
current is recorded. Thereby, a map of the tunneling current in dependence of the
x-y position of the tip is obtained. This allows to scan rapidly over the sample,
while it always bears the risk to crash into the surface, when it shows a high de-
viation in the height compared to the tip-sample separation. Nowadays, it is more
common to measure in the constant current mode. In this mode, the z position of
the tip is recorded while the current is kept constant. This is achieved using a feed-
back loop, that reads out the current and adjusts the height of the tip accordingly.
This slows down the possible scan speed, but helps to avoid tip crashes.

Bardeen’s approach and Tersoff-Hamann model

Most of today’s theories used to describe the tunneling process for STM are based
on the approach presented by Bardeen in 1961 [68]. This theory was originally in-
troduced to explain the tunneling in superconductor junctions. But its application

is not constricted to this context it can be used for various other systems in par-
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2.2 Principles of the scanning tunneling microscope

Figure 2.5: Schematic picture of the tunneling geometry in
the STM used in the Tersoff-Hamann model. R character-
izes the tip apex, g is the tip-sample separation.

surface

ticular for the STM geometry. The tunneling can be explained by a crossing from
an occupied state u of the source electrode to an unoccupied state v of the drain,
described by the tunneling matrix elements M,y For the correct description, one
has to ensure mathematically that the initial states are occupied as well as the final
ones are free. This is achieved by multiplication with factors of the Fermi function:
f(eu) or 1 — f(ey), respectively. The energy conservation can be ensured by a ¢
function. Thus, the tunneling current can be written as:

Tran — ZhEZf(sy)[l ~ Flen)] My P8 (e — e0). [2.12]
[TRY

The remaining challenge is to calculate the elements of the tunneling matrix

Myy = h_z/dg <¢;§lpv - lpvﬁl/];) [2.13]

2m

where ¥, and ¥, are wave functions of tip and sample in the absence of tunneling.
This means that the problem can be solved independently for tip and sample.

However, further analysis can only be performed for known electrode geometries.
The typical STM geometry is shown in Fig. 2.5. This model was at first used by
Tersoff and Hamann to calculate the tunneling current in the regime of small volt-
ages V and low temperatures T [69]. The foremost part of the tip has the strongest
contribution to the transport. Tersoff and Hamann claimed that it can be described
by a sphere with the radius R. Additionally the spherical s-type wave functions
decay most slowly in vacuum. Thus, in first order only their contributions must be
taken into account. With introducing the density of states of tip pyp(e) and sample
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Psam (&) the tunneling current is given by

Ttun Ptip(EF)Psam(rO/ EF)VGXP (2R V 2m¢/h> ’ [2-14]

where psam (70, Er) is a handy writing for the local density of states (LDOS) of the
sample at the position of the tip to combine the DOS of the sample with the trans-
mission of the barrier:

Psam(z,€) = psam (€)T(z,V,€). [2.15]

For larger voltages, which are relevant for most experimental needs, [2.14] must be
integrated over all the states that contribute to the tunneling current. This results
in:
eV
Tiun /0 depsam (Ep + €)ptip (ER + € —eV)T(z,V,e). [2.16]

The transmission can be calculated in the WKB approximation [70]:

T(z,V,e) =~ exp{—Zz\/z%n ($+ % — 8> } [2.17]

With this model one can explain most of the important features observed with STM.

The proportionality of the tunneling current to the LDOS of the sample means that
one measures a map of the LDOS rather than the real topography. For larger
voltages, [2.17] results in an exponential dependence of the tunneling current on
the applied bias. To get the actual LDOS this effect has to be corrected. It also
shows that the DOS of the tip plays an important role on the images. For this
purpose the usage of materials with a DOS as flat as possible around the Fermi
edge, for example W, is recommended
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2.2 Principles of the scanning tunneling microscope

2.2.2 Tunneling spectroscopy

But the STM is not restricted on measuring topographical images of surfaces. The
dependence on the DOS also implies the idea of using the STM as a technique to
measure it. This can be done by recording tunneling spectra. For higher energies
inelastic properties become important, which also can be addressed with STM.

Elastic tunneling spectroscopy

To measure the LDOS of a sample the particular derivative d//dv of the tunneling
current I(V) is taken at any point of the surface. For this purpose, the tip is kept at
a constant height above the surface and the I(V) curve is recorded by varying the
bias. The best method to get dI/dv in a good quality is to use a lock-in amplifier.
In this way the derivative is obtained by modulating the tunneling voltage with a
periodic signal and integrating the resulting tunneling current. Thus, the resolution
of the spectra is significantly higher than of the ones numerically derived from the
bare I(V) curves.

Since the Tersof Hamann approach and hence the direct proportionality of the tun-
neling current and the LDOS is only valid for small bias, the spectra measured for
larger voltage ranges have to be corrected. The fastest method to eliminate the high
voltage effects is to divide the differential conductance d//dv by I/v. A more exact
correction was introduced by Ukraintsev, which has to be used for spectra with

even larger voltage range [70].

Inelastic tunneling spectroscopy (ITS)

So far, only the elastic tunneling process is contemplated in which the energy of the
electron is conserved. When the energy of the tunneling electron exceeds certain
thresholds, inelastic excitations can be created. This means that another channel
opens for the transport, observable by a kink in the I(V) curve both for positive
and negative energy [71]. Since the contribution to the tunneling current is in most
cases relatively small due to a low cross section in the creation of the excitations, it
is hard to observe these kinks in the normal spectra. Therefore, it is recommended
to measure either the first derivative d//dv or even better the second derivative
d?I/qv2 [72]. The opening of a new channel can be observed as steps in the dI/dv or
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Figure 2.6: (a) Energy picture of the tunneling process. For low biases only elastic processes
are possible. If the energy is high enough it can excite for example an phonon and relax
to an unoccupied state. (b) This additional channel enhances the conductivity resulting in
a larger slope of the I(V) curve. (c) Since this effect is very small it is easier to be detected
in the dI/4v as a step or (d) as a pair of dip and peak in the 4*I/qv2.

a pair of dip and peak in the 4*I/d4v?, respectively (see Fig. 4.10). ITS has been used
to study various excitations like the phonon spectra of adsorbed molecules [21] or

magnons in thin films [23].

2.2.3 Spin-polarized scanning tunneling microscopy

In section 2.1.2 the TMR was introduced as an effect that describes the tunneling
in dependence on the relative magnetization between magnetic electrodes over a
tunneling barrier. Since the normal STM geometry is a tunneling junction as well,
one can directly think of using the TMR in a magnetic STM setup to study magnetic
properties of surfaces [15]. In the STM setup, one of the electrodes is formed
by the tip. To get magnetic images a magnetic tip has to be used. So far, three
different methods are reported, which were successfully used to get magnetic tips
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2.2 Principles of the scanning tunneling microscope

for magnetic STM imaging:
* non-magnetic tips coated with magnetic materials like Fe, Co, Cr or Mn
* bulk magnetic tips, for example CrO; [15]

* coil tips which are built of a core consisting of a soft magnetic material with
a low magnetostriction and a coil wound around the core. For these tips the

magnetization is induced by a coil current [73].

The methods have different advantages and disadvantages. The coated tips can be
prepared easily by deposition of magnetic material on ordinary wet-etched W tips.
By using different materials or film thicknesses the magnetization of the tip can be
varied from out-of-plane to in-plane orientation. Typically, it is difficult to control
the film thickness accurately to get the favored properties in a controlled way. An-
other problem is forming the tip inside the STM without loosing the information
about the actual magnetic properties of the tip.

These problems do not occur for bulk magnetic tips, while it is more difficult to
prepare the desired tip shape out of the bulk wires. Also changing the properties
of the tip from in-plane to out-of-plane magnetization costs much more effort, since
an entirely new tip is needed.

For both kinds of tips, it is not necessary to use ferromagnetic materials as mag-
netic coating or bulk material. Since the tunneling is determined by the last atom it
is also possible to use antiferromagnetic materials. The last atom which dominates
the tunneling has still a well defined spin polarization. The latter have the advan-
tage that the magnetic stray field of the tip is much smaller than for ferromagnetic

W tip
Figure 2.7: Sketch of a spin polarized STM. The tip consists
mag. coating of a W tip coated with a magnetic material. The surface
and the tip should show the same anisotropy. Here, for
example both are in-plane magnetized.
mag.

nanostructure

substrate
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tips and the influence on the magnetic properties of the surface is weaker.

The magnetic properties can be controlled best for the coil tips, since the magneti-
zation is completely determined by the induced field due to the current through the
coil. A second big advantage of this method is the possibility to change the mag-
netization direction of the tip in an easy way by reversing the coil current. For this,
tips with a very low magnetostriction are needed. However, it is very complicated
to prepare the tiny coils necessary for applying the field. For out-of-plane sensitive
tips, one has to fight very high stray fields. For in-plane sensitivity, ring tips are
used [74]. In this case the stray field is not this problematic since for a closed ring
the magnetic field lines are closed. For the connections of the coil, one needs a
three terminal STM setup. This makes the tip transfer inside the UHV setup nearly
impossible and reduces the measuring rate.

After implementing the tip as the first of the magnetic electrodes of the tunnel-
ing junction, information about the magnetic properties of the sample, serving as
the second one, can be gained. The spin polarization of the surface strongly in-
fluences the tunneling current. Thus, it can be used to obtain information on the
surface magnetism. The simplest method to extract the spin information is to use
topographic measurements, as it was done in the first sp-STM measurements by
Wiesendanger et al. [15]. Mono atomic step heights on the Cr(oo1) surface mea-
sured with a magnetic CrO, and a non-magnetic W tip are compared. While with
non-magnetic tips all steps are of the same apparent height, the measurements with
magnetic tips show an alternating step height. This can be explained by the layer-
wise antiferromagnetic structure of the Cr(oo1) surface. Since the spin dependent
component of the tunneling current is quite small, this effect is hardly observable.

For a better separation of the topographic and the spin information, spin polarized
tunneling spectroscopy is applied. Following the Stoner model, the DOS of the two
spin channels are split resulting in a spin polarization at most energies. Thus, the
derivative dI/dv at these energies depends strongly on the difference of the LDOS
between the two spin channels [75]. By measuring spatial resolved dI/dv maps at
different voltages, it is possible to gain information about the spin polarization of
the different points of the surface at the according energies. Areas with the same
polarization as the tip appear bright, the areas with the opposite one dark. For
intermediate angles values in between are observed. This method is quite power-

ful and it was used to study the surface magnetism for various different systems.
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2.2 Principles of the scanning tunneling microscope

The main problem of this spectroscopy mode is that there are still influences of
non-magnetic effects. For example for nanostructures, growth geometries often
play an important role which can also strongly influence the STS contrast (see
for example [76]).

The coil tips can be used for a third measuring method. By periodically reversing
the tip magnetization, the magnetic contribution to the tunneling current can be
completely separated from other ones. Since the effective polarizations in [2.6] is
reversed for opposite magnetization of the tip, the sum of opposite components
results in the non-magnetic contribution while the spin information can be directly
extracted from the difference [73].
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2.3 Molecular electronics

The increasing need for cheap and fast data processing and storage devices of mod-
ern information technology requires smaller and smaller electronic building blocks.
This ongoing optimization process will presumably reach the limit of downsizing
existing components in the foreseeable future. Alternative concepts based on new
physics become important in order to replace classical devices. One of these new
promising approaches is to use organic materials to build parts of the devices.
While for example for organic LEDs [77] or organic solar cells [78] the usage in
commercial applications is already reality, it is still a dream for the future in other
tields like in quantum computing or in data storage devices.

In the field of OLEDs the organic materials are mainly used to replace inorganic
parts of the classical devices. This approach adds new properties, for example
new electronic properties or the possibility to grow thin, flexible systems. Nev-
ertheless, this approach does not introduce a lot of new physics on the way of
replacing classical devices. But this is not the end of possibilities that are offered
to the field of electronics by using organic materials. Modern chemistry allows
to synthesize many different types of molecules. In combination with theoreti-
cal simulations, it is possible to design very complicated molecular systems that
reveal properties designed for special needs. Since the chemical synthesis of the
molecules is highly reproducible, all molecules have the same properties on a very
small lenghthscale. Thus, building single devices out of such molecules could be a
promising approach for replacing classical techniques. In 1974, Aviram and Rattner
were the first proposing this idea. They made the theoretical prediction for the use
of a single molecule to build a diode [7]. This proposition started a new field: the

single molecular electronics.

2.3.1 Measuring the transport properties of single molecules

The main problem of studying different properties in the framework of single
molecular electronics is to address these very small objects in the size of a few
nanometers in a controlled manner. These problem exists for most cases of ex-
amined properties: from electronic transport to magnetism. When the theoretical
proposition of single molecular devices came up in 1974, the experimental tech-
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niques were much behind. Hence, new methods to study these single molecular
properties had to be developed at first. Finally, in the mid 1990s, experimentalists
succeeded in establishing several techniques with distinct disadvantages and ad-
vantages. As the two main techniques prevailed the use of break junctions, where
molecules are put in between a small nanogap, and the use of the STM, where
molecules on a surface are contacted with the STM tip. Nevertheless, one should
not forget about other methods used today. In the following, an introduction to the
different methods should be given.

Break junctions

One possibility to measure the transport properties of single molecules is to pro-
duce a nanogap small enough to put a single molecule inside: the break junction
method. A metallic wire, normally produced by lithography, is broken by pushing
with a piezo actuator against the backbone of the substrate. By doing this, a small
gap is created. Its width can be controlled by the piezo motors of the setup. The
first transport measurements with the use of break junctions have been performed
by Reed and co-workers. They used gold electrodes coated with thiol terminated
molecules. The thiol groups have a high tendency to bind to the gold surface [8].
This should ensure the alignment of the molecules in the gap. The big disadvantage
of this method is the lack of knowledge of what exactly happens inside the junc-
tion. To determine the molecular conductance a high statistic is needed in order
to reduce the influence of the corrupt measurements with more than one molecule
bridging the gap. By opening and closing the nanogap repetitively and measuring
the conductance every time a high throughput is achieved. This leads to a widely
spread histogram, that show steps at the conductance values of the molecule. In
this way the molecular conductance is extracted.

A big advantage of the break junction method is the possibility to include a gate
electrode on the backside of the substrate. This allows a three terminal measure-
ment, more or less impossible with the STM. Via the gate voltage the molecular

orbital can be shifted and hence forming a molecular single electron transistor [79].
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Contacting with STM

In section 2.2, basic measuring techniques with the STM — topography plus elas-
tic and inelastic tunneling spectroscopy — have been introduced. For studies
of the molecular transport in the contact regime, these methods are not suffi-
cient.Nevertheless, it is self-evident that putting a molecule into the tunneling gap
seems to be a promising approach. Since the tip sample separation is controllable
very precisely with the piezo voltage, the manifest idea is to approach the tip to-
wards the surface atop of a molecule in a controlled way. If this experiment is
performed on a bare substrate, an exponential increase of the tunneling current
due to decreasing the tunneling barrier width is expected. The slope of the expo-
nential curve is determined by the work function of the substrate. When the rip
reaches the surface the exponential increase is stopped. In the point contact, the
moment when the front most atom reaches the first vacuum layer of the molecule,
one can observe a current of ~ 1Gy where Gy = % is the conductance quantum.
This can be used to determine the initial tip-sample separation.

In 1995, Joachim et al. have been the first applying the method of taking current-
distance curves atop of a molecule to determine its transport properties [9]. They
studied the electronic transport through single Cgp molecules. When approaching
the tip atop of the spherical fullerene, the establishment of the contact with the
molecule is observed when the exponential behavior fade to a constant one. The
transition to the contact regime is preceded by an increase of the slope directly
before forming the contact, indicating an attractive force between the tip and the
molecule resulting in an elongation of the Cgg. The current measured after reaching
the constant regime now directly gives the molecular conductance.

Since then, more and more transport studies across single molecules have been
performed with STM on various systems. Cgp remains a widely used molecule for
transport studies [16,17,19]. A big problem of the spherical shape of the fullerene is
the smooth change from tunneling into contact regime, causing a high risk to crash
into the surface. Haiss and co-workers used alkane chains with functionalized thiol
groups as molecular wires and studied the transport with the STM [80]. These
molecules show a jump into contact when the tip is approached, being a clear sign
for establishing the molecular contact. This behavior simplifies the measurement
procedure. Also the 7 conjugated perylenetetracarboxylicdianhydride (PTBDA)
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molecule shows this jumping.

The main advantages of the STM method is that by using topographic scans the
alignment of the molecules at one of the electrodes can be studied very precisely
before establishing the contact. Also the formation of the contact is much better
controlled than in the case of using break junction. This reduces the statistic spread
of the single measurements. Spacial resolved spectroscopies can image the molecu-
lar orbitals already attached to one of the electrodes, and hence study hybridization
effects. Another advantage of the STM is the experience with sp-STM. This allows
to perform spin dependent transport measurements. So far, this method has only
been applied in the tunneling regime [39]. In this work the very first spin depen-
dent transport measurements by contacting molecules with the sp-STM are shown.

Other methods

Most of the measuring methods beyond are closely related to these two meth-
ods. For using electromigration, which is a different method to produce a nanogap
to deposit molecules on, high currents are applied in a controlled way on small
nanocontacts normally produced by lithographic techniques [81]. By doing this the
atoms are moved. This results in breaking the wire and forming the nanogap. Con-
tacting of molecules with conducting magnetic atomic force microscopy tips [82,83]
resemble the STM approach. A completely different approach is to assemble mono-
layers of molecules between two metallic, typically Au, electrodes and contact them
via nanopores [13,84]. This approach has an even bigger problem ensuring the con-
tact with a single molecule. This argument also holds for another method using a
crossed wire geometry. A gold wire is coated with a self assembled monolayer
(SAM) of molecules. Afterwards, it is put into contact with a second gold wire,
measuring the molecular conductance of the SAM film [85].

2.3.2 Realized single molecular devices

Despite these big problems with measuring single molecular behavior, it was al-
ready possible to realize some electronic devices build out of single molecules. The
simplest building block one can think of is just a conducting molecular wire, first
realized out of benzene rings connected via sulfur bridges to gold electrodes [8,10].
The theoretical predicted molecular diode was realized for a SAM [86] and later
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for different single molecules [11,12]. While the diode is the elementary building
block for electronic circuits for data storage the application of molecular switches
would be interesting. For various different molecules such switching behavior

was reported [13,14].

2.3.3 Magnetotransport in organic and molecular electronics

While magnetic transport measurements on single molecules are still very diffi-
cult, the vast knowledge of processing thin organic multilayers in combination
with metallic interfaces allows to make magnetoresistance measurements on or-
ganic spacer layers [35]. A lot of effort was put into improving magnetotransport
properties in organic junctions [36,87-89]. Theoretical calculations for understand-
ing the transport in molecular material were carried out down to the single molecu-
lar level [90,91]. Some recent experiments have been performed on layers of copper
phthalocyanine (CuPc) molecules [37]. Barraud et al. applied a new technique to
measure magnetotransport in small ensembles of molecules [38]. But all of this
measurements are facing two problems. On the one hand they are all carried out
on ensembles of molecules not studying individual properties. On the other they
are all performed in the tunneling regime. When thinking of an application in ac-
tual devices, these structures face the same problems in the downsizing process as
the classical MR devices, for example too high areal resistance.

Some recent works study the magnetic properties of single phthalocyanine molecules
on different surfaces using STM. Zhao and co-workers focused on the Kondo effect
of CoPc on the non-magnetic Au(111) surface [66]. They were able to switch on the
Kondo effect by manipulating the molecules with the STM tip. The combined ex-
perimental and theoretical work of lacovita et al. studied the properties of the spin
of the central atom of CoPc molecules on Co islands in the tunneling regime [39].
They imaged the spin of the central Co atom. To understand the hybridization
of Pc molecules with the surfaces Atodiresei and co-workers have recently carried
out calculations for molecules with delocalized 7-systems and compared it to STM
measurements on HyPc [92]. But so far, there are no reported measurements ad-
dressing the ballistic regime in the framework of magnetotransport on the level of

single molecules. This will be done in this work.
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The study of such small nanostructures as individual molecules requires differ-
ent conditions on the experimental setup. This is in particular the reduction of
unwanted influences. The requirements have to be fulfilled by the experimental
setup. To avoid errors due to perturbing adsorbates all the experiments are carried
out in ultra high vacuum (UHV). Thermal fluctuations and drift of the nanostruc-
tures and the tip is reduced by carry out the experiments at helium temperature.
External noise effects are reduced by damping the whole system. In the follow-
ing the setup used for the present work will be introduced. This is not only the
STM. Other techniques of surface science are used to ensure good reproducibility
of the experiments. Subsequently, the different tips, substrates, and molecules that
were used are presented. This includes the different preparation procedures. In
section 2.3.1 the method to form molecular junction with the STM was introduced.
The technique to extract the molecular conductance and thus the GMR ratio has to
be improved to minimize the influence of the tunneling contributions. This method

will be presented in the last part of the chapter.

3.1 Experimental setup

The opportunities provided by the STM to study objects of very small sizes have
been shown in section 2.2 and 2.3.1. The high sensitivity of the STM presuppose
different experimental conditions. In order to avoid crashes of the tip with the sur-
face and to reduce noise effects an effective damping system is required. In the
setup used in the present work this is achieved by a two-stage damping system.
The whole machine is floating on four Newport I-2000 pneumatic insulators with
laminar-flow damping, filtering out the external vibrations down to frequencies of
10 Hz. Furthermore, the STM is mounted on four BeCu25 springs to damp internal
noise down to 4 Hz.
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To avoid that the sample is contaminated with dirt and to ensure a controlled
measurement, all the experiments were carried out in UHV: from preparation of
the samples up to the STM measurements. Hence, the system has to provide dif-
ferent preparation facilities inside the UHV setup and has to enable the transport
inside the setup. Thus, the setup consists of different UHV chambers that have to
satisfy different needs. The different chambers are separated by valves and can be
pumped individually.

The UHV inside the chambers is achieved by different pumping stages. A rotary
pump is used to reduce the pressure to 10~> mbar. With turbo molecular pumps
(TMP) pressures down to 10~2 mbar can be achieved after baking the system to
temperatures between 100 °C and 250 °C depending on the maximum baking tem-
perature of the components. The base pressure of 10~ 1! mbar is achieved and kept
by ion getter and titanium sublimation pumps. After baking, the TMPs are only
used during sample preparation to reduce the contamination during sputtering or
evaporation of the materials.

In Fig. 3.1 a top view of the whole setup is shown. In red, one can see the top
part of the load-lock chamber that is used to insert samples into the UHV without
breaking the vacuum in the two big chambers. This is done in two stages: the
first chamber is pumped by a TMP down to 10~/ mbar, in the second chamber a
getter pump reaches 10~ mbar reducing the contamination down to a minimum.
The two main chambers, namely the STM chamber (green) and the preparation
chamber (blue), and their facilities are described in the following.

3.1.1 STM chamber

A third experimental condition, necessary for the present measurements, is that the
STM is operated at low temperatures. This reduces the influence of thermal effects,
especially the mobility of the molecules on the surface, the drift of the tip rela-
tive to the sample, and thermal fluctuations of the examined properties. Therefore,
the STM is operated at a working temperature of around 4.2 K. This temperature
is achieved by environ the STM by a liquid He bath cryostat. During measure-
ment, the STM and the cryostat are decoupled and the STM is hanging on four
springs to reduce the noise. During the sample transfer the STM is released from
the springs and put into its parking position. Having thermal contact with the He
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Figure 3.1: Top view of the STM setup used in this work. In red, the upper part of the
load lock is shown; in blue, the preparation chamber with the different inbuilt compo-
nents; in green, the STM chamber with cryostat. The black parts are the transfer rods and
manipulators used to transport the samples inside the UHV chamber (modified after [93]).

cryostat quickens the cooling process for the sample. In order to reduce the He-
lium consumption and increase standing times, a second cryostat operating with
liquid N; is mounted around the He one. While convection is avoided by having
the cryostats in UHV, the input by thermal radiation is reduced by radiation shields
coated with Al foil to enhance the reflectivity and thus reduce heat input. A door
in both radiation shields allows to exchange the sample and tip without warming
up the complete system, providing a higher operational capacity.

The actual STM is home-built, operated with commercial RHK electronics. The
movement is two-staged: a coarse motion for all three direction is used to position
the tip at the desired region close to the surface. The x-y motion is connected to
the sample holder which is moved by different piezos in the two direction. The
z motion is performed by a inchworm type piezo element connected to the tube
scanner, which performs the fine motion during scanning. The tube scanner oper-

ates in all directions depending on where the voltage is applied. The coarse motion
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is actuated by the RHK PMC 100 while, for operating the measurements including
the fine motion, the RHK SPM1oo00 is used. A computer with the RHK XPMpro
software controls the electronics and the different measurement techniques.

Besides the STM, there is a carousel inside the chamber used to store up to six sam-
ples in UHV and a manipulator, providing the possibility to flash the tip without

moving it to the preparation chamber.

3.1.2 Preparation chamber

The second main chamber of the system is the so-called preparation chamber. It
provides several different facilities for the preparation of various sample and the
analysis of their quality. For samples and tip cleaning an ion gun is used to sputter
them by accelerating Ar™ ions towards the sample. The beam is focused on and
scanned over the surface. Thereby, the top most atoms are hit by these high-energy
ions and sputtered away. This includes especially the unwanted adsorbates, which
are dirt, films, and nanostructures deposited for previous experiments. Since the
process is not completely homogeneous and crystal atoms are sputtered away as
well, the surface is normally very rough after the sputtering. To get a flat surface
and heal out the roughness, the crystals are heated by electron bombardment from
a filament permanently mounted on the backside of the sample. Since some of the
impurities of the crystal can diffuse to the surface during the heating process, one
needs to apply several cycles of sputtering and annealing when inserting the new
crystal into the UHV.

To check the cleanliness of the surface, the preparation chamber provides an Omi-
cron SpectraLEED, consisting of electron gun with an analyzer screen to perform
surface sensitive low energy electron diffraction (LEED) measurements [94]. LEED
images are taken to investigate the crystallographic structure of the surface. This
allows to gain information on the roughness of the sample and since some of the
impurities yield reconstructions, they can be identified in the LEED pattern. As
a second facility an Auger electron spectrometer (AES) [95,96] is provided in the
preparation chamber consisting of a Omicron EFK125 electron gun, a Omicron
CMA150 analyzer, and a Omicron NGE50 control unit. By taking Auger spectra
the chemical properties of the surface can be analyzed. By comparing the recorded

spectra with known ones the chemical composition of the surface can be deter-
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mined. This allows to detect unwanted adsorbates remaining on the surface.

For deposition of metallic nanostructures and films, the setup offers three evap-
orators for molecular beam epitaxy (MBE). The target is heated by electron bom-
bardment at high voltages. The metal atoms are sublimed, partly ionized, and
evaporated onto the sample. Different metals can be loaded either as a metal rod
or in a molybdenum crucible, depending on the specific properties of the material.
To quantify the evaporation process the Auger gun and the LEED screen can be
combined to measure medium electron energy diffraction (MEED) [97] oscillations:
at every maximum of reflectivity a full layer is completed and by counting the max-
ima the deposition rates can be calibrated (see Fig. 3.2).

The molecular evaporator, a so-called Knudsen cell, works similarly: a Cu body
is heated resistively. This leads to a relatively homogeneous sublimation of the
molecules. Since the molecules are not ionized and thus not focused in a controlled
way towards the sample, the thermal beam is spread over the sample. Hence, a
big fraction is adsorbed not only on the sample but at certain parts of the chamber,
like the gate valve or the walls of the chamber. Therefore, the surroundings of the
Knudsen cell have to be cleaned regularly, especially when changing the molecules.
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Figure 3.2: MEED graph taken for the growth of Mn on Fe(100) taken at a sample tem-
perature of approx. 50°C. The deposition is started at ty = 9s. The first monolayer is
completed at t; = 75s and the second one at t, = 140s. Afterwards, Mn grows three
dimensional for this sample temperatures. One can extract a rate of 66s/ML used for sub-
sequent experiments.
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The setup offers also the possibility to measure the magnetooptical Kerr effect
(MOKE) of the samples [98]. It was used to ensure the magnetization and to mea-
sure the reversal fields of the Fe tip and the Fe whisker for the experiment shown

in section 5.2.

3.2 Substrates and Tips

To perform magnetotransport measurements with the STM, magnetic electrodes
are required. Since a sp-STM is used, this is a magnetic tip as well as a magnetic
substrate on which the molecules are put. Further, for GMR measurements it has to
be possible to measure in different magnetic configurations. Therefore, either the
direction of the tip or the substrate magnetization has to be changeable. Since the
coercitive field of the tip is usually higher than the one of the surface, the latter can
be reversed more easily. There are two different possibilities, how the reversal can
be achieved. Either an external field is applied to change the magnetization of the
sample or a substrate is used which provides intrinsically domains with opposite
magnetizations. Reversing the magnetization by an external field has the advantage
that it is possible to measure on exactly the same molecule with the same configu-
ration for the two magnetization directions. Unfortunately, due to magnetostriction
effects it is more or less impossible to change the external field while being in con-
tact with the molecule. The most important advantage of working with structures
forming surface domains is that you directly see your magnetic contrast by taking
dI/dav maps. Since the spin contrast of coated tips is not per se ensured after prepa-
ration, this direct proof is very helpful. For this reason, two well studied substrates
with opposite magnetic domains have been chosen: on the one hand Co islands on
Cu(111), on the other Mn film on Fe(100).

Substrates

When a sub-monolayer amount (~ 0.5ML) of Co is deposited on a Cu(111) surface
triangular shaped double layer islands are formed (see Fig. 3.3(a)) [99]. A closer
look into these Co island reveals that there are two different stacking types: one of
the stacking of fcc type while the other is based on a stacking fault [100]. Due to

this difference the triangle of the islands is either pointing upwards or downwards.



3.2 Substrates and Tips

Besides the different topographies the stacking influences the electronic properties.
Distinct states on the different islands were found [101]. Much more important for
this work than the stacking difference is a second effect: Pietzsch and co-workers
applied sp-STS measurements to study the spin polarization of these islands [76].
They found a spin polarization of the islands which is present over a wide energy
range and dominates in certain energy regions over the stacking effect. The spin
polarization is highest at around —400meV. This energy can be used to determine
the magnetization of the islands and to find islands which are magnetized in differ-
ent directions (see Fig. 3.3b). They also showed that, without applying an external
field during Co deposition, the islands are magnetized out-of-plane. For both stack-
ings the magnetization is arbitrarily either pointing out of or in to the surface. Due
to this presence of islands with opposite spin polarization, this is an ideal system
for GMR measurements. An additional advantage of this system is that there are
areas with different surface materials.The deposited molecules can be adsorbed on
the Co islands as well as on the bare Cu(111) substrate. This allows to study the
influence of the electrode material on the transport within the one preparation.

As substrate a commercial Cu(111) crystal was used. After inserting the crystal into

29nm
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Figure 3.3: (a) Large scale scan of a submonolayer amount of Co deposited on Cu(111). The
Co is forming double-layer islands. Depending on the stacking they are either pointing
up or down. (b) Spatial resolved dI/dv maps taken with a magnetic tip reveal different
magnetization of the islands. Bright yellow means parallel alignment of the magnetiza-
tion of the island with respect to the tip magnetization, while a dark color indicates an
antiparallel configuration.
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the UHV system, the Cu(111) surface was cleaned by several cycles of Art sputter-
ing and annealing. The sample was usually sputtered for 1 —2h with an ion current
of ~ 3pA. This ensures that the topmost layers were removed from the surface in
order to eliminate unwanted adsorbates. For healing out the resulting roughness,
the sample was heated by electron bombardment from the backside (~ 0.3°C/s) un-
til it reached a temperature of 450 °C. The sample was left for a short time at this
temperature and subsequently cooled down slowly (~ —0.3°C/s) to room temper-
ature. This was repeated until the cleanliness of the sample was ensured in LEED
patterns and STM images. On the clean sample a sub-monolayer amount of Co
was deposited at room temperature. This leads to the formation of the desired Co
islands.

A second system, which combines the advantages of reversing the magnetization
and different surface domains, are Mn films on Fe(100). First measurements with
spin polarized electron energy loss spectroscopy revealed an antiferromagnetic cou-
pling between Mn layers grown on Fe(100) [102]. The coupling between the top-
most Fe layer and the first Mn layer was disputed and could be connected to the
oxygen contamination in the UHV equipment: while for a clean substrate it is ferro-
magnetic, it is antiferromagnetic when contaminated with O; [103]. First, sp-STM
studies showed the different magnetization direction depending on the film thick-
ness [104]. While the spin polarization is present over most parts of the energy
range, the highest value is reached around 8oomeV. It is important what happens
when the Mn grows atop of step edges. Step edges both in the Fe and in the Mn
result in a reversal of the spin polarization (see Fig. 3.4). While the latter can be
easily seen in topographic images the first ones are hard to observe due to small
differences in the atomic sizes of Mn and Fe (see Fig. 5.6). Schlickum et al. observed
a domain wall of the Mn layers at these points, where the Mn atoms at the edge
show frustration and form a domain wall depending on the film thickness [105].
The great advantage of this system is that besides the direct control of the magneti-
zation at step edges, the Fe whisker and thus the spin polarization can be switched
in an external field. The disadvantage of the Mn and Fe surfaces is that they are
less noble than the Co and Cu surfaces and thus more dirt adsorbs during deposi-
tion of the molecules. This handicaps the detection of individual molecules for the

transport measurements.
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Figure 3.4: Schematic picture of the mag-
netization of Mn layers grown on
< N > Fe(100). For a clean surface the first

Mn layer couples ferromagnetically to

the Fe. The following layers couple an-

tiferromagnetically. This results in dif-

—> ferent surface magnetizations depend-

ing on the number of Mn layers. An
buried step edge can be seen in topo-
graphic images only by a small height
difference stressed by the orange circle.

Fe

For the experiments, a home grown Fe whisker was used as substrate. To get
a clean Fe surface a more intense preparation than for the Cu crystal is needed.
Hence, longer sputtering cycles were performed while the sample was heated os-
cillatorily to temperatures between room temperature and 500 °C. This helped to
get rid of oxygen contamination inside the whisker, since the oxygen atoms defuse
to the surface at higher temperatures. A final healing was performed by heating to
450 °C. Since the whole procedure did not remove all contaminants, 15 ML of clean
Fe was deposited on top and annealed only to 300 °C. This leads to a clean and flat
Fe(100) surface. Previous experiments showed that the best sample temperatures
for the deposition of Mn on Fe are between 150 °C and 200 °C [106]. At these tem-
peratures 6 -8 ML of Mn were deposited. Directly afterwards, the HyPc molecules
were deposited to reduce the dirt adsorption on the surface.

Tips

For all measurements, wet-etched W tips were used. They were produced from
highly clean W wires (& = 400 um) by etching with 5% NaOH. This procedure
ensures a very well shaped tip with a sharp apex and a stable enough body. After
putting them in UHV they were cleaned by Ar™ sputtering. Afterwards they were
flashed with electron bombardment to high temperatures (8ooV, 15-50mA) for
additional cleaning and forming of the apex.

For the spin polarized measurements magnetic materials were deposited onto the
tip. Depending on the magnetization of the substrate, the material and parameters
had to be adjusted to achieve the desired tip magnetization. For the Co islands

being magnetized out-of-plane, an out-of-plane sensitive tip is needed. This was
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achieved by depositing 15 ML of Co onto the tip [39]. The use of Co also ensures
a symmetric measurement with the same electrode material on both sides. For the
in-plane magnetization of Mn, an in-plane sensitive tip is needed. Hence, 15 ML
of Fe were deposited on the W tip, already used in former studies on Mn films on
Fe(100) [104]. The Fe was slightly annealed after deposition (without applying high
voltage, 5mA) to produce bigger Fe domains and thus higher spin contrast.

3.3 Molecules

In section 2.3 we introduced various studies on different molecules. For the appli-
cation in the present work, the molecules have to fulfill certain requirements. In
order to look at magnetic properties the possibility to put different magnetic met-
als inside a metal-organic complex offers great opportunities. Furthermore, every
exposure of the clean sample to air will lead to high contamination of the surface.
Thus, it is essential to be able to deposit the molecules in situ under UHV con-
ditions. Ideally, the molecules are evaporated by heating them with the Knudsen
cell to their sublimation temperature without destroying their internal structure.
Another important point for contact measurements is the molecular geometry. In
section 2.3.1 we showed to different types of transition to the contact regime. For
sp-STM measurements tip crashes must be avoided strictly. Thus the molecule’s ge-
ometry should favor a sudden formation of a contact when the tip is approached.
For the studies of magnetic properties of a shielded spin on a surface the molecule
should ensure that the metal ion is separated from the surface.

Following these requirements two classes of molecules have been chosen: the ph-
thalocyanines for the transport measurements and the acetylacetonates for study-
ing magnetic properties of molecules on surfaces. They will be introduced in the

following.

3.3.1 Phthalocyanine molecules

The phthalocyanine (Pc) molecules perfectly fit into the requirement profile. The
molecules consist out of four aromatic isoindole subunits linked together by four
nitrogen bonds and are thus forming a closed aromatic ring system (see fig. 3.5).
This geometry ensures a high thermal stability and hence the possibility to deposit
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them in UHV. The Pc molecules are long known to be evaporable in UHV [107].
The two hydrogen atoms in the central cavity can be replaced by various different
metal cations — in particular CoPc and MnPc used in this work.

The first and still most important application of the Pc molecules is as dye. Since its
tirst description in 1907 [108] its brilliant blue shine was obvious and, thirty years
later, it led to the commercial production of CuPc as artificial pigment. In 2000,
20 % of the dyes were phthalocyanines and their derivates [109]. However, their ap-
plications did not remain fixed on dyes. Due to their useful properties they became
interesting for various purposes. Pc molecules are used in gas sensors [110] and as
electron injection layers in organic solar cells [111]. Because of their usage in solar
cells, especially the thin film behaviour is very well studied [112,113].

The unique shape of the Pc molecules make them ideally suited for STM studies
and CuPc had been one of the first molecules observed individually adsorbed on
a surface with the STM [114]. Two years later, Lippel et al. succeeded in imag-
ing the internal structure of CuPc [115]. The tunneling rates and charging effects
of a quantum dot consisting of a single CuPc molecule was studied using STM
measurements in the tunneling regime [116]. Magnetic properties have to be con-
sidered by putting magnetic atoms like Fe, Co, or Mn inside the molecule. While

Figure 3.5: Model of the phthalocyanine molecules used in the experiments. (a) Hydro-
gen phthalocyanine, (b) metal phthalocyanine (C = grey, N =blue, H=white, Me = orange).
While the H,Pc is completely flat the MePc are slightly distorted due to the compound
forming with the metal cation.
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Figure 3.6: Model of the Chromium acety-
lacetonate. ~ The three organic side-
groups are aligned around the cen-
tral Cr ion (C=grey, O=red, H=white,
Me =blue).

CoPc molecules on the Au(111) surface showed a Kondo effect [66], it was possible
to image the spin of CoPc on Co islands [39]. Calculations showed that the mag-
netism is highly dependent on the central metal atom [117].

In this work, the Pc molecules were deposited from the crucible in the Knudsen
cell by heating them to 2775 °C. A deposition time of around 1.5 min resulted in the
requested coverage of the molecules on the surface. During deposition on the Co
islands on Cu(111), the sample was cooled to 0 °C to reduce the surface diffusion
of the molecules. Otherwise nearly all of the molecules were sticking to step edges
or rims of the Co islands. For the case of MnPc, the deposition was done without
cooling in order to reduce the adsorption of dirt on the highly reactive surface.
The molecules used in this work are commercially produced. Afterwards they are
cleaned by repeatedly sublimating and condensing them by the group of Martin
Bowen and Eric Beaurepaire at the IPCMS in Strasbourg.

3.3.2 Acetylacetonates

Since for the measurements of the magnetic properties of a molecular spin, the or-
ganic part of the molecules should provide an extended cage to isolate the cation
from the surface, the Pc molecules are not suited for this purpose. Instead, the
metal acetylacetonates (acac) have been chosen. These molecules consist of a cen-
tral metal cation surrounded by a different amount of pentane-2,4-dione molecules

depending on the oxidation number. In contrast to the phthalocyanines, the organic
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part does not form a closed organic system. Thus, the molecules are less stable and
more difficult to evaporate without being degenerated. Due to this behavior, the
acetylacetonates are widely used as precursor material in chemical vapor deposi-
tion of metal films. It was shown that Fe(acac);, Ni(acac),, and Mn(acac); degener-
ate before reaching the evaporation temperature [118] and hence could not be used
for in situ preparation in the UHV. In the same work it is reported that the Cr(acac)3
and Al(acac); compounds are stable and thus it should be possible to deposit the
molecules in situ in the UHV [119]. Grillo and co-workers studied the dissociation
of a Cr(acac)s derivative on a Cu(100) surface with STM [120], but so far there have
not been any studies focusing on the deposition and adsorption of these molecules
onto the surface.

Since the Cr(acac)s molecules are evaporable and have a magnetic center, they were
chosen for the experiments. The deposition of the molecules is more complicated
than for the phthalocyanines. Since the molecules are less stable, due to the lack of
a closed organic structure, the heating to the sublimation temperature of go °C had
to be done with low currents (max. 1.9 A) and therefore very slowly. After reach-
ing the evaporation temperature the molecules are highly volatile and a deposition
time of 1s was enough to get a quite high coverage of molecules.

3.4 STM-measuring method: obtaining current-distance curves

In this work the method described in section 2.3.1 was used to measure the electron
transport across the phthalocyanine molecules. Topographical images were taken to
position the tip at a certain position atop of the sidegroups of the single molecule.
For the transport measurements, only clean and isolated single molecules were
used. Furthermore, the molecules had to show the typical shape of the Pc molecules
(see Fig. 4.1) to avoid degenerated molecules. After spatially positioning, the tip
was moved towards the surface in controlled way (= 14/s), by applying a slowly
increasing voltage to the z-piezo. The process is operated by the STM electronics. A
voltage divider was used to reduce the approach speed and thereby measure curves
with better resolution and reducing the risk to crash into the surface. During the
complete approach procedure, the tunneling current was recorded. The maximum
voltage, equivalent to the shortest distance between tip and surface, is increased

slowly until a discontinuity in the current-distance curve could be observed. The
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discontinuity can be explained by the molecule switching to the contact position.
this means the molecule is connected with one end to the surface and with the other
one to the tip. The raw curves were modified by calculating the displacement of the
tip from the set point position from the applied voltage using the piezo constant
(0.93nm/v) and the conductance in Gy from the tunneling current

G I
G0 VtunGO .

[3.1]

Here, Viun is the applied tunneling bias, which is constant during the complete ap-
proach procedure. For the Pc molecules the distance curves were recorded at biases
of around 10mV, since higher voltages lead to degeneration of the molecules due
to high power input.

Since the tip apex is generally very broad compared with the relevant contact area,
there are still contribution from the tunneling when the molecule forms the contact
with the STM. Since there is no possibility to separate the two contributions from
another, one has to use a model to reduce the error produced by the tunneling con-
tribution. This is especially important for the GMR measurements where the TMR

contribution should be eliminated completely. In Figure 3.7 the situation before
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Figure 3.7: (a) Typical distance curve measured on Pc. Schematic images of (b) the tunneling
geometry and (c) the contact geometry shall illustrate the way the molecular conductance
is extracted: To reduce the influence of the tunneling contribution the conductance before
forming the contact is subtracted from the one after.



3.4 STM-measuring method: obtaining current-distance curves

and after establishing the contact is sketched. To extract the molecular conductance
Gmol out of the measured conductance Gpmes, it was assumed that the tunneling con-
ductance Giun before is of the same order than the tunneling contribution Ggjytyn
after forming the contact. This allowed to calculate the molecular conductance

Gmol - Gmes - Gdir.tun ~ Gmes - Gtun- [32]

This model is the same as already used in the work of Haiss et al., in 2006 [18].
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4 Non-magnetic transport properties of single phthalocyanines

For magnetotransport measurements on single molecules two very sensitive meth-
ods, i.e. contacting measurements with spin-polarized STM, have to be combined.
Thus, preliminary work with non-magnetic tips was carried out. This helped to
establish the technique at the present setup as well as to gain fundamental knowl-
edge on the transport across the phthalocyanine molecules. These studies serve as
basis for the GMR measurements.

In section 3.3.1, the phthalocyanine molecules were introduced as a good choice
for transport measurements on single molecules with the STM. The growth and
preparation of Pc molecules especially in thin film was widely studied due to their
applications in organic solar cells [109]. The Pc molecules show a very low vapor
pressure at room temperature allowing for an in-situ preparation under UHV con-
ditions. This ensures the growth and further examination in a clean environment
with a strongly reduced influence of impurities. By putting different metal cations
in the center, their influence on the transport can be studied. Additionally, the ge-
ometrical shape of the Pc molecules offer a nice recognition value. Further their
flat geometry should cause a sharp transition to the contact regime. To perform
the transport measurements the molecules have to be adsorbed individually on the
surface. The deposition was optimized to reach this goal by studying growth prop-
erties. On the individually adsorbed molecules of the optimized samples, transport
studies were performed. By varying the molecular type (H;Pc, CoPc, MnPc) and
the surfaces (Cu, Co) distinct influences were examined. In order to explain the dif-
ferent observations — how the conductances depend on the metal cations and the
substrates — tunneling spectra were recorded. Spatial resolved dI/dv maps were
taken to visualize the molecular orbitals. Finally, inelastic tunneling spectroscopy
was used to determine vibron excitations playing an important role for the process

of contact formation.
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4 Non-magnetic transport properties of single phthalocyanines

4.1 Growth of the phthalocyanines

In order to use the samples for transport measurements on single molecules, it has
to be ensured that the molecules are adsorbed individually on the surface. The
molecules were deposited from a Knudsen cell as described in chapter 3.3.1. By
heating them above their sublimation temperature, the molecules were sublimated
and evaporated on surface.

Figure 4.1: Topographical images of the different molecules on the surface taken at T =
43K. (a) Overview scan of HyPc molecules deposited on Co/Cu(111) (100mV, 100nA).
The single molecules lie flat on both surfaces. (b) Zoom onto two individual HyPc
molecules on the bare Cu (—10mV, 100pA). The absence of a metal ion can be seen by
the depression in the central cavity. (c) HoPc molecules on an Co islands (100 mV, 100nA).
At the edges of the Co islands, attached molecules are visible. (d) Individual CoPc on
Cu (100mV, 5nA). The CoPc having only a two-fold symmetry is observed indicated by
the brighter appearance of two of the side groups. (e) CoPc on Co (200mV, 13nA). The
bright Co in the center can be used to distinguish between HyPc and CoPc. (f) MnPc on
Cu (15mV, 5nA). MnPc also shows a bright center and a two-fold symmetry:.
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4.2 Influence of the central atom on the transport

The measurements were performed for three types of phthalocyanines: HyPc, CoPc,
and MnPc. This allowed to study the influence of the central atom on the transport
across the molecule. The deposition on the Co islands on Cu(111) made it pos-
sible to examine the influence of the electrode material. Since the preparation of
clean MnPc was rather difficult, these experiments were carried out only on bare
Cu(111). In this way five different experiments could be performed: HyPc on Cu
and Co, CoPc on Cu and Co and MnPc on Cu.

After deposition of the molecules, topographic scans were used to characterize
the growth of the molecules. The molecules could be easily identified on the sur-
face by their four aromatic isoindole side groups (see Fig. 4.1). Evaporation of the
molecules with the sample at room temperature gave rise to surface diffusion re-
sulting in the attachment of the molecules to the step edges and the rims of the Co
islands. By cooling down the sample to 0°C during deposition, single molecules
were adsorbed on the Co islands as well as on the bare Cu. Figure 4.1 shows dif-
ferent STM topographies of the three types of molecules on the different surfaces.
For all molecules a flat adsorption on the surface was observed. The metal free
molecule can be identified by the absence of a bright area in the center, while for
MnPc and CoPc the metal ion is visible in the center. The analysis of the adsorption
angles of the HyPc molecules on Co gives clear peaks at around —85° and —55°
plus some additional scatter around —25° (see Fig. 4.2). This distribution is consis-
tent with a fourfold molecule adsorbed on the sixfold hexagonal Co(111) surface in
a single adsorption geometry. To determine the exact adsorption site, a theoretical
geometry optimization for HyPc on the Co(111) surface is modeled with a 65 atom
cluster. The analysis suggests that HpPc adsorbs preferentially in the bridge posi-
tion onto Co(111) owing to a binding energy —8.17€V that is more negative than
the ones found in either the hollow site position (—8.06eV) or the atop site position
(—7.45eV). This is consistent with earlier findings [39, 121].

4.2 Influence of the central atom on the transport

The topographic images serve as a basis to perform transport measurements. The
molecular transport is dominated by two main influences. On the one hand, the
hybridization of the molecule with the electrodes determine the injection rates for

the electrons into the molecule. On the other, the molecular orbitals of the molecule
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4 Non-magnetic transport properties of single phthalocyanines
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itself account for the electron transmission between the two interfaces. The latter
influence is studied by using molecules with distinct central ions. By this, the
influence of the central cation on the molecular orbitals and on the transport is
studied. Thus, the three different types of Pc molecules were examined on the
same substrate, i.e. the bare Cu. The current distance curves were measured as
described in section 3.4. In order to reduce the influence of noise effects as well
as statistical spread, the measurements were performed manifoldly. The obtained
histograms are used to calculate the average molecular conductance Gy, for the
different molecules.

4.2.1 Metal free phthalocyanines on the Cu substrate

The first experiments were performed on the metal free HyPc. The absence of a
metallic cation in the central cavity reduces the influences on the transport thus
being a good starting point. Figure 4.3 (a) shows a typical current distance curve
measured on top of an HyPc molecule. The first approach displays an exponential
increase due to reducing the tunneling barrier width. This is expected since the
molecule still lies flat on the surface and thus the system is in the tunneling regime.
Below a certain distance, the curve shows a sharp increase in the conductance.
This discontinuity indicates the transition from the tunneling to the contact regime
and can be explained by a conformational change in the molecular geometry: the
molecule is partly lifted from the surface and forming a molecular junction between

tip and surface. After the transition to the contact regime the slope of the curve is
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4.2 Influence of the central atom on the transport

strongly reduced compared to that of the tunneling regime, indicating that the
molecular conductance dominates over the remaining tunneling contribution.
After the first approach the tip was kept at the same spatial position on top of
the molecule and was retracted to its initial position. Subsequently, the procedure
was repeated at the same position 10—-20 times. For the following current distance
curves, the behavior was in the most cases different from the first approach. The
curve did not start with an exponential increase from low conductances but at a
nearly constant and high value. This can be explained by the molecule remaining
in the contact regime when the tip was retracted. This indicates a strong binding
between the W tip and the molecule. For these curves, there existed no value for the
conductance in the tunneling regime to calculate the molecular conductance. Thus,
Gtun of the first approach was used for the subsequent data as well. However, there
were few measurements where the contact was broken when the tip is retracted.
After the last approach the tip was retraced not only to the initial position but so far
that the set-point current of the feed-back loop was reached. During the retraction
the molecule still remained attached to the tip. Since in the contact regime, the
conductance was higher, the tip had to be retracted so far that the connection was
finally broken. In the topographical image (see inset of Fig. 4.3 (b)), this can be seen
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Figure 4.3: (a) Typical distance curve measured for HyPc on Cu (Viyn = 10mV, T = 4.3K):
exponential increase in the tunneling regime followed by a jump to the contact regime
in the first approach (black curve). Then the molecule remains in the contact regime,
shown in red averaged over nine individual curves. (b) Histogram of 124 individual
measurements of the molecular conductance. The inset displays the topographic scan
during obtaining the distance curve, showing the ripping off of the molecule.
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4 Non-magnetic transport properties of single phthalocyanines

by the molecule being ripped off the surface during the retraction and remains
attached to the tip. This stresses the stronger binding of the molecule to the less
noble W tip than to to Cu substrate.

For HyPc on Cu, 124 curves were measured on different molecules and shown in
the histogram in Figure 4.3 (b). The distribution shows an approximately Gaussian
behavior as expected for the statistical spread. From this distribution the average

molecular conductance can be calculated:
Giiope = (0.176 £ 0.012) Go. [4.1]

This relatively high value of the conductance is quite impressive, since phthalocya-
nine is known to be semiconducting in bulk and thin films [109]. Due to the high
conductance the power input to the molecule increases strongly with increasing the
voltage. This explains the distance curves could only be measured at low tunneling
voltages of around 10mV.

In order to understand these findings the effects influence the molecular transport
have to be examined: on the one hand the hybridization between the molecule and
the surface strongly influences the electron injection rates while the orbital struc-
ture of the molecule is important for the transmission from one interface to the
other. Since the binding and thus the hybridization to the noble Cu surface is rather
low, it can be explained by a good transmittance due to the delocalized 7 orbitals
of the molecule.

4.2.2 CoPc and MnPc on the Cu substrate

The curves acquired for Pc molecules, where a metal cation is substituted into the
central cavity, showed qualitatively a similar behavior as for the metal free H,Pc.
Both MePc molecules showed the same formation of the contact when the tip was
approached the first time (see Fig. 4.4 (a)) as well as the tendency to establish a
stable contact, which remained intact when the tip was retracted. Since the hy-
bridization between molecule and substrate is responsible for the strength of the
bonding, both seem to be dominated by the organic part of the molecule.

However, already the example curves shown in Figure 4.4 (a) suggest that there

is an influence of the central atom on the transport. A detailed analysis of the
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Figure 4.4: (a) Distance curves similar to the HyPc case for CoPc and MnPc (Viyn =~ 10mV,
T = 4.3K). (b) The histograms of both CoPc and MnPc are shifted to lower conductances
[CoPc: (0.063 £ 0.004) Gg, MnPc: (0.123 £ 0.006) Gg]. In both cases the molecule is ripped
off the surface, seen in the topographical image.

measured conductance values is shown in the histograms of Figure 4.4 (b). The dif-
ference between the two molecules can be directly seen. The average conductances
are calculated to:

GEY. = (0.063 £ 0.004) Go [4.2]
and
Giilpe = (0.123 +0.006) Go. [4.3]

4.2.3 Changing the molecular orbitals: the influence of the cation

The conductances for the MePc are reduced when compared with the one of the
metal free phthalocyanine (0.176Gp). The conductances decrease from HjPc to
MnPc to CoPc. The strength of the bonding between the Cu surface and the differ-
ent molecules showed a similar behavior. This suggest that the hybridization of the
orbitals of the molecules is independent of the central atom. Thus, the hybridiza-
tion cannot be responsible for the big change in the transport.

Instead the metal cations must influence the molecular orbitals in such a way that
the transport is reduced compared to the HpPc. In section 2.2.2 the elastic tun-
neling spectroscopy was introduced as technique to measure the local density of
states. It is one of the big advantages of the STM to allow an extensive study of the

molecules when they are already attached to one of the electrodes. Elastic tunnel-
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4 Non-magnetic transport properties of single phthalocyanines

ing spectroscopy was used to image the LDOS for the distinct molecules on the Cu
substrate and to study the differences in their molecular orbitals. Figure 4.5 show
the normalized dI/4v curves for H,Pc and CoPc.

The green curve shows the LDOS of HPc. Different peaks are visible and can be
connected to the molecular orbitals. The first peak below er (—370meV) can be asso-
ciated to the HOMO of the HyPc an Cu(111), the first one above eg (+390meV) with
the LUMO. This results in a HOMO-LUMO gap of 760meV. Additional orbitals are
observed at ~ —0.8eV (HOMO™!) and ~ 1.2eV (LUMO™!). For the transport, the
orbitals close to the Fermi energy, i.e. the HOMO and LUMO, are the most im-
portant ones. Both maxima are located away from the Fermi edge, representing
a semiconducting molecule. However, the overlap with er due to broadening of
the molecular orbitals results in the observed high conductance value of H,Pc. The
broadening is caused by thermal effects as well as the hybridization of the molecule

with the surface.

CoPc
—H,Pc

HOMO: -580me gap: 975 meV |LUMO: 395meV,

LDOS [arb. units]

HOMO: -370meV |[gap: 760 meV| LUMO: 390 meV
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Energy [eV]

Figure 4.5: LDOS averaged over the sidegroups of the molecules, calculated by normaliza-
tion of the dI/dv taken at T = 4.3K with /v. The different molecular orbitals are visible
as peaks in the normalized dI/dv. For HpyPc the HOMO (-370meV) and LUMO (390meV)
are located approximately the same distance below and above ef, respectively. So the
molecule has an HOMO-LUMO gap of 760meV. For CoPc the LUMO (395meV) is still
in the same energy range as for HyPc. However, the HOMO is shifted by approximately
200meV to —580meV resulting in an HOMO-LUMO gap of 975meV. This can explain the
reduced conductance for CoPc on Cu.
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4.2 Influence of the central atom on the transport

Similar observation can be made for the CoPc. The LUMO can be connected to
the peak at 395meV and thus is approximately at the same energy as the LUMO of
H)Pc. The HOMO of CoPc is located at —580meV. In this case an energy shift of
the level compared to HyPc is observed. The HOMO is shifted ~ 400meV further
away from ep. This reduces the overlap of the HOMO with the Fermi level and
thus its contribution to the transport. The insertion of the Co ion into the molecule
causes a shift of the HOMO resulting in an increase of the HOMO-LUMO gap. This
can explain the reduced conductance of CoPc compared to HyPc. However, for a
complete understanding theoretical calculation for the molecules in contact with
the surface would be helpful.

The difference between CoPc and MnPc can be explained in the same way. The-
oretical calculation for the molecules in vacuum showed that the HOMO-LUMO
gap is reduced for MnPc [122] compared to CoPc [123]. This already indicates the
reduced conductance of the CoPc. However, these calculations are performed for
the molecule isolated in the gas phase. As the next section will show the surface
plays an important role on the electron transport. Thus, a theoretical calculation
for the molecules in contact would be helpful. As stated in [122] this is quite com-
plicated for the MnPc since spin effects strongly influences the formation of the

metal-organic compound.
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4 Non-magnetic transport properties of single phthalocyanines

4.3 Influence of the surface on the transport: hybridization effects

In order to study the hybridization effects and thus their influence on the transport
the electrode material was changed from Cu to Co. The results on the noble Cu
surface showed a weak bonding to the surface and therefore a weak hybridization.
By changing to the less noble Co islands the transport should be strongly influenced
due to a distinct hybridization: a stronger hybridization always causes a higher
probability to inject electrons from the source electrode into the molecule or extract
it from the molecule to the drain electrode, respectively. To understand how the
transport is exactly influenced by the electrode material the same experiments as
before were carried out on the Co islands and compared with the results on bare
Cu. Subsequently, to get a better understanding of the hybridization effect, elastic
tunneling spectroscopy was applied and compared for the different substrates.

4.3.1 H,Pc and CoPc on Co islands

In the beginning, the curves measured on Co show a similar behavior as on Cu.
The curves display an exponential behavior in the tunneling regime followed by
a transition to the contact regime indicated by the discontinuity in the conduc-

tance. The first observed deviation was that molecular contact was broken when
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Figure 4.6: (a) Typical distance curve measured on HyPc on Co (Viun = 10mV, T = 4.3K).
Here the molecules flip back after every approach. The inset stresses the higher bonding
to the substrate with the molecule remaining on the surface. (b) Histogram for H,Pc on

Co (465 curves). The distribution is distinctly shifted to higher conductances compared to
Cu.
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Figure 4.7: (a) Exemplary distance curve for CoPc on Co (Viun = 10mV, T = 4.3K). A
stronger bonding is indicated in the inset by the remaining of the molecule on the surface.
(b) The histogram (76 curves) is shifted to higher values compared to the measurements
on Cu.

the tip was retracted to its initial position. Thus, the distance curve recorded sub-
sequently started again in the tunneling regime. This indicates a higher bonding of
the molecule to the less noble Co surface compared to that of bare Cu. This find-
ing is confirmed by the molecule remaining on the surface when the topographical
scan is resumed (see inset of Fig. 4.6 (a)).

The detailed analysis of the conductance distribution reveals also a strong influ-
ence of the hybridization on the transport. The histogram is shifted to higher
conductances (see Fig. 4.6 (b)). For HyPc the average molecular conductance can

be extracted to be
Giiope = (0.296 4 0.003) Gy, [4.4]

which is nearly a factor of two higher than on Cu. Since the substituted surface
material is the only difference to the previous experiment, this increase of the con-
ductance can be explained by a stronger hybridization between the molecule and
the Co(111) surface and thus a higher electron injection rate.

Similar observations hold for the CoPc molecules on Co (see Fig. 4.7). Again the
bonding to the surface is stronger compared to the Cu case indicated by the tran-
sition back to the tunneling regime after every approach and the remaining of the
molecules on the surface when the tip was retracted. Thus, the stronger hybridiza-

tion is not only present for the metal free phthalocyanine. Hence, the distribution of
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4 Non-magnetic transport properties of single phthalocyanines

the individual molecular conductances is also shifted to higher values. The average

conductance of
GE%, = (0.239 +0.006) Go [4.5]

is increased by a factor of approximately four compared to the case of the bare Cu
indicating the strong influence. However, the conductance of CoPc is still smaller
than that of HpPc. The absolute difference between HyPc and CoPc remains nearly
constant for both substrates indicating that the central atom only slightly influences
the hybridization while the changes in the molecular orbitals still cause reduction

of the transmission.

4.3.2 The LDOS on the different substrates

The molecular orbitals are not only influenced by the central metal cation. Instead,
the distinct hybridization with the different substrates should show an even higher
effect. Thus, spectra of the two molecules on Cu and Co were taken to gain insight
into the hybridization effects. In Figure 4.8 (a) the results for the normalized dI/dv
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Figure 4.8: The LDOS measurements for HyPc and CoPc on Cu from Figure 4.5 are com-
pared with the same measurements obtained at Co (T = 4.3K). (a) For H,Pc the HOMO
(—650meV) and LUMO (30meV) are shifted to lower energies with respect to the previous
measurements on Cu (HOMO: —370meV; LUMO 390meV). This results in the LUMO
being located at the Fermi edge and thus can explain the strongly enhanced conduc-
tance which is observed for Co. (b) The same observations hold for CoPc. The HOMO
(—910meV) and LUMO (—10meV) are shifted to lower energies as well, resulting in the
latter being located at €g.
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4.3 Influence of the surface on the transport

curves proportional to the LDOS are depicted for HyPc. The previous results on Cu
are compared to Co. For HyPc on Cu the peaks displaying the HOMO (—370meV)
and LUMO (+390meV) on Cu are shifted to lower energies while the overall shape
is conserved. The new HOMO (—650meV) is located much further below eg and
thus contributing less to the transport. The electron transport on Co is mainly dom-
inated by the LUMO. Since it is located closely above the Fermi level (30meV), it
can be easily accessed by the electrons from the electrodes. In contrast to the semi-
conducting level structure for HyPc on Cu, the molecules becomes metallic on Co.
Theoretical DFT calculations have been performed for the H,Pc molecules. A com-
parison with them shows that the shift is due to an electron transfer between
the N atoms and the surface. The LUMO which has a significant contribution
of the nitrogen is shifted towards the Fermi edge. This shift of ~ —350meV re-
sults in the LUMO being directly located at the Fermi edge. This hybridization
effects also reflect a fundamentally different adsorption mechanism: physisorption
versus chemisorption.

The same observation can be made for CoPc on Co. The molecular orbitals are
shifted to lower energies compared to Cu (see Fig. 4.8). The shift is of the same size
(~400meV) as for HpyPc. Again, this results in the LUMO on Co (—10meV) being
located close the Fermi edge. The HOMO is dislocated to —910meV. For CoPc
strong shift of the HOMO to lower energies compared to HyPc is observed due to
the insertion of the central metal ion, confirming the results on Cu. This is another
proof for the weak influence of the central cation on the hybridization.

In Figure 4.9 spatial resolved dI/dv maps of CoPc are shown for different energies
on the two substrates. The shape of the molecular orbitals strongly depend on
the energy and the surface material. On Co islands, the signal of the central Co
ion of the molecule dominates the images and thus masking the low LDOS of the

organic sidegroups.
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Topography

on Cu

on Co

Topography HOMO LUMO

Figure 4.9: Spatial resolved images of the molecular orbitals of CoPc on the different sur-
faces. The images on Cu are taken at V = —1.54V (HOMO™!), V = —0.56 V (HOMO), and
V =0.38V (LUMO), the ones on CO at V = —0.95V (HOMO), V = —0.04V (LUMO), and
V =0.90V (LUMO™?) (T = 4.3K). The molecular orbitals on Co are masked by the strong
signal of the central Co cation.

4.4 The process of forming the contact: soft vibron excitation

The extensive studies on assembling CoPc and H,Pc molecular junctions indicate
that the molecular jump occurs more likely when the tip approaches the isoindol
sidegroups rather than the center of the molecule. To understand this observation,
ISTS measurements were carried out by measuring the second derivative of the
tunneling current, which can reveal vibronic excitations created by tunneling elec-
trons [21]. Indeed, when the kinetic energy of the tunneling electrons is sufficient
to create an inelastic excitation in form of a vibron, a pair of peak and dip in the
d’1/4v? appears [124]. Spatial resolution was achieved by recording inelastic spectra
at different positions of the Pc molecule. Figure 4.10(a) shows the d?I/dV? spec-
trum of a CoPc molecule on Co/Cu(111). An inelastic excitation of about 20meV
appears in the spectrum as an antisymmetric combination of a peak and a dip at
+20meV, respectively. This excitation shares the same energy range as the exci-
tation energy of benzene-substrate vibrons [125]. To locate the vibronic excitation
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4.4 The process of forming the contact: soft vibron excitation

within the molecule, the values of the inelastic spectrum at £20mV is plotted as
a function of tip position atop the molecule (see insets of Fig. 4.10) (a). A high in-
elastic excitation probability is indicated by a combined dark intensity at negative
and a bright intensity at positive bias. To stress this finding, the two images were
subtracted — shown in the inset of Figure 4.10 (b) — resulting in four bright peaks
located on the sidegroups of the molecule. Thus, one can see that the excitations
are located on the sidegroups of CoPc and can therefore be associated with a vibra-
tional mode of the molecular sidegroup.

The same vibron could be observed in I(V) curves measured in contact (shown for
CoPc on Co in Fig. 4.10(b)). To acquire these curves the spectroscopic technique
was combined with the approach technique. Before recording the spectra, a certain
voltage was applied to the z piezo. In this way the tip was approached toward the
surface and kept in the proximity of the molecule. Thus, there was a certain pos-
sibility of the transition of the molecule from the tunneling to the contact regime.
The transition can be seen in the I(V') curve like for the distance curves as a discon-

tinuity (see Fig. 4.10(b)). After forming the contact, the I(V) curve is completely
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Figure 4.10: (a) 4°I/dv2 curve for CoPc averaged over the side group of the molecule taken at
T = 4.3K. One observes a excitation located at around 20meV. The insets show the dI/dv
taken at +20meV. The dip-peak structure is clearly constrained to the side groups of the
molecule, visualized in the inset of (b), showing the difference of the two images. (b) I(V)
curves measured with applying voltage on the z piezo. The orange curve indicates the
contact formation. Subsequent measurements were taken in the contact regime, when the
molecules bridges the tunneling gap. At 20mV the noise of the curve strongly increases,
indicating that the soft vibron of the molecule is excited.
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Figure 4.11: Theoretical geometry optimization: (a) flat and (b) contact position. The H,Pc
molecule is adsorbed in bridge position on the surface. This means that the two central
hydrogens are aligned on two neighboring hollow sites. When the tip is close to the
surface, there is a second local minimum for the alignment of the molecule where the
molecule forms a contact between surface and tip.

linear in the voltage range which can be applied without destroying the molecular
contact. This indicates a metallic behavior in the case of the molecule adsorbed on
Co which is in accordance with the high conductance values and the LDOS shown
in Figure 4.8.

For low energies, the noise of the curves is very low, while it sharply increases when
the vibron excitation energy of approximately 20meV is exceeded. This points out
the possibility of the molecule being vibronicly excited in the contact regime as
well. For the reduction of noise effects the conductance measurements have to be
performed below 20meV.

Additionally, theoretical calculation have been performed for the geometry opti-
mization of the molecule inside the junction. For the tip being close to the surface,
there are to possibilities how the molecule can be aligned: either in flat geometry
representing the tunneling regime or in the contact geometry (see Fig. 4.11). In the
energy landscape these two geometries correspond to two local minima separated
by a small energy barrier. The transition between these two states is expected to
follow the lowest energy path between the two states. Thus, the transition is related
to the lowest lying vibronic excitation which is the reason for forming the contact

but also for breaking it.
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5 Giant magnetoresistance of single phthalocyanine molecules

For the application in data storage devices the most interesting point is to realize
molecular junctions exhibiting a large magnetoresistance. In the previous chapter
the method of contacting single molecules was introduced using the example of dif-
tferent phthalocyanine molecules. The results showed a strong dependence on the
metal ion forming the compound with the organic part as well as on the substrate.
In order to reduce the different influences the GMR experiments will be carried
out for HyPc junctions since the impact of the central atom is not yet completely
understood. They have the additional advantage, that they also exhibit a higher
conductance. The lower areal resistance is essential for further high frequency ap-
plication needed in data storage.

The previous results showed that the Co islands are suited for contact measure-
ments. Since they offer the requested magnetic properties (see section 3.2), they are
used as one of the electrode. The tip material of choice is the Co coated W tip. This
ensures an out-of-plane sensitivity and a symmetric tunnel junction. In this chap-
ter the first successful measurement of the magnetoresistance of single molecules in
the ballistic regime will be reported. The GMR ratio of the Co/H,Pc/Co junction
exceeds the according TMR ratio by a magnitude. This is a promising result for
possible future applications.

Theoretical calculations were performed in order to explain the huge effect of the
Pc molecules on the magnetotransport. This allows to connect the effect with the
hybridization of the molecule with the Co of tip and substrate.

For future applications even higher GMR ratio would further improve the usability.
Since the phthalocyanine showed a large effect on the magneto resistance and their
practicability in the contact measurements was proven, the idea was to change the
electrode material. Thus, experiments on a second system, the Mn/H,Pc/Fe junc-
tions, were carried out, since Mn should show a higher spin polarization around

the Fermi edge compared to Co.
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5 Giant magnetoresistance of single phthalocyanine molecules

5.1 The magnetoresistance of Co/H,Pc/Co junctions: the first single molecule GMR

The experiments were performed on identical samples as the non-magnetic mea-
surements. In order to get out-of-plane sensitivity as well as a symmetric junction,
a Co-coated W-tip (10 monolayers) was used. Topographical measurements show
the same behavior as before. Nevertheless, the samples had to be characterized
magnetically at first. Spin polarized measurements of the differential conductance
(dI/dv) carried out on the bare Co islands (see Fig. 5.1 (b)) reproduced the results of
previous works [76]. The optimistic TMR ratio
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Figure 5.1: a) Topographic image of HyPc molecules adsorbed onto two Co islands on the
Cu(111) surface (T = 4.3K). The color code displays the measured d/dv map at —310mV.
One can distinguish between the two islands species with a magnetization parallel (in
yellow) and antiparallel (in red) with respect to the tip magnetization. b) dI/dv spectra
taken on two islands of P and AP type, which clearly reveal spin-polarized states below
the Fermi edge. c) Optimistic TMR ratio calculated from the dI/dv spectra. The highest
value is measured at around —350meV, and is used to distinguish between the two islands
species. Please note that the TMR ratio around the Fermi edge is of ~ 5%.
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Figure 5.2: Exemplary current distance curves measured on contrariwise magnetized is-
lands (Viun =~ 10mV, T = 4.3K). An indication to a dependence of the transport on the
relative alignment of the electrodes can already be seen in this curves The same method
as in the non magnetic case is used to extract the information on the molecular transport.

calculated from the individual curves (see Fig. 5.1 (c)) show a strong peak at around
—350meV which can be connected to the Co surface state [101]. The variation in
the differential conductance at this energy can be used to determine the orientation
of the magnetization of the individual islands relative to that of the tip (parallel
or antiparallel). Thus, the different curves can also be connected to parallel or an-
tiparallel alignment, respectively. The difference at ~ —350mV allowed to detect
the local magnetization direction of Co islands by recording maps of the local dif-
ferential conductance at this bias voltage. In Figure 5.1(a) a combined image of
the STM topography and a spatial resolved d//dv map at —310mV of the sample is
presented. In this image, the topography serves as the actual 3d shape while the
colors of the image represent the differential conductance. The contrast in the dI/dv
map can directly be connected to the distinct magnetization of the islands, since
both islands are pointing upwards and therefore stacking effects can be excluded.
Thus, the islands which appear yellow and red can be connected to parallel and
antiparallel alignment, respectively.

The differential tunneling magnetoresistance depends strongly on the energy as
depicted in Figure 5.1 (c) and shown previously by others [76]. Remarkably, the
differential TMR for this Co/vacuum/Co junction is only ~ 5% at low bias voltage

67



5 Giant magnetoresistance of single phthalocyanine molecules

(< 10meV). This is important since the transport measurements on H,Pc are re-
stricted to this energy range due to the high risk of destroying the molecules when
they are contacted at higher voltages.

For the actual transport measurements the same method as in the non-magnetic
studies was applied. To determine the magnetoresistance ratio of the HyPc molecule
the transport measurements had to be performed on differently magnetized is-
lands. In Figure 5.2, exemplary curves for both magnetization directions (parallel
and antiparallel) are shown. The curves reveal the same exponential increase of
the conductance reflecting the decreasing tunneling barrier width, followed by the
transition to the contact regime, visible as a discontinuity in the distance curves
(compare Fig. 4.6). Identical tip conditions were ensured by recording the traces
from the two islands during the same scans. This approach eliminated magne-
tostriction of the two ferromagnetic electrodes, as neither the tip nor the island
magnetization was switched by an external magnetic field.

Indeed, already the sample curves shown in Figure 5.2 display a marked depen-
dence of the conductance on the island’s spin polarization. In the particular mea-
surement, values of Gp = 0.26 Gy and Gap = 0.19G( were found. These values are in
the same range as for the measurements with the non-magnetic W-tip [4.4]. Thus,
the hybridization of the molecule with Co and W, respectively, are of the same or-
der since both are base metals.

These high values of the conductance are in sharp contrast to the exponentially low
values that have been reported for almost insulating molecular TMR layers [38,126]
and single molecular devices based on Cgp [127]. This is a big advantage for a
future application in hard disks, since a too high areal resistance of these devices
would inhibit high frequency applications.

To eliminate the influence of the statistical spread and of the noise, each such mea-
surement was repeated several hundred times on about 10 different molecules on
the two islands and the distribution of the conductances in parallel and antiparal-
lel was evaluated (see Fig. 5.3). The width of the resulting conductance distribu-
tion is relatively narrow, in particular not logarithmic, when compared to previous
work [18]. The broadening and possible structural elements reflect the variation
in contact and binding geometries, but also fluctuations in the spin-polarized den-
sity of states on the islands [76, 128]. Gaussian fits were used to determine the

average conductances and the GMR from the measurement statistics. The average
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5.1 The magnetoresistance of Co/H,Pc/Co junctions

conductances
GS° = (0.253 4 0.005) Gg [5.2]

and
GSS = (0.158 £ 0.005) G [5.3]

were found. These values result in an optimistic GMR ratio of
GCO _ ~Co

GMRc, = —2——AP — (61 49) %. [5.4]

Surprisingly, the GMR ratio obtained at 1omV is one order of magnitude larger
than the differential TMR found for direct tunneling between the magnetic tip and
the bare Co surface.

Theoretical description

Although the molecule itself is non-magnetic, the influence on the spin transport
revealed to be very high. The mechanism of the GMR already implies that hy-
bridization effects play an important role. For a better understanding of the pro-

50 [ parallel
I antiparallel

Number of measurements

Molecular conductance Gno [Go]

Figure 5.3: Distribution of the measured molecular conductances (381times parallel/
366 times antiparallel). The difference between the two channels can be clearly seen. The

Gaussian fits are used to determine the two different conductances and the GMR ratio
((614+9)%).
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5 Giant magnetoresistance of single phthalocyanine molecules

cesses responsible for the large GMR ratio, transport calculations based on density
functional theory (DFT) employing the non-equilibrium Green’s function (NEGF)
formalism and the TURBOMOLE package [129] were performed. Spin-polarized
transport properties were calculated in the linear response at low bias voltage
for the two junction geometries. The conductances in the two different regimes
were calculated individually and are represented by two independent curves (see
Fig. 5.4). On a qualitative level these calculations reproduce the experimental re-
sults very well: they reflect the exponentially increasing conductance in the tunnel-
ing regime, Gun(d) ~ e~P? when the distance d between the two electrodes is still
large. The slope is independent of the relative alignment of the electrode magneti-
zations. Further, the computational value of the slope f¢° = 1.87 A~1 — connected
to the work function Wte® = 3.24eV — is in good agreement with the experimental
value (8P = (1.9 +£0.3) A~1;, WP =3.2eV).

Reproducing the experimental findings, the variation of Geont(d) with the contact
distance d is very weak once the contact is established. However, it is still sensitive
to the relative orientation of the magnetization of the electrodes. Gap(d) is always
much lower than Gp(d). While the experimental conditions themselves cause a
transition from the tunneling to the contact regime, this process is not intrinsically
included in the theory. Thus, the point to calculate Gy, have to be chosen man-
ually. For a quantitative comparison with the experiment, the GMRy,, ratio is
considered at the distance d at which the ratio r = Giun/ Geont matches the value
r ~ 4 found experimentally. Thus, GMRy,e, =~ 65 % is only weakly dependent on 4.
This is already in very good agreement with the experimental results. However, a
slightly higher value is expected for the theoretical value, since in the calculations
the relative magnetization of tip and sample is completely parallel while this cannot
be ensured in the experiment. In the case of the experiment, the magnetization of
the Co islands is fixed due to the high surface anisotropy. Thus, it is always point-
ing exactly perpendicular to the surface. The situation for the tip is much more
complicated. Although the prepared Co films on the W-tips have an out-of-plane
anisotropy, the complex structure of the tip apex can strongly influence the spin
polarization of the tip and thus reduce the measured GMR ratio.

The Pc molecules are characterized by an energetically isolated HOMO and a nearly
doubly degenerate LUMO [130]. The HOMO levels, corresponding to the aromatic
group, hybridize only very weakly with almost no amplitude on the bridging ni-
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Figure 5.4: Theoretical DFT calculation for the molecular conductance in the two different
adsorption and spin geometries. In the calculations the two regimes are separated, while
for the experiment the transition between the regimes is indicated by the discontinuity.
The theoretical conductances are also extracted by subtraction of the two regimes at com-
parable distances with the experiment. This results in a theoretical GMR of 65 %, which is
in good agreement with the experimental value.

trogen. By contrast, the LUMO states are located on two out of the four aromatic
groups, with a strong hybridization to all N atoms forming the inner macro-cycle.
Since the N bond to Co includes states at the Fermi energy ep (see sect. 4.3.2), trans-
port should occur via the quasi-degenerate LUMO level. This fact is confirmed by
examining the transmission per spin direction around the Fermi energy across a
junction, magnetized parallel and antiparallel, respectively (see Fig. 5.5). For all
configurations, Gp near ¢f is indeed dominated by a peak centered slightly above
er that indicates transmission through the LUMO level — this is in accordance with
the measured LDOS (see Fig. 4.8). The peak width is determined by the strength of
hybridization of the molecular LUMO orbital with the substrate and tip states via
the N-Co binding. Since the surface DOS of the Co electrodes at ¢f is enhanced for
minority spin electrons as compared to the majority ones, the LUMO broadening
is strongly spin dependent. This difference in LUMO broadening for the two spin
channels has a direct impact on the GMR measured across the molecular junction
and thus causes the high GMR ratio.

For a qualitative understanding of the mechanism, one has to consider the molec-

ular orbitals in real space for the four different spin configurations shown in Fig-
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5 Giant magnetoresistance of single phthalocyanine molecules

ure 5.5. The two orbitals in the parallel case are manifestly distinct. The hybridiza-
tion of the minority channel of the Co surfaces with the LUMO give rise to an
orbital that is completely delocalized from the tip to the surface. The electrons in
this channel can move easily from one electrode to the other and contribute strongly
to the transport. The weak hybridization of the majority channel with the molecule
results in the absence of such an extended state and thus in a low contribution to
the transport. Nevertheless, due to the minority channel there is a high conduc-
tance for the parallel alignment. If the magnetization of one of the electrodes is
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Figure 5.5: Energy dependent transmission for the four channels contributing to the GMR
effect: for each alignment (parallel and antiparallel) there are two spin channels. The
distinct hybridization of these channel is the reason for the high GMR ratio. For all
transmissions there is a peak close above er. The difference is the peak width which
is due to the different hybridization. The minority channel for the parallel alignment
contributes most to the transport since it is the broadest and thus strongest at the Fermi
edge. The four lower images visualize the different states and thus the hybridization. In
the parallel alignment the minority channel is forming a state extended from tip to surface.
This results in a strong contribution to the conductance. For the antiparallel alignment,
both channels hybridize either with the tip or the substrate. Thus, the conductance is
strongly reduced.
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5.2 Mn/H,Pc/Fe junctions: optimization of the GMR

switched the situation changes drastically. In this case, the LUMO hybridizes with
either the tip or the sample, since the majority and minority channel are reversed
with respect to each other. Thus, there is no state reaching from one electrode to the
other. This quenches the transport for both channels and reduces the conductance
compared to the parallel case.

5.2 Mn/H;Pc/Fe junctions: optimization of the GMR

In the previous section, the results of the first successful measurement of the GMR
of an individual molecule was shown. The GMR ratio of approx. 60 % is already
quite high, when compared to the TMR for the same setup of electrodes and the
same energies. Nevertheless, even higher GMR ratios would increase the signal-
to-noise ratio and therefore improve the performance in sensors and read heads.
To get closer to reach this goal the system must be optimized in such a way that
the GMR increases to higher values. The Pc molecules showed, that they have a
strong influence on the magnetotransport and thus are a prommissing molecular
GMR system. Without changing the molecule itself, it remains the possibility to

i s'\?_
O AR St S
apa

Figure 5.6: (a) Topographical image of Mn grown on an Fe(100) whisker (V =199mV, I =
2nA, T = 4.3K). (b) dI/dv map taken before reversing the external field (V = 199mV,
T =4.3K). (c) dI/dv map after reversing the external field (V =212mV, T = 4.3K). The
three arrows indicate the main magnetic features of the Mn/Fe(100) surface. Green: a
Mn step edge at the surface, that is visible in the topography and the dI/dv maps. White:
a buried Fe step edge, that is only slightly visible in the topography but can clearly be
seen in the dI/dv map. Blue: coincident Fe and Mn step edges. The magnetic effect is
compensated.
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5 Giant magnetoresistance of single phthalocyanine molecules

change the electrode material. Due to the relatively low spin polarization of the Co
DOS around ep the GMR is confined to relatively small values. The idea is to use
an electrode material with a higher spin polarization of the DOS at eg. The well
studied Mn/Fe(100) offers this possibility and is thus a good choice for carrying
forward the experiments. Since the Mn films show an in-plane anisotropy an in-
plane sensitve Fe tip was used for the experiments.

The main properties of the Mn/Fe(100) surface have already been introduced in
section 3.2. In Figures 5.6, a topographic image and two dI/dv maps after the depo-
sition of HyPc on Mn/Fe(100) is presented. In these images the important magnetic
features are already visible. A Mn step edge clearly visible in the topography is
indicated by the green arrow and causes a reversal of the surface magnetization
visible in the dI/dv maps. The white arrow points to a buried Fe step edge: in the
topography this buried step edge is seen by a slight height difference. In the dI/dv
maps, the reversal of the magnetization can be seen as clearly as before. The blue
arrow alludes to another buried step edge, that partly coincides with an Mn step
edge. Thus, the magnetization stays the same as both effects compensate.

By applying an external field aligned in the opposite direction with respect to the
magnetization of the Fe whisker, the magnetization of the whisker can be reversed.
So far, there have been no studies focusing on what happens with the Mn layers
on top when the Fe whisker is switched. Figure 5.6 (c) shows the dI/dv of Mn on
Fe(100) map after reversing the field. All effects seen in the previous dI/dv map are
reproduced while the bright and dark areas are swapped. The magnetization of the
Mn layers follows the one of the Fe whisker when the latter is reversed.

In Figure 5.6 a high density of adsorbates is visible. These are H,Pc molecules as
well as undesired dirt particles. The latter are mainly deposited together with the
H)Pc molecules and in contrast to the Cu and Co surfaces sticked to the highly
reactive Mn surface. Hence, it was much more difficult to detect intact H,Pc for
controlled transport measurements — seen for example in the inset of Fig. 5.7 (a).
Nevertheless, there were some molecules, which could be used to measured dis-
tance curves, as shown in Figure 5.7(a). They showed similar properties as before
on Cu and Co. Like on Co, the connection of the tip with the molecule was bro-
ken when it was retracted. However, a tendency to higher conductances could be
observed. This is a sign for even stronger hybridization with the less noble Mn sur-

face. The distribution obtained from 108 single measurements in parallel alignment
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Figure 5.7: (a) Exemplary distance curves measured on HyPc on Mn/Fe(100) (Viyn =~ 10mV,
T = 4.3K). Breaking of the contact, when retracting the tip indicates a strong bonding.
The conductances for antiparallel spin alignment show a tendency to be higher. (b) The
distribution (108 times parallel, 63 times antiparallel) does not show one clear peak for the
different alignments. This can be due to different adsorption geometries caused by the
stronger binding to the Mn surface. Nevertheless, a tendency to higher conductances for
the antiparallel case can be observed. This results in an negative GMR (— (54 £ 16) %).

and 63 in the antiparallel one is shown in Figure 5.7 (b). Since the measurements on
Mn were more complicated than on Co/Cu(111), much less measurements could
be performed. Thus, the quality of the distribution is not as good as before. For
the parallel case the distribution consists of two individual peaks located at around
0.2Gp and 0.4 Gp. The distribution in the antiparallel case displays even four peaks.
There are possible explanations for the substructures in the distributions. On the
one hand, the HyPc molecules sometimes showed a bright center when they were
adsorbed on Mn. This could be explained by a different adsorption position an
thus distinctly shaped orbitals due to different hybridization mechanisms. The
molecules with bright centers showed a tendency to higher conductances. A sec-
ond observation that was made is that the stronger binding results in a wide spread
distribution of the adsorption parameters. This also can cause a higher spread in
the conductance.

However, there is a tendency to higher conductances especially for the antiparallel
alignment whose conductance even exceeds the conductance for the parallel case.
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5 Giant magnetoresistance of single phthalocyanine molecules

By extracting the two average conductances one gets:
GM™ = (0.286 +0.013) Gy [5.5]

and
G = (0.441 £ 0.026) G, [5.6]

respectively. Since GNI} is bigger than GM" the optimistic GMR is calculated to:

Mn Mn
GP — GAP

GMRyn = =

= —(54+16) %, [5.71

where the divider is changed to G}™. The negative GMR is a direct consequence of
the asymmetric junction geometry. One of the electrodes is formed by Fe while the
other consists of Mn. This is the first GMR measurement with a ferromagnetic lead
on the one side and an antiferromagnetic one on the other. Since the electrodes
consist of different materials, distinct hybridization effects can occur and form a
junction with a negative GMR. The hybridization of the molecule with Fe and Mn,
respectively, is stronger for the opposite spin channel. Although a new effect, i.e.
a negative GMR, was observed the GMR ratio could not be increased compared to
the Co/H,Pc/Co junctions. However, for an detailed understanding of the physical
properties, theoretical calculations for this system are needed as well.



6 Growth and electronic properties of Chromium acetylacetonate

In the previous chapters, it was shown that the electronic and magnetic junc-
tions based on single molecules exhibit different interesting effects. Especially,
the high GMR ratio offers nice possibilities for future applications of molecules in
data storage.

But there are further possible approaches how to use metal-organic molecules in the
tield of data storage. One of them is to employ single molecular magnets (SMM).
These molecules are built out of two distinct parts forming a metal-organic com-
pound. The metallic part consists of one or several magnetic ions carrying a spin.
The spins of the metal ions is shielded from the environment by the organic lig-
ands. However, the organic part also influences the magnetism of the molecule, in
particular its anisotropy, and thus can stabilize the spin. The shielded spins could
be used to serve as individual bits of a storage media [131]. As a result, the size of
an individual bit is reduced to the size of a molecule which is much smaller than
today’s bit sizes. For this purpose, such metal-organic compounds have to be put
onto surfaces and their magnetic and electronic properties need to be investigated
when they are in contact with the substrate. The stability of magnetism in single
molecules is often a problem when they are deposited on a surface.

In this chapter, studies on chromium acetylacetonate (Cr(acac);) consisting of a
Cr(Ill) ion — exhibiting a spin of 1/2 [25] — shielded by three acetylacetonate
(C5H702+ ) sidegroups are presented. In contrast to the Pc molecules, Cr(acac); is
not a flat molecule. This should result in a better decoupling of the central spin and
the surface. Until now, there have been no study on the growth of acac molecules
on the surface. Thus, the present chapter will start with the characterization of
the growth properties of Cr(acac);. For the possible application in data storage
magnetic and electronic properties are very important. These experiments will be

presented in the second part of the chapter.
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6.1 Deposition and growth

As described in section 3.3.2 there have been only few STM experiments done with
acetylacetonate molecules. So far the studies mainly concentrated on their usage
as precursor molecules. As shown by Siddiqi and co-workers [118], Al(acac); and
Cr(acac); are stable under sublimation and thus it is possible to deposit them in
situ under UHV conditions. The Cr(acac); molecule is chosen, since its Cr ion
carries a spin of 1/2 [25]. The molecules were deposited by heating them above
their sublimation temperature — as described in section 3.3.2 — on an atomically
clean Cu(111) surface. This surface is chosen due to its easy preparation procedure
and its well known properties.

Several repeated preparations revealed that the Cr(acac); typically did not grow
individually on the surface when they were deposited at room temperature. Instead
they aligned in chains parallel to the symmetry axes of the surface (see Fig. 6.2 (a)).
A close-up scan revealed that the individual molecules were shaped as the letter H
(see Fig. 6.2(d)). This can be explained by the molecule being adsorbed on one of
the ligands while the other two form stringers connected by the Cr in the center and
thus appear shaped as the letter H — as illustrated in Figure 6.2 (f). Each molecule
is connected with the next molecule by one of the stringers aligned in such a way
that it lies between the two of the other molecule (see Fig. 6.2 (c)). The next molecule
is arbitrarily aligned either on the same side or the opposite side with respect to
the molecule before. Thus, they are forming either more straight or more zig-zag
lines — as visible in the large scale scan in Figure 6.2 (a)). By these interlinks, the

Figure 6.1: Distribution of the chain
lengths of Cr(acac); on Cu(100). There
is a maximum for small chain lengths
(2-8 molecules) while there are chains
consisting up to 60 molecules.

0 10 20 30 40 50
Chain length [nm]

78



6.1 Deposition and growth

—

©

5 4

.
1 2nm Q*

Figure 6.2: Topographical images of Cr(acac); on Cu(111). (a) The large scale scan show the
alignment in rows along the symmetry axises of the surface (0.8V, 1.7nA). (b) Zooming
in reveals the individual molecules. They are well ordered over a long range of the chains
with only a few defects (100mV, 1.5nA). (c) The individual molecules appear as H-
shaped chain links that are connected (1.0V, 1.5nA). (d) Rarely individual Cr(acac)s can
be observed (100mV, 1.3nA). (e) Schematic image of the Cr(acac); in vacuum (blue =Cr,
red =0, gray =C, white =H). (f) Sketch displaying how the molecule lies on the surface.

79



6 Growth and electronic properties of Chromium acetylacetonate

molecules form chains consisting of single molecules — each is ~ 0.9nm long — up
to chain length of 50nm. Thus, chains consisting of 1 — 60 molecules are formed. In
Figure 6.1 the distribution of the chain lengths obtained from several topographies
is shown. There is a maximum for short chains corresponding to chains consisting
of 2—8 molecules. The chains are very regular over a long range only showing few
branchings or defects. Some molecules seam to be adsorbed on two of the acac
ligands. For these molecules only one ligand pointing out of the surface can be
seen in the STM image, indicated by the white circles in Figure 6.2 (b). However,
a few times it was also possible to observe individual molecules (see Fig. 6.2 (d))
where the H like shape of the individual molecule can be seen clearly.

6.2 Electronic properties

The adsorption studies on Cr(acac); revealed that the molecules grow as chains
rather than as individual molecules. This could be even an advantage for a con-
trolled deposition of nanostructured magnetic bits on a surface. Thus, the Cr(acac);
chains are used to examine the electronic and magnetic properties of the molecule
— especially of the Cr ion. For this purpose, elastic tunneling spectra were ob-
tained. Since the metallic center and the ligands were physically completely dif-
ferent, the results of the two parts had to be considered separately. Regarding the
spectra shown in Figure 6.3 there were three main features that could be observed:
the HOMO and LUMO, plus a zero bias resonance, which is only visible for the

spectra taken on the Cr ion.

HOMO and LUMO of Cr(acac);

At first, the focus is on the HOMO and LUMO, which are displayed at —1.2eV and
1.0eV, respectively. Spatial resolved d//dv maps at these energies were obtained to
visualize the molecular orbitals. In Fig. 6.4 the orbitals are shown for a part of a
longer chain (a — ¢) and a molecular dimer (d — f). For both, the LUMO is mainly
concentrated at the links between the molecules and at the end of the chains (see
Fig. 6.4 (c) and (f)). The HOMO is always located only on one side of the molecule
and is slightly distorted. It is also less pronounced than the LUMO, what can be

seen in the dI/4v curve, too.
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Figure 6.3: d/dvcurve measured on top of the center and the sidegroup of a Cr(acac)s
molecule at T = 4.3K. The spectra is corrected after the method of Ukraintsev [70]. Three
main features can be seen: the HOMO at —1.2meV, the Kondo resonance 0meV, and the
LUMO at 1.0meV
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Figure 6.4: (a) HOMO (—1.2¢eV), (b) topography, and (c) LUMO (1.2€V) of a Cr(acac)z chain.
The H shaped lines indicate the position of the molecules (T = 4.3K). (d) HOMO (—1.2eV),
(e) topography, and (f) LUMO (1.11¢€V) of a Cr(acac); dimer (T = 4.3K).
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6 Growth and electronic properties of Chromium acetylacetonate

The Kondo resonance

The third and most obvious observation in Figure 6.3 is the zero bias peak. This
peak is mainly present for d//dv curves measured on the center of the molecule
and thus must be connected to the Cr ion. Since the zero field ground state of the
Cr®* ion is a degenerate spin-1/> doublet [25], this is an indication for a Kondo
effect. Thus, a stable spin is not expected for the Cr(acac); molecules on a Cu(111)
surface. In order to further examine the peak, close-up spectra around the Fermi
edge (£50mV) were measured (see Fig. 6.5 (a)). The peak clearly shows a Fano like
shape, typical for the Kondo resonance [132,133]. Thus the Fano function [2.7] was
used to fit the peak [134,135]. The peak position was fitted to be at &g = OmeV.
Further, the Kondo temperature could be extracted from the fit to be

T = kg(13.0 = 0.4) meV = (151 + 5)K. [6.1]

This is in the same energy range as for FePc or CuPc on Au(111) [66,136]. Further,
the fitted g = 0.19 of the system is in the region of intermediate coupling for sys-
tems showing Kondo effect. Nevertheless, the strong coupling of the Cr ion with
the surface resulting in the Kondo effect reveals that the Cr(acac); molecules are
not a good choice for using them as stable bits. Since the Kondo effect quenches
the spin of Cr(acac); on Cu(111) it is impossible to build a stable bit out of them.
Spacial resolved measurements of the differential conductance were used to local-
ize the Kondo resonance inside the molecular chain. Fig. 6.5(b)and (c) show the
topography and the corresponding dI/dv map at the Fermi edge. The bright areas
can be clearly located at the Cr center of the molecule. This is simultaneously an
additional proof of the postulated adsorption geometry and of the Kondo effect,
which should be located at the central metal ion with spin 1/>. Additionally to the
Kondo resonances on the Cr ions, there are peaks visible in the middle of the kinks
in the Kondo chain, indicated in Figure 6.5(c) by the orange arrows. This occurs
when the three surrounding Kondo resonances are at the same distance of around
1.3nm. The green arrows indicating a third group of maxima in the d//dv map at
twice the distance.
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6.2 Electronic properties

A similar effect was observed by Manoharan and co-workers for the mirroring
of a Kondo resonance inside a quantum coral formed [26]. A quantum coral is an
ellipse built of individual adatoms, e. g. Co atoms, on the surface [137]. When for
example an additional Co atom is placed in one of the foci of the ellipse, the Kondo
resonance is also visible in the other one [26]. Since there is no second atom at this
point, there must be a mechanism that is responsible for the transmission of the
Kondo states in the surface.

At the (111) surfaces of noble metalsi.e. Ag(111), Au(111), and in particular Cu(111),
Shockley surface states are formed due to the distinct shape of the Fermi sur-
faces [138]. These surface states can be directly seen as standing waves in STM
images at step edges or around nanostructures [139]. Inside the quantum coral the
adatoms forming a confined area in which a standing wave pattern is formed [140].
Further, for Kondo resonances on the (111) surfaces of noble metals, the surface
state plays an important role [141]. The surface states simultaneously interact with
the Kondo impurity and form the standing wave pattern inside the quantum coral.

For surface states whose wave functions have constructive interference maxima at

center
Fano fit

—~
Q

)

d//dV [arb. units]

T T T T T T T T T A
-40 -20 0 20 40

Energy [meV] / \

Figure 6.5: (a) Close-up dI/dv scan at the Fermi edge to visualize the Fano shaped peak and
to fit a Fano resonance (T = 4.3K). (b) Topography and (c) d//dv map for a Cr(acac)z chain
at the Fermi edge. The Kondo peaks are clearly localized on the central sites. The orange
arrows indicate additional peaks which are located close to the molecular chains on the
surface. The green arrows indicate second peaks surrounding the molecular chain. These
areas are connected to the 2"? maxima of the interference.
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Figure 6.6: (a) Topographic image displaying the point were the spectra are recorded along
a line across the molecule away from the Kondo impurity. (b) d//dv spectra for the different
points (each line is shifted slightly to reduce the overlap). (c) Strength of the Kondo peaks
of the different spectra. The strongest Kondo peak can be seen at the edge of the molecule,
where the resonance is displayed in the Kondo maps (see Fig. 6.5).

both foci the Kondo resonance is mirrored from one to the other [142]. It was the-
oretically proven that this is really a surface effect and not a effect due to the STM
geometry [143].

Similar interference effects of the surface states as in the quantum coral are respon-
sible for the additional peaks that are visible close to the molecular Cr(acac); chain
on Cu(111). A detailed study of the distance between the central Kondo peak and
the additional peaks showed an average distance of

d= (126 +12)A. [6.2]

For interference effects the distance between the maxima is connected to the wave-
length

A
S =d [6.5]

and thus to the wave vector

2 0o —
T (025+002)A L [6.4]

k
Ad

This is in good agreement with Fermi wave vector for the band structure of the
Cu(111) surface state (kg = 0.21 AT [144]).

For a closer study of this effect, different spectra along a line on the molecule away
from the dominating center were recorded (see Fig. 6.6 (b)). The intensity of the
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peak on the surface away from the molecule vanishes. On top of the molecule the
peak is visible. It is even sharper as in the areas where constructive interference
occurs for several Kondo impurities (see Fig. 6.6 (c)).
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7 Conclusions and outlook

In current electronic applications, devices based on single molecules still play a sub-
ordinate role. However, the fundamental research has progressed faster in the last
years on the way to future applications. The concepts showed to have a high po-
tential to contribute to the process of improving current devices. The STM showed
to be an important tool for the research on molecular systems. It combines the
possibilities to study growth, transport, as well as magnetic and electronic prop-
erties of various systems such as molecular films, molecular nanostructures, or
even individual molecules. In the present work, a variety of STM techniques were
used to extend the current knowledge. This work focused on three main parts:
non-magnetic transport across different phthalocyanine molecules, spin dependent
transport across HyPc and finally electronic and magnetic studies on the Cr(acac);
molecules, carrying spin 1/2.

The first goal was to establish the transport measurements with the STM by taking
current-distance curves. This method was already used by different groups to study
transport across single molecules [9,16,17,19,80]. The molecules of choice were the
phthalocyanine molecules. Due to their flat geometry, they showed a clear indica-
tion of the contact formation in the form of a discontinuity in the current-distance
curves as observed for similar molecules [18,20]. To separate the tunneling and the
ballistic contribution to the transport, the molecular conductance was calculated
based on the model of Haiss and co-workers [18]. The individual conductances
obtained from numerous measurements on the different systems showed a narrow
distribution, especially when compared to the ones obtained with break junction
measurements [145].

With this method it was possible to study different influences on the transport
properties of phthalocyanine molecules. The average conductances found for the
phthalocyanines revealed to be in the same range than Cgp [19] and a magnitude
higher compared for example to the benzene chains [18]. By putting different metal

ions in the central cavities, the conductance (on Cu) is reduced from 0.176 Gy for the
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metal free HyPc to 0.063Gq for CoPc and to 0.123 Gy for MnPc. The main difference
between the HyPc and CoPc was examined by measuring elastic tunneling spectra.
The Co ion has a strong influence on the HOMO of the molecule which is shifted
further away from the Fermi edge. This reduces the overlap of the orbital with the
Fermi level and thus its contribution to the transport. The comparison of theoretical
calculations for the molecular orbitals in the gas phase [122,123] suggests that the
HOMO-LUMO gap of MnPc is also smaller than the one of CoPc. This explains
the better electron transport in the case of MnPc compared to CoPc. Overall, it can
be concluded that the metal ion changes the orbital structure of the molecule and
reduces the transmission over the molecule from one interface to the other. The
strength of the influence depends on the different metal ions that are used to form
the metal-organic compound.

The second main influence on the transport across a molecule sandwiched between
two electrodes is the coupling between the different parts of the junction. This
is primarily determined by the hybridization of the molecule with the electrodes.
The measurements on two different substrates showed this strong influence. The
hybridization on Co is much stronger than on Cu: for both HyPc and CoPc the
bonding to the surface is enhanced. The stronger bonding causes a shift of the
LUMO to the Fermi edge. This results in an strong increase of the conductance,
for example for HyPc from 0.176 Gp (Cu) to 0.296Gq (Co). Theoretical calculations
allowed to connect the shift to an electron transfer from the nitrogen atoms of the
molecule to the surface.

For both effects the STM has proven its capabilities to address properties beyond
the transport measurement by obtaining elastic tunneling spectra. An additional
feature of the STM is inelastic tunneling spectroscopy that could contribute to the
studies of molecular transport. The measurements not only revealed a vibron ex-
citation of the molecule. By using spatially resolved ITS, the excitation could be
localized on the sidegroups of the molecule. This could be used to explain the for-
mation of the contact, which is consistent with the local minima of the theoretical
optimization of the molecular geometry in contact.

Besides the fundamental electron transport in modern applications, magnetoresis-
tance effects often play an essential role. Especially for data storage devices the
size of the GMR components is of fundamental importance. In this work the first

measurement on a GMR junction consisting of a single molecule is reported. Based

88



on the non-magnetic measurements spin polarized transport measurements were
carried out on HyPc molecules. By combining a spin polarized STM with con-
tact measurements the dependence of the transport on the relative alignment of
the spin polarization of tip and sample was studied. The pioneering measurement
of the GMR of an individual molecule in the ballistic transport regime could be
successfully performed. A remarkably large GMR ratio (61 %) — one magnitude
larger than the TMR of the Co/vacuum/Co junction — was measured for a bal-
listic Co/HPc/Co junction. This is not only much higher than the TMR for the
same electrodes, it also exceeds values of GMR read heads in modern hard disks
(~ 10 —20% [146, 147]). For possible future applications, it is of fundamental im-
portance to provide devices of a sufficiently small size and concurrently a high
GMR ratio. The phthalocyanine molecules which are in the size of a few nanome-
ters (~ 2nm) meet both demands.

Since optimization for future applications needs a detailed understanding of the
physical processes underlying the effect, theoretical calculations were performed.
It was possible to connect the strong influence of the non-magnetic HPc molecule
on the magnetotransport with the distinct interaction of the molecule with the sur-
face. The hybridization between the LUMO of the molecule and the states of the
Co substrate is much stronger for the minority channel. Thus, the state is broader
in energy and has a stronger overlap with the Fermi level. This effect is illustrated
best with the real space images of the important states. The strongest contribution
results from the minority channel. For parallel aligned electrodes it forms a state
that is completely extended from the tip to the Co islands. The theoretical value
(65 %) shows a good consistency with the experimental result (61 %).

In order to optimize the properties, a second molecular GMR junction was ex-
amined. For this measurement an asymmetric geometry was employed. For one
electrode antiferromagnetic Mn was used while the second electrode consisted of
ferromagnetic Fe. While it was not possible to increase the GMR ratio, another
interesting effect was discovered. Due to the asymmetry of the junction a negative
GMR was observed (~ —54%). This can be explained by a distinct hybridization
with the two electrodes which can cause a change of sign for the GMR when the
different spin channels hybridize stronger for the different materials. However, for
a complete understanding of the process theoretical calculations would be needed.

Another possible application of single molecules in data storage is to build individ-
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ual bits out of them. The goal was to examine individual molecules on the surface
that carry a spin. These experiments where performed using Cr(acac)s molecules.
Instead of having a stable spin, the molecules revealed a Kondo effect due to strong
coupling of the spin with the surface. The Kondo effect was not only located at
the Cr ions of the molecules. Due to mediation of the surface states the Kondo
resonances occurred at different interference maxima periodically surrounding the
molecule in intervals of ~ 1.3nm and multiples of it. This can be connected to the
Fermi wave vectors of the surface state. This is a similar effect to that seen in quan-
tum mirages [26].

Overall, the STM has proven its various possibilities to contribute not only in the
transport studies but also in complementary studies. It was possible to measure the
magnetoresistance of a junction consisting of an individual molecule in the ballistic
regime. This could have a big impact on the way of increasing data storage devices
and other applications of GMR sensors. Further experiments have to be performed
to optimize geometries for such molecular junctions: increase GMR ratios, optimize
preparation, design adequate contact geometries. The Cr(acac); molecules did not
show a stable spin on the Cu(111) surface. To stabilize the spin, insulating surfaces
could prohibit the Kondo effect which quenches the spin. However, the Kondo
chains showed nice effects that could be used for further studies of the surface state
mediated Kondo resonances.

What remains are the engineering tasks to design devices for application in differ-
ent sensors. But the GMR sensors are not only limited to applications in hard disks.
They have been successfully implemented in different other fields, for example in
automotive applications [32,33] or in biosensing [34]. Especially for the latter the
fact that the GMR junction is built of an individual molecule could be an interesting

new approach.

90









Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

BaisicH, M. N., Broto, J. M., FERT, A., VAN DAu, F. N., PETROFF, F., ETIENNE,
P., Creuzer, G., FrRIEDERICH, A., and CHAZELAS, ]. Giant Magnetoresistance

of (oo1)Fe/(001)Cr Magnetic Superlattices. Phys. Rev. Lett. 61, 2472 (1988).

BinascH, G., GRUNBERG, P.,, SAURENBACH, F,, and Zi1nN, W. Enhanced magne-
toresistance in layered magnetic structures with antiferromagnetic interlayer
exchange. Phys. Rev. B 39, 4828 (1989).

WD Mobile Hard Drives with Advanced Format Technology
Offer Highest Capacity For Mainstream  Notebook Comput-
ers. URL http://www.wdc.com/en/company/releases/
PressRelease.asp?release=5ba85c8b-0849-4158-8d72~-
blbe7ee43852.

Yuasa, S., Nacaunama, T., FukusHiMA, A., Suzuki, Y., , and ANpo, K. Giant
room-temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic
tunnel junctions. Nature Mat. 3, 868 (2004).

PARrRkiIN, S. S. P, Kaiser, C., PANcHULA, A., Ricg, P. M., HUGHES, B., SAMANT,
M., and YANG, S.-H. Giant tunnelling magnetoresistance at room temperature
with MgO (100) tunnel barriers. Nature Mat. 3, 862 (2004).

Hitachi achieves Nanotechnology Milestone for Quadrupling Terabyte Hard
Drive. URL http://www.hitachi.com/New/cnews/071015a.html.

AviraM, A. and RATNER, M. A. Molecular rectifiers. Chem. Phys. Lett. 29, 277
(1974).

ReED, M. A., ZHOU, C., MULLER, C. J., BurGIN, T. P, and Tour, J. M. Conduc-
tance of a Molecular Junction. Science 278, 252 (1997).

93



Bibliography

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[18]

94

JoacHiMm, C., GiMzEwskl, J. K., SCHLITTLER, R. R., and CHAvy, C. Electronic
Transparence of a Single Cgp Molecule. Phys. Rev. Lett. 74, 2102 (1995).

Bumwm, L. A., ARNOLD, J. ]., CycaN, M. T., DUNBAR, T. D., BurGIN, T. P., JONEs,
I, L., ALtLara, D. L, Tougr, J. M., and WErss, P. S. Are Single Molecular Wires
Conducting? Science 271, 1705 (1996).

Ng, M.-K,, Leg, D.-C,, and Yu, L. Molecular Diodes Based on Conjugated Di-
block Co-oligomers. Journal of the American Chemical Society 124, 11862 (2002).

ELBiNGg, M., Ocns, R., Koentorpe, M., FiscHER, M., voN HANiscH, C.,
WEIGEND, F,, Evers, F, WEBER, H. B., and Mayor, M. A single molecule
diode. Proc. Natl. Acad. Sci. USA 102, 8815 (2005).

CHEN, |, Reep, M. A,, RawLETT, A. M,, and Toug, J. M. Large On-Off Ratios
and Negative Differential Resistance in a Molecular Electronic Device. Science

286, 1550 (1999).

DONHAUSER, Z. J., ManTOOTH, B. A., KELLY, K. E, BumMm, L. A., MONNELL,
J. D., STAPLETON, J. J., PRICE, ]J.,, D. W., RAWLETT, A. M., ALLARA, D. L., TOUR,
J. M., and Wesss, P. S. Conductance Switching in Single Molecules Through

Conformational Changes. Science 292, 2303 (2001).

WIESENDANGER, R., GUNTHERODT, H.-]., GUNTHERODT, G., GAMBINO, R. J.,
and Rurg, R. Observation of vacuum tunneling of spin-polarized electrons
with the scanning tunneling microscope. Phys. Rev. Lett. 65, 247 (1990).

Tang, H., CuBergs, M. T., JoacuiMm, C., and Gimzewski, J. K. Fundamental
considerations in the manipulation of a single Cgp molecule on a surface with
an STM. Surface Science 386, 115 (1997).

PrabuAN, N. A, L1y, N., and Ho, W. Vibronic Spectroscopy of Single Cgg
Molecules and Monolayers with the STM. The Journal of Physical Chemistry B

109, 8513 (2005).

Haiss, W., WANG, C., GRACE, 1., BATsaNoOv, A. S., SCHIFFRIN, D. J., HIGGINS,
S. J., Brycg, M. R., LamBERT, C. J., and NicHOLS, R. J. Precision control of

single-molecule electrical junctions. Nature Mat. 5, 995 (2006).



Bibliography

[19] NEEL, N., KrROGER, J., Limot, L., FREDERIKSEN, T., BRANDBYGE, M., and
BernDT, R. Controlled Contact to a Cgg Molecule. Phys. Rev. Lett. 98, 065502

(2007).

[20] TemIrOV, R., LAssisg, A., ANDERs, F. B, and Tautz, F. S. Kondo effect by
controlled cleavage of a single-molecule contact. Nanotechnology 19, 065401
(2008).

[21] Stipg, B. C., REzAEL, M. A., and Ho, W. Single-Molecule Vibrational Spec-
troscopy and Microscopy. Science 280, 1732 (1998).

[22] HirjiBeHEDIN, C. E, Lutz, C. P, and HEINRICH, A. ]J. Spin Coupling in Engi-
neered Atomic Structures. Science 312, 1021 (2006).

[23] Barasnov, T., TakAcs, A. F, WurLrHEKEL, W., and KIRSCHNER, ]. Magnon
Excitation with Spin-Polarized Scanning Tunneling Microscopy. Phys. Rev.
Lett. 97, 187201 (2006).

[24] Leznorg, C. C. and LEVER, A. B. P. Phthalocyanines: Properties and Applications.
(John Wiley & Sons, 1989).

[25] MILLER, J., SCHAEFLE, N., and SHARP, R. Calculating NMR paramagnetic re-
laxation enhancements without adjustable parameters: the spin-3/2 complex
Cr(IlI)(AcAc)3. Magnetic Resonance in Chemistry 41, 806 (2003).

[26] MaNoHARAN, H. C., Lutz, C. P, and EIGLER, D. M. Quantum mirages formed
by coherent projection of electronic structure. Nature 403, 512 (2000).

[27] MooRg, G. Cramming More Components Onto Integrated Circuits. Proceed-
ings of the IEEE 86, 82 (1998).

[28] WALTER, C. Kryder’s law. Scientific American 293, 32 (2005).

[29] CHAPrPERT, C., FERT, A., and DAav, E N. V. The emergence of spin electronics

in data storage. Nat. Mater. 6, 813 (2007).

[30] JULLIERE, M. Tunneling between ferromagnetic films. Physics Letters A 54, 225
(1975)-

95



Bibliography

[31] Fukuzawa, H., Yuasa, H., Hasuimoto, S., Iwasaki, H., and TANAKa,
Y. Large magnetoresistance ratio of 10% by Fes5oCosg layers for current-
confined path current-perpendicular-to-plane giant magnetoresistance spin-

valve films. Appl. Phys. Lett. 87, 082507 (2005).

[32] KAPsER, K., ZARUBA, S., SLAMA, P., and KATZMAIER, E. Speed Sensors for Au-
tomotive Applications Based on Integrated GMR Technology. In Advanced Mi-
crosystems for Automotive Applications 2008 (edited by J. Valldorf and W. Gess-
ner), VDI-Buch, 211—227 (Springer Berlin Heidelberg, 2008).

[33] DrEssEN, J., BURGLER, D. E., and GRUNBERG, P. Magneto-electronics. In Tech-
nology Guide (edited by H.-J. Bullinger), 88—91 (Springer Berlin Heidelberg,

2009).

[34] SaNDHU, A. Biosensing: New probes offer much faster results. Nat Nano 2,
746 (2007).

[35] DED1U, V., MURGIA, M., MATACOTTA, E C., TALIANI, C., and BARBANERA, S.
Room temperature spin polarized injection in organic semiconductor. Solid
State Communications 122, 181 (2002).

[36] X10NG, Z. H., Wu, D., VARDENY, Z. V., and SHI, ]. Giant magnetoresistance in

organic spin-valves. Nature 427, 821 (2004).

[37] CiNncHETTI, M., HEIMER, K., WUSTENBERG, J., ANDREYEV, O., BAUER, M., LACH,
S., Z1EGLER, C., GAO, Y., and AESCHLIMANN, M. Determination of spin injec-
tion and transport in a ferromagnet/organic semiconductor heterojunction

by two-photon photoemission. Nat Mater 8, 115 (2009).

[38] BArRrRAUD, C., SENEOR, P, MATTANA, R., FUsiL, S., BouzeHouang, K., DEr-
ANLOT, C., Graziosi, P.,, Hugso, L., BERGENTI, 1., DEDIU, V., PETROFF, E., and
FErT, A. Unravelling the role of the interface for spin injection into organic
semiconductors. Nat Phys 6, 615 (2010).

[39] IacoviTa, C., RasTEIl, M., HEINRICH, B. W., BRumME, T., Kortus, J., LimoT,
L., and BUCHER, ]J. Visualizating the Spin of Indivitual Cobalt-Phtalocyanine
Molecules. Phys. Rev. Lett. 101, 116602 (2009).



Bibliography

[40] GarTEscHI, D., SessoLi, R., and ViLLAIN, ]J. Molecular Nanomagnets (Oxford
University Press, 2006).

[41] Cavarring, M., Faccuini, M., ArBonEerTi, C., and Biscarini, F Single
molecule magnets: from thin films to nano-patterns. Phys. Chem. Chem. Phys.
10, 784 (2008).

[42] RocGez, G., DonnNiO, B., TErRAZZI, E., GALLANT, ]J., KAPPLER, ]., BUCHER, ].,
and DriLLoN, M. The Quest for Nanoscale Magnets: The example of [Mn12]
Single Molecule Magnets. Advanced Materials 21, 4323 (2009).

[43] BiNNIG, G. and ROHRER, H. Scanning tunneling microscopy. Helv. Phys. Acta
55, 726 (1982).

[44] WErss, P. Lhypothése du champ moléculaire et la propriété ferromagnétique.
J. de Physique 6, 661 (1907).

[45] HEeisENBERG, W. Zur Theorie des Ferromagnetismus. Zeitsch. f. Physik 38, 441
(1922).
[46] Broch, E. Bemerkung zur Elektronentheorie des Ferromagnetismus und der

elektrischen Leitfahigkeit. Zeitsch. f. Physik 57, 545 (1929).

[47] STONER, E. C. Collective Electron Specific Heat and Spin Paramagnetism in
Metals. Proceedings of the Royal Society of London. Series A, Mathematical and
Physical Sciences 154, 656 (1936).

[48] STONER, E. C. Collective Electron Ferromagnetism. Proceedings of the Royal
Society of London. Series A, Mathematical and Physical Sciences 165, 372 (1938).

[49] Sronczewski, J. C. Conductance and exchange coupling of two ferromagnets
separated by a tunneling barrier. Phys. Rev. B 39, 6995 (1989).

[50] MOODERA4, J. S., KINDER, L. R.,, Wong, T. M., and MEServEy, R. Large Magne-
toresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junc-

tions. Phys. Rev. Lett. 74, 3273 (1995).

[51] Mrivazaxi, T. and Tezuka, N. Giant magnetic tunneling effect in Fe/Al,O3/Fe
junction. Journal of Magnetism and Magnetic Materials 139, L231 (1995).

97



Bibliography

[52] NAGAMINE, Y., MAEHARA, H., TSUNEKAWA, K., DJAYAPRAWIRA, D., WATANABE,
N., Yuasa, S., and Anpo, K. Ultralow resistance-area product of 0.4 Q( ptrn)2
and high magnetoresistance above 50% in CoFeB/MgO/CoFeB magnetic
tunnel junction. Appl. Phys. Lett. 89, 162507 (2006).

[53] Park, J., PasupaTHy, A. N., GoLbsMmiTH, J. [., CHANG, C., YAIsH, Y., PETTA,
J. R., RINKOSKI, M., SETHNA, ]J. P., ABRUNA, H. D., McEuUEN, P. L., and RaLPH,
D. C. Coulomb blockade and the Kondo effect in single-atom transistors.
Nature 417, 722 (2002).

[54] pE Haas, W. J. and vaN DEN BERG, G. J. The Electrical Resistance of Gold and
Silver at Low Temperatures. Physica 1II 6, 440 (1936).

[55] KonDo, J. Resistance Minimum in Dilute Magnetic Alloys. Prog. theor. phys.
32, 37 (1964).

[56] ANDERsON, P. W. Localized Magnetic States in Metals. Phys. Rev. 124, 41
(1961).

[57] GOoLDHABER-GORDON, D., SHTRIKMAN, H., MAHALU, D., ABUSCH-MAGDER, D.,
ME1ray, U., and KAsTNER, M. A. Kondo Effect in a Single-Elektron Transistor.
Nature 391, 156 (1998).

[58] CRONENWETT, S. M., OosTERKAMP, T. H., and KouweNHOVEN, L. P. A Tunable
Konde Effekt in Quantumdots. Science 281, 540 (1998).

[59] KouwenHOVEN, L. P. and GLazmAN, L. Revival of the Kondo Effect. Physics
World 14, 33 (2001).

[60] Ng, T. K. and LEEg, P. A. On-Site Coulomb Repulsion and Resonant Tunneling.
Phys. Rev. Lett. 61, 1768 (1988).

[61] GLAzMmAN, L. and Raixkna, M. E. Resonant Kondo transparency of a barrier
with quasilocal impurity states. JETP Lett. 47, 452 (1988).

[62] PaaskE, J., RoscH, A., WOLFLE, P, MasoN, N., Marcus, C. M., and NYGARD,
J. Kondo Physics in Carbon Nanotubes. Nature 408, 342 (2000).



Bibliography

[63] JESPERSEN, T. S., AAGESEN, M., SOrRENSEN, C., LINDELOF, P. E., and NYGARD,
J. Kondo Physics in Tunable Semiconductor Nanowire Quantum Dots. Phys.
Rev. B 74, 233304 (2006).

[64] LianG, W., SHORES, M. P., BockrATH, M., LONG, ]J. R., and PAark, H. Kondo

resonance in a single-molecule transistor. Nature 417, 725 (2002).

[65] Parks, J. J.,, CHAMPAGNE, A. R., CosTr, T. A., SHum, W. W., PAsuPrATHY, A. N.,
NEeuscaAMMAN, E., FLORES-TORRES, S., CORNAGLIA, P. S., ALiGia, A. A., BAL-
seIrO, C. A., CHAN, G. K.-L., ABruNA, H. D., and RarrH, D. C. Mechanical
Control of Spin States in Spin-1 Molecules and the Underscreened Kondo
Effect 328, 1370 (2010).

[66] ZHAO, A., L1, Q., CHEN, L., X1aANG, H., WANG, W,, PAN, S., WANG, B., X140, X.,
YANG, J., Hou, J. G., and Znvu, Q. Controlling the Kondo Effect of an Adsorbed
Magnetic Ion Through Its Chemical Bonding. Science 309, 1542 (2005).

[67] RomEIkE, C., WEGEWTJS, M. R., HOFSTETTER, W., and ScHOELLER, H. Kondo-
Transport Spectroscopy of Single Molecule Magnets. Phys. Rev. Lett. 97,
206601 (2006).

[68] BARDEEN, J. Tunnelling from a Many-Particle Point of View. Phys. Rev. Lett. 6,
57 (1961).

[69] TErsoOFF, J. and HaMANN, D. R. Theory and Application for the Scanning
Tunneling Microscope. Phys. Rev. Lett. 50, 1998 (1983).

[70] UkrAINTSEV, V. A. Data evaluation technique for electron-tunneling spec-
troscopy. Phys. Rev. B 53, 11176 (1996).

[71] JakLevic, R. C. and LaMmBE, J. Molecular Vibration Spectra by Electron Tun-
neling. Phys. Rev. Lett. 17, 1139 (1966).

[72] KLeiN, J.,, LEGer, A., BeELIN, M., DEFOURNEAU, D., and SANGSTER, M.
J. L. Inelastic-Electron-Tunneling Spectroscopy of Metal-Insulator-Metal Junc-
tions. Phys. Rev. B 7, 2336 (1973).

[73] WuLFHEKEL, W. and KIRSCHNER, J. Spin-polarized scanning tunneling mi-
croscopy on ferromagnets. Applied Physics Letters 75, 1944 (1999).

99



Bibliography

[74] ScaLiCckUM, U., WULFHEKEL, W., and KIRSCHNER, ]. Spin-polarized scanning
tunneling microscope for imaging the in-plane magnetization. Applied Physics

Letters 83, 2016 (2003).

[75] StrOSCIO, J. A., P1ERCE, D. T., Davies, A., CELOTTA, R. J., and WEINERT, M.
Tunneling Spectroscopy of bcc (0o1) Surface States. Phys. Rev. Lett. 75, 2960

(1995).

[76] PieTzschH, O., KUBETZKA, A., BODE, M., and WIESENDANGER, R. Spin-Polarized
Scanning Tunneling Spectroscopy of Nanoscale Cobalt Islands on Cu(111).
Phys. Rev. Lett. 92, 057202 (2004).

[77]1 YErsIN, H. Highly efficient OLEDs with phosphorescent materials (Wiley-VCH,
2007).

[78] Sun, S. and Saricrrrcr, N. S. Organic Photovoltaics: Mechanisms, Materials, and
Devices: Mechanism, Materials, and Devices (Marcel Dekker Inc, 2005).

[79] Park, H., Parg, J., Lim, A. K. L., ANDpERsoN, E. H., Arivisatos, A. P, and
MCcEUuEN, P. L. Nanomechanical oscillations in a single-Cgg transistor. Nature

407, 57 (2000).

[8o] Haiss, W., NicHots, R. J.,, vaN ZALINGE, H., HiGcGiNs, S. J., BETHELL, D.,
and ScHIFFRIN, D. J. Measurement of single molecule conductivity using the

spontaneous formation of molecular wires. Phys. Chem. Chem. Phys. 6, 4330

(2004).

[81] Park, H., Lim, A. K. L., ALivisaTos, A. P, PARK, J., and McEuEN, P. L. Fabri-
cation of metallic electrodes with nanometer separation by electromigration.

Applied Physics Letters 75, 301 (1999).

[82] Cur, X. D., PRimAK, A., ZARATE, X., TOMFOHR, J., SANKEY, O. F.,, MOORE, A. L.,
Moogrg, T. A., Gusr, D., Harris, G., and LiNDsAy, S. M. Reproducible Mea-

surement of Single-Molecule Conductivity. Science 294, 571 (2001).

[83] RawrerT, A. M., Horson, T. J., AmLaNi, 1., ZHANG, R., TRESEK, J., NAGA-
HARA, L. A., Tsui, R. K., and GoroNKIN, H. A molecular electronics toolbox.
Nanotechnology 14, 377 (2003).

100



Bibliography

[84] Znou, C., DEsHPANDE, M. R., REeD, M. A,, 1], L. J., and Tougr, J. M. Nanoscale
metal/self-assembled monolayer/metal heterostructures. Applied Physics Let-

ters 71, 611 (1997).

[85] KusaMmerick, J. G., Hort, D. B., Yang, J. C., Naciri, ]J., Moorg, M. H.,
and SHASHIDHAR, R. Metal-Molecule Contacts and Charge Transport across
Monomolecular Layers: Measurement and Theory. Phys. Rev. Lett. 89, 086802
(2002).

[86] METZGER, R. M., CHEN, B., HOPFNER, U., LAKSHMIKANTHAM, M. V., VUIL-
LAUME, D., Kawai, T., Wu, X., TacaiBaNna, H., HugHes, T. V., Sakurarl, H.,
BarLpwin, J. W.,, HoscH, C., Cava, M. P, BREHMER, L., and AsHwELL, G. J.
Unimolecular Electrical Rectification in Hexadecylquinolinium Tricyanoquin-
odimethanide. Journal of the American Chemical Society 119, 10455 (1997).

[87] PETTA, J. R, SLATER, S. K., and Rarrh, D. C. Spin-Dependent Transport in
Molecular Tunnel Junctions. Phys. Rev. Lett. 93, 136601 (2004).

[88] Dep1u, V. A.,, Hugso, L. E., BErGenTi, 1., and Tariani, C. Spin routes in
organic semiconductors. Nat Mater 8, 707 (2009).

[89] SzuLczewski, G., Toxuc, H., Ocuz, K., and Coky, J. M. D. Magnetoresistance
in magnetic tunnel junctions with an organic barrier and an MgO spin filter.
Applied Physics Letters 95, 202506 (2009).

[90] RocHA, A. R., GARCIA-SUAREZ, V. M., BAILEY, S. W., LAMBERT, C. J., FERRER,
J., and Sanviro, S. Towards molecular spintronics. Nat Mater 4, 335 (2005).

[91] SzuLczewski, G., SANvVITO, S., and COEy, M. A spin of their own. Nat Mater
8, 693 (2009).

[92] ATopireskl, N., BReDE, J., Lazic, P, Caciuc, V., HorrmaANN, G., WIESEN-
DANGER, R., and BLUGEL, S. Controlling the Local Spin-Polarization at the
Organic-Ferromagnetic Interface. Arxiv preprint arXiv:1005.5411 (2010).

[93] Barasnov, T. Inelastic scanning tunneling spectroscopy : magnetic excitations on
the nanoscale. Ph.D. thesis, Universitat Karlsruhe (TH) (2009).

101



Bibliography

[94] Davisson, C. and GeErMER, L. H. Diffraction of Electrons by a Crystal of
Nickel. Phys. Rev. 30, 705 (1927).

[95] LANDER, ].]J. Auger Peaks in the Energy Spectra of Secondary Electrons from
Various Materials. Phys. Rev. 91, 1382 (1953).

[96] HaRrris, L. A. Analysis of Materials by Electron-Excited Auger Electrons.
Journal of Applied Physics 39, 1419 (1968).

[97] MooN, A. R. and CowLEy, J]. M. Medium Energy Electron Diffraction. Journal
of Vacuum Science and Technology 9, 649 (1972).

[08] Qiu, Z. Q. and BADER, S. D. Surface magneto-optic Kerr effect. Review of
Scientific Instruments 71, 1243 (2000).

[99] DE LA FIGUERA4, ]., PriETO, J. E., OcaL, C., and MiraNDA, R. Surface etch-
ing and enhanced diffusion during the early stages of the growth of Co on
Cu(111). Surface Science 307-309, 538 (1994).

[100] VAzQUEz DE PARGA, A. L., GARcIA-VIDAL, F. J.,, and MiraNDA, R. Detect-
ing Electronic States at Stacking Faults in Magnetic Thin Films by Tunneling
Spectroscopy. Phys. Rev. Lett. 85, 4365 (2000).

[101] DIEKHONER, L., SCHNEIDER, M. A., BARANOV, A. N., STEPANYUK, V. S., BRUNO,
P., and KerN, K. Surface States of Cobalt Nanoislands on Cu(111). Phys. Rev.
Lett. 90, 236801 (2003).

[102] WALKER, T. G. and Horster, H. Magnetism of Mn layers on Fe(100). Phys.
Rev. B 48, 3563 (1993).

[103] AnDRIEU, S., Foy, E., FiscHER, H., ALNOT, M., CHEVRIER, F.,, KriLL, G., and
PrecuchH, M. Effect of O contamination on magnetic properties of ultrathin
Mn films grown on (0o1) Fe. Phys. Rev. B 58, 8210 (1998).

[104] Yamapa, T. K., BiscHOFF, M. M. ]., HEIJNEN, G. M. M., M1zoGcucHi, T., and
vaN KemPEN, H. Observation of Spin-Polarized Surface States on Ultrathin
bct Mn(oo1) Films by Spin-Polarized Scanning Tunneling Spectroscopy. Phys.
Rev. Lett. 90, 056803 (2003).

102



Bibliography

[105] SchHLICKUM, U., JANKE-GILMAN, N., WULFHEKEL, W., and KIRSCHNER, J. Step-
Induced Frustration of Antiferromagnetic Order in Mn on Fe(oo1). Phys. Rev.

Lett. 92, 107203 (2004).

[106] TuLcHINsKY, D. A., UNGuURIs, J., and CeLoTrTa, R. J. Growth and magnetic
oscillatory exchange coupling of Mn/Fe(oo1) and Fe/Mn/Fe(oo1). Journal of
Magnetism and Magnetic Materials 212, 91 (2000).

[107] DELAcOTE, G. M., FILLARD, ]. P, and MARrco, E J. Electron injection in thin
tilms of copper phtalocyanine. Solid State Communications 2, 373 (1964).

[108] BrAUN, A. and TcHERNIAC, ]. Uber die Produkte der Einwirkung von Ac-
etanhydrid auf Phthalamid. Berichte der deutschen chemischen Gesellschaft 4o,

2709 (1907).
[109] LOBBERT, G. Phthalocyanines (Wiley-VCH Verlag, 2000).

[110] HAMANN, C., MRwA, A., MULLER, M., GOPEL, W,, and RAGER, M. Lead ph-
thalocyanine thin films for NO, sensors. Sensors and Actuators B: Chemical 4,

73 (1991).

[111] GHOosH, A. K., MorkeL, D. L., FENG, T., SHAw, R. F,, and CHARLES A. ROWE,
J. Photovoltaic and rectification properties of Al/Mg phthalocyanine/Ag
Schottky-barrier cells. Journal of Applied Physics 45, 230 (1974).

[112] DE LA TORRE, G., CLAESSENS, C. G., and Torres, T. Phthalocyanines: old dyes,
new materials. Putting color in nanotechnology. Chemical Communications

2000 (2007).

[113] CraEssENns, C. G., Hann, U, and Torres, T. Phthalocyanines: From out-
standing electronic properties to emerging applications. The Chemical Record
8, 75 (2008).

[114] GimzEwsk], ], STOLL, E., and SCHLITTLER, R. Scanning tunneling microscopy
of individual molecules of copper phthalocyanine adsorbed on polycrys-
talline silver surfaces. Surface Science 181, 267 (1987).

103



Bibliography

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

104

Lrrrer, P. H., WiLsoN, R. J., MiLLER, M. D., WoLL, C., and CHIANG, S. High-
Resolution Imaging of Copper-Phthalocyanine by Scanning-Tunneling Mi-
croscopy. Physical Review Letters 62, 171 (1989).

Wu, S. W,, NazinN, G. V,, CHEN, X., Qru, X. H., and Ho, W. Control of Rela-
tive Tunneling Rates in Single Molecule Bipolar Electron Transport. Physical
Review Letters 93, 236802 (2004).

WANG, ]., SH, Y., CAQ, ]., and Wu, R. Magnetization and magnetic anisotropy
of metallophthalocyanine molecules from the first principles calculations. Ap-
plied Physics Letters 94, 122502 (2009).

Sipp1gr, M. A., Sippiqul, R. A., and AtakaN, B. Thermal stability, subli-
mation pressures and diffusion coefficients of some metal acetylacetonates.
Surface and Coatings Technology 201, 9055 (2007). Euro CVD 16, 16th European
Conference on Chemical Vapor Deposition.

SEMYANNIKOV, P., IcuMENoOV, 1., TRUBIN, S., CHUsoOvA, T., and SEMENOvVA, Z.
Thermodynamics of chromium acetylacetonate sublimation. Thermochimica
Acta 432, 91 (2005).

GriLLO, S. E., TaNG, H., CouDRrET, C., and GAUTHIER, S. STM observation of
the dissociation of a chromium tris-diketonato complex on Cu(100). Chemical
Physics Letters 355, 289 (2002).

HeinricH, B. W, Iacovita, C., BRummMmeE, T., CHOI, D.-]., LimoT, L., RASTEI,
M. V., Horer, W. A., Kortus, J., and BUCHER, J.-P. Direct Observation of
the Tunneling Channels of a Chemisorbed Molecule. The Journal of Physical
Chemistry Letters 1, 1517 (2010).

MaroM, N. and Kronik, L. Density functional theory of transition metal
phthalocyanines, II: electronic structure of MnPc and FePc-symmetry and
symmetry breaking. Applied Physics A: Materials Science and Processing 95, 165

(2009).

MaroM, N. and KronIk, L. Density functional theory of transition metal ph-
thalocyanines, I: electronic structure of NiPc and CoPc-self-interaction effects.
Applied Physics A: Materials Science and Processing 95, 159 (2009).



Bibliography

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

Wour, E. L. Principles of electron tunneling spectroscopy (Oxford University
Press, 1985).

Pascuar, J. I, Jackiw, J. J., SONG, Z., WEiss, P. S., CoNraD, H., and RusT, H.-
P. Adsorbate-Substrate Vibrational Modes of Benzene on Ag(110) Resolved
with Scanning Tunneling Spectroscopy. Phys. Rev. Lett. 86, 1050 (2001).

Santos, T., LEE, J., MiGgpaL, P.,, LEksawmi, 1., SATPATI, B., and MOODERA, J.
Room temperature tunnel magnetoresistance and spin polarized tunneling

studies with organic semiconductor barrier. Phys. Rev. Lett. 98, 016601 (2007).

PasuratHY, A. N., BraLczak, R. C.,, MARTINEK, J., GROSE, J. E., DoNEv, L.
A. K., McEuEN, P. L., and RarrH, D. C. The Kondo Effect in the Presence of
Ferromagnetism. Science 306, 86 (2004).

Oxka, H., IoNATIEV, P. A., WEDEKIND, S., RODARY, G., NIEBERGALL, L., STEPA-
NYUK, V. S., SANDER, D., and KIRSCHNER, J. Spin-dependent quantum inter-

ference within a single magnetic nanostructure. Science 327, 843 (2010).

ARrNOLD, A., WEIGEND, F, and EvErs, F. Quantum chemistry calculations for
molecules coupled to reservoirs: Formalism, implementation and application
to benzene-dithiol. J. Chem. Phys. 126, 174101 (2007).

Rosa, A., Ricciarpi, G., BAERENDS, E. J., and vaN GISBERGEN, S. J. A. The
Optical Spectra of NiP, NiPz, NiTBP, and NiPc: Electronic Effects of Meso-
tetraaza Substitution and Tetrabenzo Annulation. The Journal of Physical Chem-
istry A 105, 3311 (2001).

KrusiN-ErLBauwMm, L., SHiBAUCHI, T., ARGYLE, B., GiGNAC, L., and WELLER, D.
Stable ultrahigh-density magneto-optical recordings using introduced linear
defects. Nature 410, 444 (2001).

MabpHAVAN, V., CHEN, W., JAMNEALA, T., CRoMmMIE, M. F,, and WINGREEN,
N. S. Tunneling into a Single Magnetic Atom: Spectroscopic Evidence of the
Kondo Resonance. Science 280, 567 (1998).

105



Bibliography

[133] Ursagay, O., KROHA, J., SZUNYOGH, L., and ZAWADOWSKI, A. Theory of the
Fano Resonance in the STM Tunneling Density of States due to a Single
Kondo Impurity. Phys. Rev. Lett. 85, 2557 (2000).

[134] Fano, U. Effects of Configuration Interaction on Intensities and Phase Shifts.
Phys. Rev. 124, 1866 (1961).

[135] KaTon, K., YosHIDA, Y., YAMASHITA, M., Mivasaka, H., BREEDLOVE, B. K,,
Kajiwara, T., TakaisHI, S., IsHikawa, N., IssHik1, H., ZHANG, Y. F., KOMEDA,
T., YamacisHi, M., and Takgya, J. Direct Observation of Lanthanide(III)-
Phthalocyanine Molecules on Au(111) by Using Scanning Tunneling Mi-
croscopy and Scanning Tunneling Spectroscopy and Thin-Film Field-Effect
Transistor Properties of Tb(III)- and Dy(IlI)-Phthalocyanine Molecules. Jour-
nal of the American Chemical Society 131, 9967 (2009).

[136] Gao, L., J1, W, Hu, Y. B., CueNng, Z. H., DEng, Z. T., Liu, Q., JiaNG, N., LN,
X., Guo, W, Du, S. X., Horer, W. A, X1, X. C., and Gao, H.-J. Site-Specific
Kondo Effect at Ambient Temperatures in Iron-Based Molecules. Phys. Rev.
Lett. 99, 106402 (2007).

[137] CroMmMIE, M. E, Lutz, C. P, and EiGLER, D. M. Confinement of Electrons to
Quantum Corrals on a Metal Surface. Science 262, 218 (1993).

[138] KEevaN, S. D. and Gayrorp, R. H. High-resolution photoemission study of
the electronic structure of the noble-metal (111) surfaces. Phys. Rev. B 36, 5809

(1987).

[139] HAsEGAwa, Y. and Avouris, P. Direct observation of standing wave formation
at surface steps using scanning tunneling spectroscopy. Phys. Rev. Lett. 71,
1071 (1993).

[140] HELLER, E. J., CRoMMIE, M. F, Lutrz, C. P, and EiGLER, D. M. Scattering
and absorption of surface electron waves in quantum corrals. Nature 369, 464
(1994).

[141] MERINO, J. and GUNNARsSON, O. Role of Surface States in Scanning Tunneling

Spectroscopy of (111) Metal Surfaces with Kondo Adsorbates. Phys. Rev. Lett.
93, 156601 (2004).

106



Bibliography

[142] AGaM, O. and SCHILLER, A. Projecting the Kondo Effect: Theory of the Quan-
tum Mirage. Phys. Rev. Lett. 86, 484 (2001).

[143] FieTE, G. A., HERSCH, ]. S., HELLER, E. ]J.,, MaNnoHARAN, H. C,, Lutz, C. P,
and EIGLER, D. M. Scattering Theory of Kondo Mirages and Observation of
Single Kondo Atom Phase Shift. Phys. Rev. Lett. 86, 2392 (2001).

[144] CroMMIE, M. F, Lutz, C. P, and EIGLER, D. M. Imaging standing waves in a
two-dimensional electron gas. Nature 363, 524 (1993).

[145] SmiT, R. H. M., Noar, Y., Untiept, C., LANG, N. D., vaNn HEmERT, M. C,,
and vAN RUITENBEEK, ]. M. Measurement of the conductance of a hydrogen
molecule. Nature 419, 906 (2002).

[146] FrEerras, P., FERREIRA, H., FERREIRA, R., CARDOSO, S., DIJKEN, S., and GREGG,
J. Nanostructures for Spin Electronics. In Advanced Magnetic Nanostructures

(edited by D. Sellmyer and R. Skomski), 403—460 (Springer US, 2006).

[147] GETrzLAFE, M. Applications. In Fundamentals of Magnetism, 293-335 (Springer
Berlin Heidelberg, 2008).

[148] Horcas, 1., FERNANDEZ, R., GOMEZ-RODRIGUEZ, ]. M., COLCHERO, J., GOMEZ-
HERRERO, J., and Baro, A. M. WSXM: A software for scanning probe mi-
croscopy and a tool for nanotechnology. Review of Scientific Instruments 78,

013705 (2007).
[149] Barx, C. Scanning Tunneling Microscopy and Its Applications (Springer, 1995).

[150] MAYER, E., Hug, H. J., and BENNEWITZ, R. Scanning Probe Microscopy (Springer,

2004).
[151] STOHR, J. and S1EGMANN, H. C. Magnetism (Springer, 2006).

[152] IBACH, H. Physics of surfaces and Interfaces (Springer, 2006).

107






Acknowledgments

Thankfully, I did not have to spent the time I needed to carry out this work com-

pletely on my own. There are several people without whom this work would not

have been possible. This people I want to thank in the following;:

Especially, Prof. Wulf Wulthekel not only for the possibility to do this work
but also for his close contact to the student, always open for questions and to
help with different problems. Thus, there was always light at the end of the

tunnel.

Prof. Ferdinand Evers for being the second referee of the work and, together
with Alexej Bagrets, for the theoretical support. Without theory the experi-

ment always would be only half as impressive.

Albert, Timofey, and Toyo for the support not only when starting to work
with the STM.

Tobias and Lukas for the many interesting hours on various conferences and

the sharing of the obligations of the oldest PhD student of the group.

Florian, Annika, Yasmin, and Detlef. Sometimes you cost me some nerves

but, nevertheless, it was nice to work with you.
Toshio for everything that had to be done in the middle of the night.
Michael for the Nervennahrung to overcome smaller and bigger problems.

The whole group including the former members for the enjoyable working

atmosphere.
The mechanical and electrical workshop for prompt and competent support.

Martin Bowen, Eric Beaurepaire, and Artur Bottcher with his group for the
collaborations on the different molecules.

109



Acknowledgments

110

I also would like to thank Prof. Pietro Gambardella and his group, especially
Cornelius, Timofey, and Jerald, for the nice three month in Barcelona, that
allowed me to learn a lot of new things not only on the field of physics.

The Karlsruhe House of Young Scientists for financial support for my stay in

Barcelona.

Everyone who helped me to erase as much mistakes as possible in this thesis.
Matthias for the help on the physicist’s problems with chemistry.

All my friends for the whole time in Karlsruhe.

My parents and my brother for all the support.

Anja for more than I could write here.






Karlsruher Institut fr Technologie

Physikalisches Institut

Since the modern information society needs increasing computing power
and storage capacity accompanied by a cheap production, a lot of ef-
fort is put into this development. To further increase storage capacities
in modern hard disks novel approaches are needed. One of the most
promising ideas is to use organic molecules to replace parts of the devices.
In this work two ideas of using individual molecules in applications for
data storage are presented.

In current hard disks magnetic sensors based on magnetoresistance are
used. By building them out of individual molecules their dimensions
could be reduced to a few nanometers while keeping a high sensitivity.
To build molecular giant magnetoresistance devices, at first, a method
to contact individual molecules with the scanning tunneling microscope
was established. Based on this method, the different influences on the
transport across individual phthalocyanine molecules were studied.
Using metal-free phthalocyanine it was possible to form molecular junc-
tions with magnetic electrodes. The conductance, which is still relatively
high for the small size of the junction, strongly depends on the relative
alignment of the magnetization of the electrodes. These results are very
promising for future applications in magnetic sensors.

The second idea is to build individual bits out of magnetic molecules.
Therefore, such molecules have to be studied on different surfaces. For
this, chromium acetylacetonate molecules were studied on Cu(111). Self-
assembled molecular chains were formed. Studies of the electronic prop-
erties revealed the formation of the Kondo effect. While this inhibits
the usage in magnetic bit, this system can be used for detailed studies of

coupling effects.
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