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ABSTRACT

Advances in molecular spintronics rely on the in-depth characterization of the
molecular building blocks in terms of their electronic and, more importantly, magnetic
properties. In most of the studies with that aim published till date, the molecular orbitals
were strongly hybridized with the substrates’ electronic states. Therefore, the
investigations did not characterize the molecules but rather the molecule-substrate
hybrid system and there have been concerns about how to separate the two contributions
to the measured magnetic signal. An efficient approach is the use of an inert substrate
for such studies. Its interaction with the adsorbed molecules is usually weak, which is
required in order to preserve the molecule’s electronic states.

This dissertation deals with the emergence of magnetism in molecules, from
understanding of its origin to the description of molecular interactions with a substrate.
It is followed by the description of the concept of spin-based logic devices and their
experimental realization. The introduction to the measurement technique (scanning
tunneling microscopy) is also provided together with its implementation in the
experimental setup. In particular the dissertation focuses on the investigations of the
magnetic-field response of a single paramagnetic 5,5 -dibromosalophenatocobalt(1I)
molecule adsorbed on an Fe-intercalated graphene substrate. This substrate is magnetic
and interacts only weakly with the adsorbed molecules. The investigations had been
performed by means of spin-polarized scanning tunneling microscopy and spectroscopy.
The obtained local magnetization curves, spin-dependent tunneling spectra, and spatial
maps of magnetic asymmetry for a single 5,5-dibromosalophenatocobalt(II) molecule
reveal its magnetic properties and coupling to the local environment. The molecules are
found to be in three magnetic states. Their magnetic moments align parallel or anti-
parallel to the magnetic moment of the substrate caused by relatively strong or weak
hybridization, respectively. In the latter case, however, the interaction can be weak
enough for manipulation of the molecule’s magnetic moment with an external magnetic
field. The distinct magnetic behavior of the molecule is found to rely on its position
relative to the Fe-intercalated graphene moiré structure. Spatial variations of the
electronic properties of the substrate surface in combination with the molecule’s
adsorption geometry determine the level of hybridization between the molecular orbitals

and the surface m-system.







ZUSAMMENFASSUNG

Fortschritte auf dem Gebiet der molekularen Spintronik basieren auf dem
fundamentalen Verstindnis der elektronischen und insbesondere der magnetischen
Eigenschaften von molekularen Grundbausteinen. In den meisten der bisherigen
Veroffentlichungen Untersuchungen, welche sich mit dieser Fragestellung befassen, sind
die molekularen Orbitale stark mit den elektronischen Zustinden des Substrats
hybridisiert, weshalb in diesen Arbeiten nicht das Molekiil selbst, sondern das
Hybridsystem aus Molekiil und Substrat charakterisiert wurde. Aus diesem Grund
wurden unterschiedlichste Methoden entwickelt, um die Eigenschaften der Molekiile
vom darunterliegenden Substrat zu entkoppeln, mit dem Ziel, die unbeeinflussten
magnetischen Eigenschaften des Molekiils bestimmen zu konnen. Ein effizienter Weg ist
es, inerte Materialien fiir solche Untersuchungen zu verwenden. Die Wechselwirkung
inerter Substrate ist in der Regel sehr schwach, was eine Grundvoraussetzung fiir die
Erhaltung der molekularen Orbitale darstellt.

Diese Dissertationsschrift befasst sich mit der Entstehung von Magnetismus in
molekularen Systemen beginnend mit dem Verstindnis iiber den grundlegenden
Ursprung bis hin zur Beschreibung von molekularen Wechselwirkungen mit dem
Substrat. Dariiber hinaus wird das Konzept von spin-basierten Logikbauelementen und
deren experimentelle Realisation vorgestellt und erldutert. Zusammen mit der
Darstellung des experimentellen Aufbaus wird ebenfalls die Rastertunnelmikroskopie
als wichtigste Messmethode dieser Arbeit eingefiihrt. Im weiteren Verlauf dieser Arbeit
wird der Fokus insbesondere auf die Untersuchung der magnetfeldabhingigen
Eigenschaften von einzelnen 5,5'-Dibromcobaltsalophen Molekiilen auf der Eisen-
interkallierten Grapheneoberflache gelegt. Hierbei ist entscheidend, dass die mit Eisen
interkallierte Oberfliche magnetisch ist und eine nur sehr schwache Wechselwirkung
mit den adsorbierten Molekiilen zeigt. Die Untersuchungen wurden mittels spin-
polarisierter Rastertunnelmikroskopie und -spektroskopie durchgefiihrt. Aus den
gemessenen lokalen Magnetisierungskurven, den spin-abhangigen Tunnelspektren und

den Karten der magnetischen Asymmetrie einzelner5,5'-Dibromcobaltsalophen

Molekiile lassen sich Riickschliisse auf deren magnetische Eigenschaften und deren
Kopplung mit ihrer lokalen Umgebung ziehen. Fiir dieses Molekiill wurden drei
magnetische Zustinde gefunden, dessen magnetische Momente parallel bzw.
antiparallel zu den magnetischen Momenten des Substrats ausgerichtet sind, was durch

eine verhaltnismaBig starke bzw. schwache Hybridisierung hervorgerufen wird. Im
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letzten Fall kann die Wechselwirkung dariiber hinaus so schwach sein, dass sich die
magnetischen Momente der Molekiile durch ein duBleres Magnetfeld beeinflussen lassen.
Das spezifische magnetische Verhalten der Molekiile hangt zusatzlich noch von der
relativen Position zum Moiré Muster des mit Eisen interkallierten Graphenes ab. Hierbei
bestimmt die rdumliche Variation der elektronischen Zustinde des Substrats in der
Kombination mit der Adsoptionsgeometrie, wie stark die Hybridisation zwischen den
molekularen Orbitalen und den Zustinden des m-Komplexes des Substrats ausgepragt

ist.
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ACRONYMS

ENIAC — Electronic Numeric Integrator And Computer
STM - Scanning Tunneling Microscopy

STS — Scanning Tunneling Spectroscopy

SP-STM - Spin-Polarized Scanning Tunneling Microscopy
SP-STS — Spin-Polarized Scanning Tunneling Spectroscopy
CoSal - 5,5-dibromoSalophenatoCobalt(1I)

GR/Fe — Fe-intercalated Graphene

DOS — Density Of States

MO — Molecular Orbital

LDOS — Local Density Of States

RKKY — Ruderman-Kittel-Kasuya-Yoshida

DFT — Density Functional Theory

TMR — Tunneling Magneto-Resistance

HOMO - Highest Occupied Molecular Orbital

LUMO - Lowest Unoccupied Molecular Orbital

DC — Direct Current

AC — Alternating Current

UHV - Ultra High Vacuum

LHe — Liquid Helium

LN - Liquid Nitrogen

NEG — Non-Evaporable Getter

SMM - Single Molecular Magnets
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1 INTRODUCTION

“(...) no one person can be the master of more than a small corner of human

knowledge. People have to specialize, in narrower and narrower fields.”

~ Stephen Hawking

These words from one of the greatest physicists of the XXI century are the best
description of how hard it is to make an impact in the vast field of physics. Scientists in
the current age must be extremely focused and relentless in their own respective fields,
while still taking interest in all of the other wonderful scientific discoveries, physical or
otherwise. Some people say that the science was easier in the past as there was plenty of
room to grow. I think we can be only grateful that this growth happened and now we live
in a world in which the laws of nature are way better understood. This leads to
technological advancement which serves our society. The time of the biggest known
scientific and engineering boost, caused by obvious circumstances, was the second world
war. During that time the pressure to obtain faster and more accurate calculations for
military and scientific problems was of highest importance. For that purpose, the first
general purpose electronic computer was built. The Electronic numerical integrator and
computer (ENIAC) allowed for a 2400-fold speed increase over human-based
calculations. It can be considered an ancestor of the computers we know today, which
can deal with complex problems at once and deliver an answer very quickly.

The invention of the transistor and its later integration in a circuit marked the
beginning of a new era of computers. They became smaller, faster, more reliable and far
more energy efficient. In 1965 Moore predicted that the number of transistors in dense
integrated circuits will double every year.! A decade later he revised his prediction to
double the count every two years.2 His prognosis was unprecedently accurate and the
incredible progress it described led to the technological revolution which we, as a society,
were a part of in the past few decades. Moore’s prediction (sometimes called a law) was
accurate till 2016 and as for today the development slowed down and diverted from it.
The main cause is the challenging production of 10 nm, 7 nm and 5 nm node chips.

However, there is a much bigger problem behind the next corner, as it is predicted that
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a technological limit exists at around 2-3 nm gate size. This limit is caused by physical
phenomena which become more apparent at such small sizes i.e. quantum uncertainty.
This will make transistors unreliable and, as a consequence, unusable.

Alongside miniaturization there are two other barriers to the progression of today’s
information processing technology — speed and energy efficiency. The speed of a single
transistor is limited by how fast it can change its state. The current record for a transistor
state change is 798 GHz (at 4.3 K) for a SiGe heterojunction bipolar transistor.3 However,
not only does it require the use of a new material (SiGe instead of Si), but also a bigger
gate size of 130 nm and much higher (over 2 times) energy consumption. This approach
follows a “More than Moore” philosophy4 and shows the complexity level of the progress.
The problems do not stop with the transistor speed. As a result of the Moore’s law the
chips became very tightly packed. In combination with the higher energy consumption
coming with increased clock speeds, the chips get very hot. This is a major problem with
which integrated circuit technology struggles for almost 20 years now. The leading
technology companies realized that all of the features of a transistor are linked together
and the technology cannot advance in only one field. Instead, they redirect their
development with a “More than Moore” strategy and focus on changing the chip
architecture or working on new materials. However, it seems that this approach cannot
take us much further. In order to overcome the node size limit while pushing the
information processing to be ever faster and more energy efficient, we must enhance our
efforts in science and technology to develop totally new solutions.

Nowadays, we stand on the verge of a new era of computing and the next few years
will show us the best way to progress in the future. For now, there are plenty of great
ideas and developments such as molecular electronics,57 quantum electronics89 or
spintronics8:10-14, To date, however, none made it out of the laboratory. Among these new
developments the field of molecular spintronics is promising enough to be considered as
a prospect. In this approach, specially designed metalo-organic molecules are connected
in networks. Their magnetic metal centers are the functional parts carrying and
performing logical operations, with the spins of their electrons being used as a carrier of
information instead of their charge. This allows for faster (THz frequency range'5) and
more energy efficient transport and processing of information at a scale of ~1 nm.

Molecules are fascinating creations of nature. They surround us and make
fundamental processes in living organisms possible — gas transport in blood, vision,
photosynthesis and cell replication to name a few. The usefulness of molecules is not only
limited to natural processes however. Humans learned ages ago how to use them for
medical purposes or to produce dyes, and in the last century for light emitting diodes or

solar cells. In fact, chemistry is so developed today that one can produce virtually any
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molecule; shape, size and properties can all be chosen. Thanks to this, molecules could
possibly take over most current solid-state applications and prove to be the ultimate
functional units of future technologies.

The physical and chemical properties of molecules (and other systems on the
nanoscale) can be determined using a number of experimental techniques. Scanning
tunneling microscopy (STM) and spectroscopy (STS) are well suited tools for this
purpose. With their spin-polarized versions (SP-STM/STS) both electronic and magnetic
properties can be accessed with high energy and sub-molecular spatial resolution. The
characterization of any molecule using this technique requires a substrate on which the
molecules are adsorbed. Unfortunately, in such case the substrate influences and alters
the molecule’s original properties. Effectively a molecule-substrate hybrid system with
novel properties is created. Sometimes such influence is desirable and useful while in
other cases it is undesirable. The latter applies to the case of studies aimed at the
characterization of molecules used in molecular spintronics. Therefore, the magnetic
molecules, which need to be characterized, must be somehow decoupled from the
substrate’s influence on the measured electronic and magnetic signal. One approach is
the use of an inert substrate for which the interaction with the adsorbed molecules is
usually weak. It allows the molecule to preserve its electronic states and magnetic

properties.

1.1 Dissertation outline

In the framework of this dissertation, the magnetic properties of
a 5,5 -dibromosalophenatocobalt(II) (CoSal) molecule adsorbed on an Fe-intercalated
graphene (GR/Fe) surface, as well as the possibility of manipulation of its magnetic
moment are presented. The GR/Fe substrate, being a ferromagnet, stabilizes the
magnetic moment of the paramagnetic CoSal molecule, making it suitable for
spin-polarized scanning tunneling microscopy studies.

The emergence of magnetism at the nanoscale is given in Chapter 2. It includes the
description of the magnetism from single atoms and molecules to the description of their
interactions with the substrate.

The concept of a spin-based logic device is presented in Chapter 3. It includes a
description of logic operations based on the spin degree of freedom, as well as a first
realization together with the challenges for further improvements. Further on, an
approach to address some of those challenges by implementing molecules in the design
of such all-spin logic devices and the progress that had been made in this regard are

presented.
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In Chapter 4, all the subjects regarding the experiment are covered. Starting with
the topics related to the experimental technique, i.e. STM; theory of tunneling from the
one-dimensional case to spin-polarized tunneling and tunneling in the presence of
molecules. After this, the experimental setup is described in detail together with all the
modifications necessary for the successful realization of the experiments.

Chapter 5 presents the current status of STM investigations on single magnetic
molecules adsorbed on various substrates, including shortcomings which are the
motivation for the experimental studies presented in chapter 6.

The experimental results are presented in Chapter 6. The chapter starts with
a description of probe tip and sample preparations used in the experiment. Next, I
present a way to detect the behavior of a single paramagnetic CoSal molecule in an
external magnetic field and a way to manipulate it. By investigating many CoSal
molecules, I observed their distinct behavior in different adsorption sites on the GR/Fe
moiré structure. In some cases, this led to a weak hybridization of the molecule and
substrate electronic states and made it possible to manipulate the molecule’s magnetic
moment direction, independent from the substrate, using the external magnetic field.

Chapter 7 summarizes the findings and concludes the discussion on the topic of

this dissertation.




2 MAGNETISM AT THE NANOSCALE

Any spintronic device operation is based on inherent properties of magnetic matter
— the spin. This chapter provides an introduction to magnetism at the nanoscale, from
single atoms up to their interactions with other atoms while forming a molecule, and
finally the interactions with a substrate the molecules are being adsorbed on.

The main types of magnetism are ferromagnetism, antiferromagnetism,
paramagnetism and diamagnetism. The first two are demonstrations of collective
interactions of magnetic moments by exchange interactions which give rise to strong and
long-range magnetic order. In case of ferromagnetism all magnetic moments align
parallel and are characterized by spontaneous magnetization appearing without an
external magnetic field. An alternating alignment of the magnetic moments gives rise to
antiferromagnetism which is accompanied by zero net magnetization. Paramagnetism
also originates from permanent magnetic moments but unlike the previously mentioned
types of magnetic order the interactions between separate moments are negligible.
Therefore, the magnetic moments can orient themselves freely in any direction. An
external magnetic field induces order in this type of materials and causes the separate
magnetic moments to align parallel to the field direction. Lastly, diamagnetism is a weak
repulsive response of a non-magnetic material to an external magnetic field. The

following is based in parts on the information from following books: Ref. [16-22].

2.1 Magnetism of single atoms

The magnetic moment of single atoms is of dual nature: (1) The spin magnetic

moment g is of purely quantum-mechanical origin. The magnitude of the projection of
the electron’s spin along an arbitrary axis equals % h, implying that the electron acts as a

fermion by the spin-statistics theorem. The magnitude of the spin magnetic moment is
expressed as ug; = —2 ug S, where ug is the Bohr magneton and S is the total spin. (2) The
orbital moment y; is present due to the motion of an electron around the atom’s nuclei.
It has the form y; = — ug L, where L is the total orbital angular momentum. That number
takes values L = 0, 1, 2 and 3 corresponding to s, p, d and f -like states, respectively.

Although the two types of magnetic moments are separate and should be treated as such,

_5_
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they can experience a coupling. The relative motion of the electron and the nucleus
creates a magnetic field acting on the spin magnetic moment which is a source of the
spin-orbit coupling. Its energy is given by E = A L - S, where A is the spin-orbit coupling
constant. In full shells all of the spin and orbital contributions tend to compensate each
other and the resulting magnetic moment is zero. Therefore, magnetism can occur only
in atoms with partially filled electron shells.

Each element of the periodic table consists of a different set of electrons orbiting
the nucleus. Their distribution within the available orbitals aims to minimize the energy
of their mutual electrostatic repulsion and is governed by the Hund’s rules. The first rule
states that the lowest energy atomic state is one that maximizes S under the constraint
of the Pauli exclusion principle, i.e. in each spatial orbital there is room for only two
electrons with spins being anti-parallel to each other. The second rule aims to reduce
repulsion between electrons and states that the term with the largest value L has the
lowest energy. As example, a Co atom has a ground state configuration of: 1 s2, 2 s2, 2 p°,
3 52, 3 p° 3 d7, 4 s2. The ground state configuration is visualized by a schematic with an
energy scale in Fig. 2.1a. The only unfilled orbital is 3 d where one can see three unpaired

electrons from which the magnetism of this element arises from.

a Y w444 4 4
| B
L At

s

w4+ O & B

Xy
Figure 2.1 Ground state electron configuration of Co. (a) Atom in gas
phase. (b) Energy position and 3D representations of 3 d orbitals with
lifted degeneracy in octahedral geometry. (Orbitals’ geometry adapted
from Ref. [23] under CC license.)
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The degeneracy can be removed if the underlying symmetry is broken by an
external perturbation (e.g. other atoms or fields). Such situation is a focus of the
following section. Here, it is important to point out that the considered Co atom’s 3 d
orbitals upon lifting degeneracy, will usually result in two energy levels (Fig. 2.1b). The
lower energy level consists of 3 d, 3 dx- and 3 dy, orbitals, one of which with an unpaired
electron while the higher energy consists of 3 d,2 and 3 d2,2 orbitals, both with one
unpaired electron. When adsorbed on a surface or incorporated in a molecule the Co
atom’s 3 d orbitals can produce a different splitting into three or four discrete energy
levels favoring different orbitals than presented above (e.g a Co atom adsorbed on a MgO

surface24).

2.2 Magnetism of molecules

In a molecule magnetism can arise from an unpaired electron spin in purely
organic molecules or from the incorporation of magnetic metal atoms. Fig. 2.2a shows a
model of an organic molecule which contains C, N, O and H atoms. The graph to the right
corresponds to the model of a molecule (to the right) and presents the total density of
states (DOS) for the two spin channels: spin-up (red) and spin-down (blue) and their
difference (dotted black). The difference of the two spin channels is zero for all the
energies, and therefore the molecule is not magnetic and its magnetic moment equals
zero. Creating a radical by taking away two H atoms, formerly bonded to O atoms, (Fig
2.2b) renders the molecule magnetic which is apparent when comparing the two spin
channels or looking at their difference. This molecule has two unpaired electrons and a
total magnetic moment of 2 uz localized on O atoms. This organic molecule is also
capable of reacting with a metal atom. A model of a molecule with a Co atom incorporated
in its center is shown in Fig 2.2¢. In this state the molecule is also magnetic. However,
the magnetism in this case is of different origin than in the case of the radical mentioned
before. As discussed in the previous section, the Co atom has three unpaired electrons in
its free state. While reacting with this organic molecule, two of the orbitals are filled with
electrons supplied by the molecule’s O atoms. Therefore, the final product has only one

unpaired electron and a total magnetic moment of 1 g localized mainly on the Co atom.
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Figure 2.2 Models and density of states of two separate spin channels
calculated using density functional theory.25 Cases for three molecules:
(a) salophene, (b) salophene radical (two H atoms are removed) and
(c) salophenatocobalt(II). The total magnetic moment of each
corresponding molecule is provided to the right of the graphs.

2.2.1 Molecular orbital theory

Interaction of atoms within a molecule (or a cluster) will cause a deformation of
atomic orbitals and result in their new distribution which no longer can be described
using single unperturbed atomic orbitals. New orbitals which can be described by a linear
combination of at least two atomic orbitals are therefore created. The process is called
hybridization and involves orbitals which have a similar energy, even ones which belong
to the same atom. Hybridization of specific atomic orbitals is the main reason for the
specific atom arrangement within molecules and molecular assemblies. Linear
arrangements are given by sp hybridization, planar by sp? or sp2d hybridization,
tetrahedron by sp3 hybridization, octahedron by sp3d? hybridization etc. The resulting
molecular geometries reflect the minimum energy electron configuration (ground state).
Therefore, the energy levels of orbitals shift towards lower energies upon hybridization
due to electron delocalization. The hybridized orbitals of all the atoms comprising of the
molecule create a complicated molecular orbital (MO). Its spatial distribution can be very
different from the shape of the original orbitals. As an example, some of the orbitals of
the salophenatocobalt(II) molecule are presented in Fig. 2.3. Only two MOs partially
resemble the geometry of the original Co 3 d orbitals (marked by green rectangle in

Fig. 2.3): 3d.y and 3d 2
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Energy

Ee

Figure 2.3 Selected molecular orbitals of salophenatocobalt(II)
calculated using density functional theory.25 Two of them partially
resembling the original geometry of 3d orbitals are boxed in green
rectangle.

2.2.2 Ligand field theory

Magnetism emerging in molecules with a magnetic atom is different from the case
of hybridizing orbitals. The way magnetic atoms behave in such circumstances is
described by crystal field theory. The theory was developed by Bethe26 and van Fleck?7.
The first results obtained using that method gave an orbital splitting being an order of
magnitude smaller than experimentally observed. Better results were obtained when
combining crystal field theory with molecular orbital theory used for a better description
of the symmetry of the system. The combination is known as ligand field theory and is
successfully used for modelling magnetic interactions in various systems.

The idea behind ligand field theory is that the metal ions are influenced by
surrounding atoms via electrostatic attraction. The electrostatic potential of the
molecular environment hinders the ease of the electrons responsible for magnetism in
following the Hund’s rules. As a result, an anisotropy is induced in the orbital angular
momentum and, through spin-orbit coupling, the same happens to the total magnetic
moment. In a simplified model, each of the electrons can be treated separately. The

interaction is then described in the simple fashion of constructing the energy level

_9_
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scheme for each orbital symmetry and filling them with electrons following the Pauli
principle. The different symmetries of the orbitals will result in distinct energy levels in
a given ligand field. The two symmetries which are particularly important are tetrahedral
and octahedral as other symmetries can be considered as perturbation of the two. In
tetrahedral symmetry triplet is of higher energy than doublet, while in octahedral
symmetry it is the opposite. As a next step, the electron interactions are taken into
account in ad hoc fashion. The correlation between electrons (exchange and Coulomb)
will determine two unique ground states: high spin state or low spin state. If the
interaction is large relative to the ligand field energy splitting, all of the energy levels are
successively filled with electrons of the same spin and electrons with opposite spins are
added only after. This leads to the high spin ground state. In contrast, if the ligand field
splitting energy is much higher than the electrons’ interaction energy, than electrons will
only fill lower energy states giving the low spin ground state. If one would like to consider
the true multi-electron character of an ion, however, another approach must be used.
Multiplet ligand field theory focuses on the intra-atomic Coulomb and exchange
interactions between the electrons and uses multiplet theory to determine the symmetry
group of the ligand field. The symmetry group obtained in this way determines the
splitting of the multiplets and the splitting energy is given by the Tanabe-Sugano

diagrams.28-29
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Figure 2.4 Schematic of anisotropic spin states for a magnetic atom in
a ligand field. (a) Easy-plane and (b) out-of-plane uniaxial anisotropy.
(c) The states shift linearly with additional external magnetic field
applied in the out-of-plane case.

The ligand field acting on a magnetic ion results in the introduction of anisotropy
to otherwise degenerate spin states. The ligand field can have one of two dominating
anisotropies: easy-plane (Fig. 2.4a) or out-of-plane (Fig. 2.4b). They both show an energy
separation between ground states which must be overcome in order to switch the

magnetization direction. Introduction of an external magnetic field causes the states to
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shift according to the Zeeman energy. An example is provided for the out-of-plane case
in Fig. 2.4c.

The mechanisms described above can occur for clusters, molecules or simply single
atoms adsorbed on a substrate. They often lead to quenching of the spin and as a
consequence to the disappearance of the atom’s magnetic moment. The only elements
for which magnetism remains when they are comprised in a larger assembly of atoms are
the 3 d transition metals and the rare earth elements: (1) the 3 d series of transition metal
elements corresponds to a progressive filling of the 3 d shell and includes atoms from
Scandium to Zinc. The behavior of these atoms depends strictly on the local environment
they are in. In insulating systems (e.g. oxides) the 3 d electrons remain localized. They
behave as in an isolated atom and their magnetic moment is defined by the Hund’s rules.
In metallic systems, on the other hand, they form an energy band and their magnetic
moment is created on the larger multi-atom scale. The exchange interaction will favor
one of the two sub-bands (spin-up or spin-down) to be of lower energy than the other.
The state of the system will therefore be defined by the strength of the exchange
interaction. (2) The rare earth series of elements corresponds to a progressive filling of
the 4 f shell and includes atoms from Cerium to Lutetium. The character of 4 f orbitals
renders the electrons residing in them to be localized and behaving as in an isolated
atom. Therefore, their magnetic moment is defined by the Hund’s rules. The strength of
magnetic interactions differs for those two groups of elements. The 4 f series is much
more susceptible to spin-orbit coupling but less prone to interactions with the ligand
field due to a much more efficient shielding of that shell by other shells.

More details on the topic of ligand field theory can be found in the book by

Bellhausen.30

2.3 Superexchange interactions

The basic mechanism of coupling between two magnetic atoms is based on the
simple fact that when their wavefunctions overlap, electrons of the same spin cannot
occupy the same position due to the Pauli exclusion principle. The direct exchange
coupling can be of Coulomb energy origin (basis for Hund’s first rule) or kinetic energy
origin. However, when the distance between two magnetic atoms is too large, the
electrons cannot hop between orbitals of neighboring atoms as their wave functions do
not overlap. In such case no direct exchange interaction can take place. Yet, the collective
magnetism can be mediated indirectly. The three main indirect magnetic exchange
interactions are: RKKY interaction, superexchange interaction and double exchange

interaction. Superexchange is a type of exchange interaction which occurs mainly in ionic
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solids. The exchange between magnetic ions is mediated by the intermediate p orbital.
The mechanism was first observed and explained for salts by Kanamori3! in 1958 and its
full theoretical concept was described by Anderson32 in 1959.

There are two main cases for superexchange interaction: 180° case and 90° case.
Both are depicted in form of the orbital symmetry and the electron occupation in
Fig. 2.5. For clarity the models are simplified here: metal (M) atoms are assumed to be
magnetic and have only one unpaired electron, while intermediate atoms (here O) show
a tendency to attract two electrons. The 180° case (Fig. 2.5a) is the simpler example
where all three atoms are bonded along one axis. The 3d orbitals of both of the M atoms
overlap with the 2 p O orbital. The ground state will have singly occupied d orbitals and
doubly occupied p orbitals, corresponding to an M+ ion and to an O ion, respectively.
Analysis of the possible excited states after hopping events leads to the conclusion that
the only possible coupling between the metal atoms is antiferromagnetic. The
ferromagnetic coupling is excluded by the Pauli principle which suppresses hopping of
the second electron. The strength of the interaction depends on the magnitude of the

magnetic moments, orbitals overlap and bond angle deviation off the axis.

Ground state Ground state
Excited states Excited states

# 4 —  —
#+ — e —

Figure 2.5 Schematic of a superexchange interaction in two cases: (a)
180° and (b) 90°. Orbital symmetry on the top depicts the mutual
position of the overlapping orbitals and their electron occupation is
presented below for ground state and excited states. The orbitals are
depicted as orbital charge densities (wavefunctions squared), where the
more color intense part corresponds to the positive and the less color
intense part to the negative sign of the wavefunction.

The situation is quite different if the intermediate atom is not positioned in
between two metal atoms. In 90° case the intermediate atom creates an off-axis bridge

(Fig 2.5b). By symmetry the only possible hopping is between the d and the p orbitals

-12 —



MAGNETISM AT THE NANOSCALE

that point towards each other, i.e. dy = po and dy’ = po’. The two sites are thus separated
and each involves only a d orbital and one of the p orbitals on each side (px or p,). The
interaction between the two sides is mediated by the Coulomb exchange between the
orbitals within the intermediate atom. Following the Hund’s first rule, the Coulomb
exchange prefers a triplet for two electrons in different orbitals on the same site. Hence,
the ground state of this case contains all orbitals involved being singly occupied. Two
mirror excited states are possible: when the electrons hop from the d-orbital to the
p-orbital the entanglement of the spins is transferred to the remaining electron on the
other d orbital. The 90° case can also be considered as a manifestation of the double
exchange mechanism as it combines Coulomb and kinetic exchange.

The antiferromagnetic 180° superexchange interaction is significantly stronger
than the ferromagnetic 90° coupling. In some cases, the angle of the M-O-M group falls
in the 90-180° range. In such scenario the antiferromagnetic superexchange competes
with the ferromagnetic superexchange due to a possibility of electron hopping between

p-orbitals according to the Slater-Koster rules.

2.4 Molecules’ interactions with substrates

For most experimental techniques used for studies of electronic and magnetic
properties of nanoscale objects it is essential to have a substrate as a support for those
objects. This results in an influence on the probed properties by the very existence of that
substrate and its type. For some purposes and applications this influence is desirable
while for others it is unwanted. Studies of a variety of single atoms adsorbed on different
substrates led to an understanding of the phenomena occurring in such systems33-35.
However, the smaller the adsorbed nanoobject one wishes to investigate and understand,
the bigger the problem of understanding its own behavior and exclude the influence of
the substrate. For small molecules adsorbed on supporting substrates their orbitals
strongly hybridize with the substrates’ electronic states36-38. (More details about
investigations of magnetic molecules are provided in Chapter 5.) Based on this fact, there
have been concerns about how to separate contributions of the molecules and the
substrate to the measured electronic and magnetic signal.

The best visualization of this problem was presented by Brede et al.37 Their work
revealed what happens to the molecule’s electronic states while it gets closer to the
substrate and further to the point when the molecule adsorbs on the substrate and their
states hybridize. This is presented in Fig. 2.6 (adapted from that work). When the

molecule is far away from the substrate (Fig. 2.6a) it has a magnetic moment and defined
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energy levels for its orbitals. The origin of the total molecular spin S=1/2 is an unpaired
electron of the Co atom’s d/ orbital contributing to the molecular orbital. While
approaching the substrate charge is transferred to the molecule and the energy levels
shift and broaden. In Fig. 2.6b one can see a situation when the molecule is very close to
the surface but cannot yet be considered adsorbed. In this situation the spin-polarized
local density of states (SP-LDOS) shows a significant hybridization of the molecule’s and
the substrate’s states. The strongest hybridization is observed for the molecular orbitals
extending perpendicular to the molecule plane, i.e. the ones containing p,, d» and d2 Co
atom orbitals. Due to the transfer of an electron from the substrate to the molecule the
d? type molecular orbital becomes occupied and the magnetic moment of the molecule
is quenched. The hybrid obtained upon molecular adsorption is magnetic but its
properties are dictated by the substrate. Its band structure is presented in Fig. 2.6¢. Due
to the molecule’s deformation in this adsorption geometry the hybridization is even
stronger and now involves d, type molecular orbitals. The magnetism of this hybrid
arises from an unbalanced, locally varying electronic charge in the spin-up and spin-

down channels.
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Figure 2.6 Change of electronic structure of a molecule with increasing
molecule-substrate interaction. (a) Free standing molecule far away
from the substrate, (b) molecule close to the substrate and influenced
by it, (c) relaxed molecule adsorbed on the substrate with van der Waals
forces included. (Reprinted with permission from Ref. 37. Copyright
2010 by the American Physical Society.)
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It is therefore clear that there is a need to separate the molecule from the substrate
and prevent it from hybridization which would alter the molecule’s magnetic properties.
Molecule’s hybridization can be prevented by the deposition of molecules on substrates
held at low temperatures: 78 K for semiconductor substrates39 and 20 - 25 K for metal
substrates4°-41, It renders molecules to be only physisorbed on the metallic substrate due
to the lack of energy for chemical bond formation. A spatially averaged study presented
by Javaid et al.38 shows that molecules can be physisorbed even at room temperature
and keep their magnetic properties. This situation is explained by the small hybridization
due to the lack of out-of-plane bonds between the molecule and the substrate, and the
absence of charge transfer to the molecule. Other studies suggested that a single molecule
adsorbed on a thin layer of an insulating material is efficiently decoupled from the

metallic substrate leading to low hybridization.42-45
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3  SPIN-BASED LOGIC DEVICE

Within this chapter I focus on describing concepts of spintronics and logic
operations performed using spins, instead of electron charge, with a specific execution
example. After providing all the background information I turn to the presentation of

molecule-based all-spin logic devices and challenges for their successful realization.

3.1 Spintronics

The technology in which the electron charge is used as a carrier of information is
widely known as electronics. Spintronics (a name first proposed by Wolf et al.4%), is a
concept in which information is carried and processed by either the combination of the
electric charge and the electron’s intrinsic spin (spin-polarized current) or using the spin
alone. The main advantages of this approach are higher speeds of operation, increased
integration density (ultimately small size) and higher energy efficiency compared to
traditional semiconductor-based electronics. As in case of current information
processing technology, a spin-based analogue must incorporate bi-stability, means of
changing the input and read-out of the output. Employing the spin degree of freedom
not only meets those requirements but exceeds them. It can provide more than two stable
states, e.g. when using spins as qubits in quantum computing.

Spintronics emerged from observations of spin-polarized electron injection from
ferromagnet to a non-magnetic metal4” and the discovery of giant magnetoresistance48-
49, In that phenomenon, the device resistance can be either small or large depending on
the relative orientation of the magnetizations in the magnetic layers. This concept led to
the development of non-volatile memory devices which are widely used today. However,
spintronics has much more potential for growth, especially if one considers application
in information processing with single atom spins as bits or qubits. The latter opens the
possibility to carry out radically new quantum computations, in addition to all previously
mentioned advantages. In 1999 the first realizations of charge independent manipulation
of electron spins in semiconductors by laser pulses were presented by Gupta et. al.50-5!
opening a path for incorporating the spin-degree of freedom in semiconductor

electronics and its possible use for logic operations. However, the first spin-based logic
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operations based on spin-spin interactions of single adsorbed metal atoms were
presented in 2011 by Khajetoorians et al.52 That concept is described in more detail in

the next section.

3.2 All-spin logic operations

Spintronics offers great potential for the future development of novel types of logic
devices. Currently logic devices are based on transistors and other passive electronic
components. Such transistor-based logic device cannot be smaller than 200 nm (in 5 nm
node available today).53 Spintronics may lead to logic gates to be as small as a couple of
nanometers. The experimental realization of such logic device is presented by
Khajetoorians et al.52 The device is based on single atoms aligned using atom
manipulation with an STM probe tip and small ferromagnetic islands as input gates. The
distinct adsorption geometry of the atoms provides coupling via distance-dependent
RKKY magnetic exchange mediated by the conduction electrons.54 The whole concept is
presented in Fig. 3.1. Two ferromagnetic islands of different size are used as a signal input
which is further transmitted by antiferromagnetically coupled spin leads to the gate area.
The gate consists of three antiferromagnetically coupled atoms — two are the ends of each
spin lead while one is an output atom. All the logic operations are performed in the gate
region. In the whole concept there is no flow of electric charge and the device functions

are based solely on spin interactions.

-y -

Figure 3.1 Concept of an atomic spin logic device. (From Ref. 52.
Reprinted with permission from AAAS.)

For this concept to work a special case regarding the interplay of the exchange
interactions of the two input islands with the output atom (J, and J) and the spin lead

exchange interaction (J;) must be met: J; > J, = J. It means that if the input states are
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equal, the output atom will align antiparallel to that state and if the inputs are of opposite
orientation, the output will be magnetically frustrated. In order to break that frustration
and make the device operation possible, a small biasing magnetic field is applied
(Bbias = 0.25 T). This field is small enough not to interfere with the state of either spin
lead but sufficient to make one of the inputs energetically favorable. The state of the
device can be changed by application of out-of-plane external magnetic field pulses
(Bpuise) of different magnitude and direction. The bigger the input islands, the stronger
magnetic field is needed to change their state. The magnitude needed to align input o
island with the external magnetic field is B = |1.75 T| while for the smaller input 8 island
it is B = |0.4 T|. The STM topography images (side view in 3D) of the experimental
realization is presented in Fig. 3.2. The four different states obtained prove this all-spin

based operation behaves like an OR logic gate.

1 —> 1 4— 1 1—>1<—O

«);

0O—» 1 44— 1 |0—» 0 =<+— 0
Figure 3.2 Experimental realization of an OR gate. Magnetic field pulses
used between the steps: Ato B - Byuse=-0.39 T; Bto C - Bpuise=-2T &
+ 0.75 T; C to D - Bpuse = -0.39 T (From Ref. 52. Reprinted with
permission from AAAS.)

»kvv%‘d

The proposed approach can as well be used to create other logic gates by simply
changing the parity of each spin lead. It is important for the spin leads to be of equal
length. Otherwise, the magnetic stability of the shorter spin lead will be higher than for
the longer one (the strength of the RKKY interaction decreases with increased atomic
chain length) and the gate operation will be governed only by its input. For the odd spin
lead length an OR gate will be obtained (Fig. 3.3a) while for an even spin lead length it
will be a NAND gate (Fig. 3.3b). Extending the output by another atom (green) will lead
to a negation of the operation result and consequently to NOR and AND logic gates,

respectively.
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Figure 3.3 Possible configurations for different logical gates. (a) Odd
and (b) even length of spin leads. Two inputs are marked with red (o)
and blue (B) colors while the main output atom is marked with a yellow
color and a secondary — extended output is marked with a green color.
The gray underline marks configurations visible in the schematics.

The device operation presented here is based on the classical model of magnetic
moments pointing in only two directions: up or down with respect to the surface plane,
therefore, allowing only for binary operations. However, the use of magnetic atoms with
a larger number of quantum states (qubits) available would allow for novel directions in
quantum computing.

Despite all its advantages the concept as presented above cannot be scaled to larger
architectures because the magnetic stability of the spin lead decreases with its length for
RKKY interactions. Moreover, the operating temperature of T = 0.3 K (needed for the
used antiferromagnetic RKKY interactions) and the assembly of the device atom-by-
atom are not ideal for applications either. Some solutions for those problems had been
suggested in the original paper, however, employment of covalently bonded molecular

networks promises to lead to a more stable spin logic device.

3.3 Molecule-based spin logic device

This scheme is based on the use of molecules with magnetic atoms as spin centers
for all-spin based operations. The covalent bonds make the whole device mechanically
robust and thermally stable. The presence of a molecular structure effectively renders
the device’s operation possible, as it provides a strong through-bond magnetic coupling
between magnetic metal centers due to superexchange interactions.3::5556 The

knowledge about chemical reactions and structure of molecules is so advanced today that
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the design of such molecular spintronic devices is feasible. However, in order to
demonstrate their operation, the molecules need to be transferred, after chemical
synthesis, from a solution to a substrate. Unfortunately, deposition of large
nanostructures is difficult!! if at all possible and another approach must be employed.
Separate parts — building blocks — of the final device can be synthesized, and deposited
on the surface separately. Models of various molecules are presented in Fig. 3.4.
Subsequently after deposition, the building blocks must be assembled into a device
using either an STM probe tip to connect the molecules to one another57 or by utilizing
an on-surface chemical reaction58-61 and self-assembly®2. The latter is the approach of
choice as it is easier and much faster. Grill et al.®2 proposed a way to control the growth
of molecular nanostructures using the same molecule with one, two or four reactive ends
to create dimers, chains or grids, respectively. In this case the chemical reaction is the
Ullmann coupling®3. It is a heterogeneously catalyzed reaction in which two aryl halides
are coupled to form a biaryl in the presence of a coinage metal. In the on-surface version

of this reaction the surface acts as a catalyst.55:56,59:60,62,64-75
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Figure 3.4 Ball-and-stick models of molecules used to build a molecular
spintronic device. (a) A junction molecule:
tribromo-triplecobaltosalophene, (b) chain link  molecule:
5,5 -dibromosalophenatocobalt(II) and (c) chain terminator molecule:
5-bromosalophenatocobalt(II). Atom representations are labelled on
the right of the image.

As a junction molecule, the tribromo-triplecobaltosalophene molecule (Fig. 3.4a)
was designed and synthesized5¢. This molecule exhibits C; symmetry and is nearly
planar. The Co atoms embedded in the molecule form an equilateral triangle with
distances of about 730 pm. Three bromine atoms at the outermost sites of the molecule
are a prerequisite for the selective Ullmann coupling. The building block of a molecular
chain — the spin lead — is intended to be a 5,5’-dibromosalophenatocobalt(IT) molecule55
(Fig. 3.4b). This molecule exhibits C,, symmetry, hence, it is planar. Similar to the
junction molecule, the Co atom is embedded in the N.O. entity but only two Br atoms

are present here on the two outermost sites. Lastly, a 5-bromosalophenatocobalt(II)
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molecule (Fig. 3.4c) was designed and synthesized5° as a terminator of molecular chains
to optimize their length. It renders the chain end inert and stops chain growth by having
only one Br atom. All of those molecules are paramagnetic, the Co atoms are in the
second oxidation state with a located unpaired spin S=1/2. Their planar geometries allow
for a flat adsorption after deposition on a substrate and easy access by an STM probe tip.

The final product of an on-surface Ullmann reaction of subsequently deposited
tribromo-triplecobaltosalophene, 5,5 -dibromosalophenatocobalt(II) and
5-bromosalophenatocobalt(II) molecules in a 1:6:3 ratio is presented in Fig. 3.5. The
obtained structure is similar to the design described in section 3.2 and consists of a
junction connecting three chains: three mers long on the left, four mers long on the right
and two mers long on the top. By changing the ratio of the used molecules, it is possible
to tailor the chains to the preferred length. Such kind of study had also been performed

and presented.”4

Figure 3.5 Design of a molecule-based spin logic device. The STM
topography image (a) and a corresponding model representation (b).
Dotted circles and ellipses in the model depict parts of molecules from
which high intensities in the STM image arise. (Adapted with
permission from Ref. 56. Copyright 2016 American Chemical Society.)
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According to studies on different types of organic oligomers, the ones build of
5,5 -dibromosalophenatocobalt(II) molecules transfer electronic charge very
inefficiently along the chain due to the interruption of conjugation by the Co atoms7s.
However, those chains were never meant to be used as electron current carriers. Density
functional theory (DFT) calculations presented by DiLullo et al55 reveal an
antiferromagnetic coupling between the spins localized on the Co atoms (see Fig. 3.6a).
A mechanism behind that coupling is a superexchange interaction (explained in detail in
the previous chapter). For such molecular chains, the strength of ferromagnetic and
antiferromagnetic coupling between spin centers increases with the chain length (see

graph in Fig. 3.6b).
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Figure 3.6 DFT calculations of magnetic interactions within the spin
lead. (a) Spin density distribution in top (top) and side view (bottom).
(b) Coupling energy (AE) as a function of mers in a spin chain.
(Reprinted with permission from Ref. 55. Copyright 2012 American
Chemical Society.)

Antiferromagnetic coupling between the spin chain mers was confirmed by
separate calculations5° with an exchange interaction J = - 7.9 meV, while the interactions
within the junction molecule were determined to be ferromagnetic with J = + 4.6 meV.
The spatial distribution of the spin densities is presented in Fig. 3.7. It visualizes how the
ferromagnetic and antiferromagnetic arrangements are achieved via indirect

superexchange interaction through neighboring C atoms.
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Figure 3.7 Model of the molecular structure with calculated spin
densities. Blue and yellow colors represent opposite spin directions.
(Reprinted with permission from Ref. 56. Copyright 2016 American
Chemical Society.)

The obtained molecule based spintronic device has an advantage over the atomic
spin logic device because of an order of magnitude higher exchange energy, and therefore
stronger spin coupling. This, together with a rigid covalently bonded structure, promises
enhanced thermal stability. Finally, this scheme relies on spin information transfer
entirely within the molecular structure, therefore, it does not interfere with any other
spin logic devices, unlike in the case of atomic logic devices driven by RKKY interactions
(RKKY is an indirect magnetic exchange interaction mediated by conduction electrons,

and thus cross-talk can be expected between spin devices or spin leads in proximity).
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4 EXPERIMENTAL METHODS

This chapter provides a short introduction to scanning tunneling microscopy and
its implementation. The first section focuses on the theory behind STM operation, the
description of important phenomena and STM modes of operation. Next, the low-
temperature ultra-high vacuum experimental setup is described, as used in my

investigations.

4.1 Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) was invented by Binnig and Rohrer in
1982.76 The invention was so groundbreaking, that it earned them a Nobel prize a few
years later. Its operation is based on the quantum tunneling effect. For it to take place
the sample and the probe tip must be brought together to a distance below one
nanometer. This is achieved by use of piezoelectric materials which expand or contract
upon applying a voltage. There are a number of different STM designs e.g. tripod, slider,
Besocke?7, or Pan78. A schematic of the STM the setup is presented in Fig. 4.1. The probe
tip is attached to a piezoelectric tube scanner with four outer electrodes and an inner
electrode allowing for x, y and z movements. The probe tip movement is achieved by
combining piezo-stacks for coarse approach and the z movement of the tube scanner for
very fine tip-sample distance adjustment. The x and y movements of the tube scanner
are used for raster scanning of the sample plane. At a tip-surface distance of a few tenths
of a nanometer, the electron wavefunctions of the probe tip and of the sample overlap.
By applying a bias voltage (U) between them, a tunneling current (I), exponentially
dependent on the distance, is generated. The tunneling current is then amplified and
converted to a voltage by a current amplifier with a specific gain value. The signal is
received by the STM electronics and, depending on the selected mode of operation, can
be used to image the sample or to control the tip-sample separation by stabilizing it at a
desired current set point (Isp) using a feedback loop. If the latter mode is chosen, the
input current is compared with the reference value and the difference is used as a
measure to adjust the z position of the tip. The feedback loop consists of a comparator

and an integrator characterized by their proportional gain (p) and time constant (t)
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values, respectively. The comparator, based on an operational amplifier, amplifies the
input signal with a magnitude defined by the p value and sums it with the set point. The
new signal — proportional to the difference between them — is integrated for a time
defined by the t value. The output signal is used to drive the piezo tube scanner and
compensate for the difference between I and Isp by increasing the tip-sample distance for
I > Isp or decreasing it if I < Isp. As the probe tip scans over the surface plane, a
topographic map of the tip’s z-positions as a function of spatial coordinates (x, y) is

obtained.
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Figure 4.1 Basic STM setup. A simplified schematic with the main
components of the microscope visualized: a sample, a probe tip and a
piezoelectric tube scanner as well as the main electronic components.
The current amplifier converts the current signal to make it less
susceptible to noise. The STM electronics consists mainly of a scanning
control unit and a high voltage amplifier. The former controls all the
signals, handles their processing and provides communication with a
computer — user input/output.

The STM electronics consists of a scanning control unit for signal processing and a
high voltage amplifier for moving the probe tip in all three directions: x, y, and z. The
scanning control unit communicates in full-duplex with the computer. The computer
provides operation values — inputs from the user — such as bias voltage (U), current set
point (Isp), initial scanning coordinates (x and y) and the probe’s z-distance (if the
feedback loop is not used) or proportional gain (p) and time constant (t) (while the
feedback loop is used). At the same time the scanning control unit delivers the output
signals to store: tunneling current (I), actual position of the probe (x, y and z) and
differential tunneling conductance signal (G). The computer displays the registered
signals (I, z, G) as a contour intensity plot of xy-coordinates. For a quantitative analysis,

a line profile can also be displayed.
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ple ple

Figure 4.2 Tunneling scenarios for different bias voltages applied to the
sample. (a) An equilibrium state with no bias voltage applied. (b) With
a positive bias voltage applied the sample’s unoccupied states are
probed. (c) With a negative bias voltage applied the sample’s occupied
states are probed. Er — Fermi energy, ¢ — probe tip work function, ¢s -
sample work function.

In the most STM setups the probe tip is grounded and the bias voltage is applied
to the sample. Fig. 4.2 presents three scenarios for different bias voltages applied. If no
voltage is applied the Fermi energies of the probe tip and the sample are aligned
(Fig. 4.2a). With a positive sample bias voltage, the electrons are tunneling from the
occupied states of the probe tip into the unoccupied states of the sample (Fig. 4.2b). With
a negative sample bias voltage applied, the electrons are tunneling in opposite direction:

from the occupied states of the sample into unoccupied probe tip states (Fig. 4.2c).

4.1.1 Quantum tunneling

The STM got its name from the quantum-mechanical phenomenon stating that a
particle has a non-zero probability to cross a potential barrier U, which is higher than

the particle’s energy - a situation impossible in classical physics.

0 a zZ

Figure 4.3 One-dimensional tunneling through a potential barrier. A
propagating particle wave function ¥, decays exponentially inside the
potential barrier of height U, (¥>). When the barrier width a is small
enough and Uy, finite, part of the wave function is preserved after the
barrier and the wave function ¥, continues propagating.
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In quantum physics every particle is described by a wavefunction ¥ which satisfies

the one-dimensional time-independent Schrodinger equation,

2w+ U@ () = E¥ () (4.1)

2m dz?

In the situation mentioned above, and visualized in Fig. 4.3, there are effectively
three areas in which such wavefunction can exist: before the potential barrier (1), inside
it (2) and after crossing it (3). The solutions for Schrodinger equation in the three

described areas are:

oikz 4 po-ikz for z<0 ey
Y(z) ={B,e"* + B_e™"* for 0<z<a (2) (4.2)
Ce'k? for z>a 3)

is the wave vector and k =

where k = - -

is the decay constant in the

barrier, i.e. the region forbidden in classical physics. Before encountering the potential
barrier, an electron is moving as in the classical case, with a constant momentum p = hk
or a constant velocity v = p/m. In the classically forbidden region (2) the wave function
decays exponentially as characterized by k. The probability density of observing an
electron near a point z is proportional to |¥(0)|?e~2*?, which has a non-zero value
rendering the tunneling process possible. An electron can move in either positive or
negative direction since part of the wave is reflected at the points of potential
discontinuity. The transmission through the barrier is defined by the ratio between the

probability currents of incoming and transmitted wave,

7=t AP [(kZ+K2)2 sinh(lcz)]_1 (4.3)

1 Icl? 2kic
The transmission coefficient is proportional to the experimentally observed
tunneling current I. For barriers of a strongly attenuating medium, i.e. kz <1

(e.g. vacuum), Eq. 4.3 can be simplified to:

4k?k? _
[T~ (k2+:2)2 e~ (4-4)
and further to:
[ o e~ 2Kz (4.5)

This result reflects the experimentally observed strong distance dependence of the
tunneling current. However, it fails to address other key experimental observations, e.g.

tunneling into localized states, i.e. surface states.

4.1.2 The Bardeen tunneling theory

To correctly describe electron tunneling for a real STM tunnel junction the simple

1D model described above is not sufficient. Understanding the dependency of the
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tunneling current on the sample’s and probe tip’s electronic states is of key importance.
In 1961 Bardeen?9 proposed a treatment of electron tunneling based on time-dependent
first-order perturbation theory. The approach, despite its simplicity, describes accurately
much of the physics involved in tunneling experiments and provides quantitative
agreement with experimental data.

The theory describes the tunneling junction as two weakly interacting sub-systems
(probe and sample). The electron tunneling probability is determined by the overlap of
the two wave functions describing probe tip and sample (¥ and ¥). As a consequence,
the Schrodinger equation must not be solved for the system as a whole but rather
individually for the two sub-systems. Inside the potential barrier wave functions can

overlap and the tunneling probability is described by the tunneling matrix element
h2 * *

The integral is taken over a surface S between the electrodes located inside the
tunneling barrier. The tunneling current depends on how many occupied states of the
sample ¥ can effectively tunnel into the unoccupied states of the probe tip ¥, or vice

versa. It is given as:

__ 4me

=221 pr(Ep — eU + )ps(Er + €)|M|?de 4.7)
By making a further assumption that the magnitude of the tunneling matrix
element |M| does not change significantly in the energy interval of interest,
i.e. [M|? = const., the tunneling current is determined by a convolution of the density of

states (DOS) of the probe tip and the sample:
I foeu pr(Er —eU + €)ps(Ep + €)de (4.8)
If one also assumes that the probe tip DOS does not change significantly as a
function of energy, the tunneling conductance is proportional to the sample DOS:
d
G Eﬁ“PS(EF‘FeU) (4.9)
In a real experiment the probe tip DOS is not always constant. In general, by using
a positive sample bias voltage U the tunneling current and the tunneling conductance
will reflect the sample DOS. When using a negative sample bias, the two measured values

are also influenced by the occupied DOS of the probe tip. Therefore, one must ensure

that the probe tip DOS is flat or employ methods of normalization (see sub-section 4.1.9).

4.1.3 Tersoff-Hamann model

In the early years of the STM, Tersoff and Hamann proposed a theoretical model

accounting for the non-planar probe tip geometry.80-81 In this model the STM probe tip
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apex is a locally approximated by spherical potential well with radius R centered at 7, as

presented in Fig. 4.4.

Figure 4.4 Geometry of the tunneling junction in the Tersoff-Hamann
model. The probe tip apex of radius R and position r, forms a vacuum
barrier at the tip-sample separation d. Image based on Ref. 80.

Tersoff and Hamann represented the sample wave functions using Fourier series
and the tip wavefunction by an s-type electronic state to evaluate Bardeen’s tunneling
matrix element. The main result of the derivation in the limit of small applied bias
voltages is:

I < Ups(EF, Tg) (4.10)

The tunneling current is proportional to the DOS of the sample at the center of the
tip’s curvature. The general conclusion agrees with Eq. 4.9 from Bardeen’s theory.
However, the model is only valid for an s-wave probe tip and neglects all other probe tip
wavefunctions which can be relevant for W and PtIr probe tips.

The theory is valuable for the interpretation of STM images and yields good
agreement with experimental results when the feature size is around 1 nm and above.
Tersoff and Hamman made an estimation of their model validity and found out that the
contributions of non-spherical probe tip wavefunctions can be neglected only when the
feature size is much greater than 0.3 nm. For atomic corrugations and for studies of some

surface states, tip states other than s-wave states must be included.

4.1.4 Chen’s derivative rule

The biggest shortcoming of the Tersoff-Hamann model, i.e. not including wave
functions other than s-wave, had been addressed by Chen82-84, In his theory, he
presented a systematic derivation of the various contributions of different probe tip
states to the measured signal using a Green’s function method. Chen found that the
tunneling matrix elements are related to the derivatives of the sample wave functions at
the tip apex atom’s center 7. The results were also derived using the sum rule for both

spherical and parabolic coordinate systems, which can be more convenient for STM
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applications. Furthermore, Chen provided an analysis of STM imaging effects caused by

different tip states. The s tip state behavior coincides with the Tersoff-Hamann model.

The p, tip state leads to a corrugation amplitude enhancement by (1 + %qz / rcz) and the

2
d,> tip state leads to an enhancement by (1 + zqz /KZ) . In other words, for densely

packed metal surfaces, an eleven-fold enhancement can be expected for a d,- tip state

when compared to an s tip state.

4.1.5 Spin-polarized tunneling

All of the above considerations had assumed that all the electrons are simple
charged particles. In reality, electrons have another degree of freedom (which was not
included in previous sub-sections) — a spin carrying magnetic information. In a magnetic
material, the exchange interaction induces a spin-splitting of the DOS, thereby lowering
the spin-majority and rising the spin-minority states in energy. The first spin-sensitive
STM measurements were demonstrated by Wiesendanger et al.85 on alternately
magnetized terraces of a Cr(001) surface separated by monoatomic steps. Since then, the
method has matured and it became possible to observe magnetic structures on the
atomic level.52:86

In a spin-polarized scanning tunneling microscope (SP-STM) the tunneling
current depends on the magnitude of probe and sample polarization (Pr and Ps,
respectively) and the relative orientation of their magnetization directions
my and mi:87-88

Isp < Iy[1 + Py - Ps - cos(miy, ms)] (4.11)

A schematic one-dimensional representation of spin-polarized tunneling is
presented in Fig. 4.5. The DOS of both the sample and the probe are split into two distinct
sub-states of electrons with spin-down and spin-up orientation (caused by the exchange
interactions). When the magnetization directions of probe and sample are parallel (Fig.
4.5a), many electrons are able to tunnel from occupied sample spin-down states into
empty probe spin-down states leading to high tunneling current, while significantly less
electrons are able to tunnel from occupied sample spin-up states into empty probe spin-
down states. When magnetization direction of one electrode (in this case probe) is
inverted (Fig. 4.5b), the number of available probe spin-down states is significantly
reduced, and therefore the corresponding tunneling current is also significantly lower.
This mechanism is widely known as spin-valve effect or tunneling magnetoresistance

(TMR). The resistance in the described junction is much lower in the parallel alignment.
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Figure 4.5 Schematic of spin-polarized tunneling. The DOS is presented
for parallel (a) and antiparallel (b) alignment of probe and sample
magnetizations. In the parallel configuration a high tunneling current
is observed tunneling of spin-down electrons mainly. In the antiparallel
configuration the spin-down electron tunneling channel is drastically
reduced. Image based on Ref. 88.

The spin polarization is defined as the difference of spin-up (p;) and spin-down
(p,) states divided by the sum:
p1=pPL

P= prtpy (4.12)

According to Bardeen’s theory (sub-section 4.1.2), the tunneling conductance is
proportional to the sample DOS. By taking the tip DOS additionally into account, Heinze
et al.89-9° derived an expression for the conductance of a magnetic STM junction:

= ;_:, x pr - ps(Ep + eU) - [1 + Pr - Ps(Ep + eU) - cos(ir, ms)] (4.13)

The differential conductance signals in the case of parallel and antiparallel

magnetization directions of both electrodes can be used to calculate a spin asymmetry of

the tunnel junction and gain information about its spatial and energy dependence. It is

defined as:

aIv) _dIv)

AW) = G (4.14)

Tau T au
The spin asymmetry should be derived from STS measurements performed at
constant tip-sample separation, otherwise corrections are necessary in order to extract

useful information.

4.1.6 Elastic tunneling to molecules

When considering tunneling to a molecule adsorbed on a surface, two different

mechanisms should be distinguished9': first, a multi-step tunneling process involving
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electron tunneling in two stages: from the probe tip to the molecule and subsequently to
the substrate. Second, a direct tunneling from the tip into the substrate with a modified
tunneling barrier due to the presence of the molecule, i.e. the molecule effectively
changes the dielectric constant and lowers the tunneling barrier. Both of these cases are
presented in the work of Repp et al.42 from which the Fig. 4.6 is taken. There one can see
the STM images involving two molecular states at negative and positive sample bias
which resemble the distributions of the molecule’s HOMO and LUMO states,
respectively, and a comparison with DFT calculations. For a multi-step tunneling process
to occur, the energy of the electrons must be equal or higher than that of a molecular
state. On the other hand, when tunneling within the HOMO-LUMO gap, the STM image
of the molecule resembles the modification of the effective tunnel barrier by the presence

of the molecule.
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Figure 4.6 Example of tunneling in the presence of a molecule. Multi-
step tunneling occurs for the left and right columns, while single-step
tunneling is presented in the middle one. The images presented in the
top row are acquired using a metal probe, the ones in the middle row
using a molecule (pentacene) terminated probe. In the bottom row DFT
calculations are presented for a free molecule. (Reproduced with
permission from Ref. 42. Copyright 2005 American Physical Society.)

Multi-step tunneling only occurs when the molecule is electronically partially
decoupled from the metallic substrate. The lifetime of an electron or a hole in the
molecule must be sufficiently long before it tunnels further into the substrate. For
example, a NaCl multilayer can be used to decouple molecules from the substrate. In this
case, the lifetime of an electron/hole increases with the number of NaCl layers.

Decoupling can also be achieved by other materials such as hexagonal boron nitride43 or

grapheneo2.
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Figure 4.7 Schematics of multi-step tunneling via molecular states.
(a) With a positive bias voltage applied (to the substrate) electrons are
tunneling from the probe through a molecular state to the substrate,
(b) with a negative bias voltage applied electrons are tunneling from the
substrate through a molecular state to the probe. Image based on
Ref. 93.

A schematic picture of a two-step tunneling process is presented in Fig. 4.7. While
probing the unoccupied sample states (Fig. 4.7a), electrons tunnel from the probe tip to
a molecular state and subsequently into the substrate. While probing the occupied
sample states (Fig. 4.7b), electrons tunnel from the substrate to a molecular state and
subsequently into the probe tip. Despite many attempts to derive a master equation for
this phenomenon a clear and straightforward approach is yet to be formulated.93 The

ones derived till now are based on many assumptions which limit their applicability.

4.1.7 Lock-in amplifier

In the theoretical discussion presented in previous sub-sections it was shown, that
the measured tunneling current is always integrated over states from the Fermi energy
(Er) up to the energy set by the applied bias voltage (eU). In order to probe the DOS at a
specific energy one needs to measure the differential tunneling conductance G. This can
be easily achieved by measuring the derivative of the tunneling current at a specific
energy using a lock-in amplifier.

Alock-in amplifier is a frequency and phase sensitive device which is able to extract
and amplify the signal of a known reference carrier wave, virtually without any loss.94 It
is very useful in cases when the signal is lower than the base noise level. In some
situations (depending on the dynamic reserve of the instrument and the quality of the
reference signal) it can detect signals being many thousand times smaller than the noise
level. The input signal is multiplied by the reference signal and integrated over a specified
time interval. As a result, any signal with a different frequency or phase shift is strongly
attenuated and the output signal is solely corresponding to the one carried by the

modulation signal. In STM applications, however, a lock-in amplifier is not only used as
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a signal recovery device. Since the dependence of the tunneling current I on the bias
voltage U is not linear (see graph in Fig. 4.8), the output is proportional to the derivative
of the tunneling current with respect to the bias voltage. By pre-adjusting the phase
difference to 0° one can extract the dI/dU signal, in other words, the differential
tunneling conductance G. A phase difference set to 90°, on the other hand, provides a
quadratic signal which is proportional to the tunneling junction’s capacitance. In modern
lock-in amplifiers both can be extracted simultaneously. Additionally, by using a second
harmonic of the modulation signal for demodulation, the output signal will be
proportional to the second derivative d2I/dU?, which provides information about

inelastic electron tunneling processes.

STM Low-pass
electronics filter
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Figure 4.8 Lock-in technique working principle. Block diagram with all
the main components and a plot schematically showing the signal
extraction from the I(U) curve. The bias voltage U set by the STM
electronics is modulated with a high-frequency voltage Umoq coming
from the generator. The obtained current signal In.q is split into two
parts: one portion travels through the low-pas filter to remove the AC
part, while the other goes to the Lock-in demodulator unit. The STM
electronics obtains two signals, the tunneling current and its derivative,
at the same time.

The integration of a lock-in amplifier into the STM setup is presented in Fig. 4.8.
Initially the bias voltage U from the STM electronics (DC) is summed with an alternating
modulation voltage Umoa supplied by the lock-in amplifier’s generator unit (AC). The
modulation signal is of small amplitude Usoq (typically 100 uV + 100 mV) and high
frequency fnoa (typically 1kHz + 50kHz). The summed AC/DC voltage is applied to the
STM tunneling junction. The measured tunneling current signal I,.q is affected by the
AC part of the bias voltage signal, thus carrying the information about the modulation.
The signal is then processed twofold: (1) by going through a low-pass filter and entering
the STM electronics as standard tunneling current signal I; (2) in the lock-in amplifier
unit using the reference signal from the generator as described before. The measured
signal is effectively integrated in the lock-in amplifier in the limits set by Un.a. Hence, by

varying this amplitude one can determine the range of integration. Lowering it will cause
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the obtained signal to be more energy specific (less averaging), but it will cause the signal
intensity to decrease. The obtained differential tunneling conductance signal G is sent to
the STM electronics and registered there. The lock-in technique is used for two of the
modes described next, i.e. the spectroscopy mode and the differential tunneling

conductance mapping.

4.1.8 Modes of operation

Any STM can be employed in a variety of modes of operation. The main modes are
used to visualize the sample’s approximated topography, to perform the point
spectroscopy registering the bias-dependence of the current and its derivative(s) or to
visualize the spatial distribution of the local density of states (LDOS) by differential
conductance mapping. In the raster scanning modes the direction along the scanning
line (x) is called fast-scan direction, while the perpendicular one (y) is called slow-scan

direction.

Constant-height mode

The simplest mode of STM operation is the constant-height mode, where the tip is
held at a constant height z during scanning, while recording the tunneling current (Fig.
4.9). For this mode the measurement conditions have to be properly set in order to
prevent tip and sample from contacting. One has to make sure that the temperature of
the STM is constant and stable, the local slope of the sample is electronically corrected
and the scanning area is close to the center to avoid scanner non-linearity and creep

effects.

"

Figure 4.9 Constant-height mode of STM operation. Schematics of a

X

line scan profile over an atomically flat surface. The z position stays
constant while I is recorded reflecting the atomic surface corrugation.

Here, the tunneling current I is recorded as a function of lateral probe tip position
(x, y). There are two main advantages of this mode. First, the scanning speed can be
much higher compared to the constant-current mode (described next). Second, the

signal directly reflects the sample’s LDOS which allows for a direct comparison with
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results of first principles calculations (e.g. DFT). The disadvantage is that it can only be
used on smooth surfaces. Even when applied to planar adsorbed molecules it can prove
to be difficult. The exponential distance dependence of the tunneling current can result
in very high currents over the molecule or, when the distance is adjusted accordingly,

very small currents over the substrate surface.

Constant-current mode

In the constant-current mode, the tip — sample separation is governed by the
feedback loop. It makes it the easiest to use, and thus the most popular mode of STM
operation. Based on the exponential distance dependence of the tunneling current
(Eq. 4.5) the feedback loop allows the tip to follow the surface contours with great

accuracy. A schematics of a line scan obtained in this mode is presented in Fig. 4.10.

Q0

X

Figure 4.10 Constant-current mode of STM operation. Schematics of a
line scan over a surface with monoatomic steps and an adsorbate (blue).
The feedback loop keeps the tunneling current I constant by adjusting
the tip position z during scanning. As a result, a topographic map
z(x, y) is obtained

The feedback loop responds to very small variations in the tunneling current by
approaching the tip closer to the sample when the tunneling current drops, or
withdrawing away from the sample when the tunneling current rises. The tip position z
is recorded as a function of its lateral position (x, y). The advantage of this mode is the
possibility to scan on non-planar surfaces with a high corrugation. However, the use of a
feedback loop makes the scanning process much slower compared to the constant height
mode. Though this mode is often referred to as topography mode, sometimes it does not
reflect the true sample’s topography, as the tunneling current depends on the tip-sample

separation as well as on the electronic properties of both electrodes.

Spectroscopy mode

In this mode of STM operation the tip is placed above a position of interest based

on previously obtained topography map. The tip’s z position is defined by the applied
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bias voltage (Usar) and the setpoint current (Is:q5). Next, the feedback loop is switched off
to stabilize the tip’s position at a constant height and the bias voltage is swept over the
desired range. While the bias voltage changes, the response of the tunneling current I(U)
is registered. By using the lock-in technique it is also possible to record the tunneling
current derivative dI(U)/dU or the second derivative d2I(U)/dUz?. The derivative could,
in principle, be calculated numerically from the I(U) curve after the experiment.
However, using the lock-in provides significantly higher signal-to-noise ratio (discussed
in more detail in sub-section 4.1.7). This mode is often referred to as scanning tunneling
spectroscopy (STS).

While performing STS measurements on systems expected to be spin-polarized
one has to remember that the tip height for the two spin channels will differ in constant-
current mode (see the discussion in sub-section 4.1.6). At the same time the evaluation
of the SP-STS data relies on a comparison of the I(U) curves obtained for the two spin-
channels at constant tip-sample separation.95 Therefore, to assure identical tip height in
SP-STM studies, one of the following approaches must be adopted: (1) the tip has to be
stabilized at a specific bias voltage at which the magnitude of spin polarization for both
channels is equal; or (2) the tip has to be stabilized at a position not exhibiting magnetic
properties and moved to the area of interest with predefined height after the feedback
loop is switched off. The latter approach had been used in experiments presented in
Chapter 6.

Differential tunneling conductance mapping

By combining the high spatial resolution of the STM in the raster scanning mode
and the high energy resolution of the spectroscopy mode, it is possible to obtain the
spatial distribution of electronic states at a given energy. It is essential for this mode of
operation to use the lock-in technique in order to obtain energy selectivity. The
differential tunneling conductance map (also called dI/dU map) provides information
about the LDOS distribution at the chosen bias voltage and the height of the scanning
tip. The map can be obtained together with topography images in either constant-current
or constant-height mode, both with their drawbacks. One of them is directly linked to the
limited scanning speed in of the conductance mapping mode. This limitation is caused
by the dependence of scanning speed on the lock-in settings: the time constant and the
frequency. Moreover, if the map is obtained in constant-current mode, the plane of the
scanning tip is determined by the DOS from the Fermi energy to the energy

corresponding to the applied bias voltage of the measured sample and it does not
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resemble the LDOS in full. By recording the conductance maps in very small energy steps

one can visualize the spatial distribution of the spectroscopy curves described previously.

4.1.9 Normalization

In the previous sections it has been pointed out that in the measured tunneling
current signal is not always solely dependent on the sample DOS, as the tip DOS is not
always constant. In order to extract the sample DOS and rule out unwanted tip effects,
various approaches have been proposed by different groups over the years. Those
yielding best results, and thus being widely used, are presented in this chapter. It is
important to note that no normalization technique is universally applicable. Their
usefulness varies for the different types of experiments one can perform with the STM.
Moreover, none of the normalization techniques to date provides quantitative results and

should be used only to highlight qualitative effects.

Feenstra parameter

In the sub-section 4.1.2 the assumption was made that the tunneling matrix M does
not change significantly in the energy interval of interest. However, that is only true for
very small bias voltage intervals. In real experiments where the energy scale can be as
large as +2 eV, the energy dependence cannot be ignored. Though the differential
tunneling conductance does highlight some of the DOS features, its exponential
divergence at higher energies masks the rest of the DOS features. In order to compensate
for these divergences, a very simple normalization had been proposed by Feenstra et.

al.9 It introduces a parameter, the normalized tunneling conductance:

dl/du
gn = I;—U (4.15)

The so-called Feenstra parameter gy is a dimensionless quantity. In essence it is
the differential tunneling conductance divided by the total conductance of the tunnel
junction. The approach is motivated by the fact that the energy dependence of the
tunneling matrix element influences dI/dU and I/U similarly. Hence, in the Feenstra
parameter matrix element effects are canceled out. Therefore, it provides a cleaner

spectrum in which the DOS features are more clearly visible.

Marching method

This method aims at deconvoluting the tip DOS from the tunneling spectra. The

approach has been presented by Chen84 and is based on the use of the second kind
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Volterra equations?97 to extract the DOS of the tip from the STS data. The best results are
obtained when using the Feenstra parameter in advance. The method provides a way of
determining the nature of the tip apex and, more importantly, allows for subtracting the

tip DOS from the measured differential tunneling conductance data.

Comparative scanning tunneling spectroscopy method

As mentioned in sub-section 4.1.2, the tunneling current and the tunneling
conductance are predominantly proportional to the sample’s DOS at positive bias
voltages, but contain effects of the tip DOS at negative bias voltages. For sample DOS
recovery, the comparative scanning tunneling spectroscopy method was proposed by
Ukraintsev98. This method is based on a differential tunneling conductance
normalization by fitting the differential conductance to the tunneling probability
function. The method does not use unconstrained parameters and provides the best DOS
deconvolution as claimed by the author. The key ingredient of this approach is the use of
an asymmetric tunneling probability function which accounts for the inadequate fitting
of the DOS using Bardeen’s tunneling theory when the sample’s Fermi level is located

inside the band gap.

Tunneling current compensation method

While taking several STS curves of the same type of feature at different locations of
interest, the registered tunneling current may differ slightly (e.g. due to probe tip drift or
creep). To compensate for those differences an approach had been proposed by Yayon et
al.99 This normalization method is based on choosing one spectrum remaining
unchanged and calculating a normalization for the other ones by multiplying them by the
quotient of the tunneling current of the unchanged spectrum and the tunneling current

of the normalized spectrum.

(55) norm = (55)._ fipeemst (4.16)

const (Wnorm

After this procedure, the resulting spectra can be compared with one another

provided they are addressing the same type of feature on the sample.

Constant-current dI/dU map normalization

A natural way to avoid topographic effects is to obtain the differential tunneling
conductance maps in constant-height mode. However, for reasons described in the

previous sub-section this is not always possible. While obtaining the differential
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tunneling conductance maps in constant-current mode the topography is simultaneously
recorded. It means that the map is affected by the feedback loop which constantly
compensates for the changes in tunneling current by changing the tip height. As a
consequence, the tip does not move on a plane. Li et al.2°° presented a way to recover the
real contours of the measured LDOS by using the tip height change extracted from the
topography maps to normalize the differential conductance map using the following

formula:
G

—ZJ%(¢T+¢5+6V—2E)

LDOS = (4.17)

exp

As the study presented in Chapter 6 does not focus on low energies close to the
Fermi level but rather on molecular orbitals and corresponding DOS features in a wide
energy region, the most suitable and straightforward way to normalize the obtained STS

curves was the use of the Feenstra parameter method

4.2 Experimental setup

All experiments were performed in an experimental setup providing ultra-high
vacuum (UHV) conditions and cryogenic temperatures of T = 6.5 K. In this section a
short overview of that system is provided. It includes a description of the base system
and its different parts along with all modifications which were necessary for successful

experiments.

4.2.1 Low-Temperature UHV System

The original version of the ultra-high vacuum (UHV) system!°! had been used to
study and characterize III-V semiconductor samples. Later it had been updated with e.g.
evaporators to study metallic thin films and single molecules adsorbed on them.2°2 For
the studies presented in this dissertation the setup needed to be further updated and
improved (details in the next sub-section).

The whole system was built up on a separate foundation which decouples it from
the vibrations of the building. The foundation has a pit which is big enough to
accommodate a specially designed table supporting the cryostat — the main component
of the system. It is situated partially above the floor level and partially in the pit (see
Fig. 4.11). The cryostat is surrounded by quartz sand while the table is supported by
pneumatic legs. Both, the sand and the pneumatic legs, are parts of a multi-stage

damping system to provide optimum isolation from the environment. The cryostat
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contains a tank holding up ~ 90 1 of liquid helium (LHe) surrounded by a superinsulation
shield instead of a widely used liquid nitrogen (LN.) one. This solution provides means
of avoiding additional vibrations coming from LN. boil off. The overall cryostat design
allows maintaining its operational temperature for 48 to 72 hours (depending on the
number of transfers and/or magnetic field sweeps). Inside the LHe bath resides the UHV
insert. It is separated from the LHe by a double wall. The space in between is used to
introduce a thermal coupling medium - He gas. The He exchange gas can be introduced
at different pressures, thereby varying the cooling rate. However, the higher the
exchange gas pressure the stronger the unwanted mechanical coupling to the He bath
via the receptacle of conical frustum (which is directly connected with the STM while in

operational position).

Preparation chamber STM chamber Deposition chamber
Sputter gun XYZ stage with resistive heater
Ar inlet Fe evaporator
E-beam heater Co evaporator
0, inlet Z manipulator Mn, Gd, Cr evaporator
C,H, inlet 3 2x molecular evaporator
Load-lock Storage unit

Bellow
— O
Pneumatic legs /Cryostat

N

1[Separate
foundstion

[/

adiation shield

- Cu conical frustum
,}/ s I

Figure 4.11 Side view schematics of the UHV system with cryostat part
in cross-section. All the important parts are labelled or listed. Image
based on Ref. 101.
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The system is equipped with two superconducting magnets. They provide a
magnetic field along two axes: normal to the sample plane (z-direction) and parallel to it
(x-direction). In the z-direction the solenoid magnet generates a magnetic field of up to
B = 6.25 T and in the x-direction the split pair magnet generates a magnetic field of up
to B = 2 T. The two can operate simultaneously generating a magnetic vector field of up
to B =1 T in the zx-plane.

Above the cryostat there are three UHV chambers mounted along the
preparation/transfer-axis. Each of them serves a different purpose and is essential for
the operation of this system. A top view sketch with all essential components is provided
in Fig. 4.12. The preparation chamber is used for the preparation of samples and tips,
e.g. by sputtering, high temperature annealing, annealing in oxygen atmosphere and for
graphene growth. It has a sputter gun with its Ar gas inlet, an e-beam heating stage, an
O, gas inlet, ethylene (C.H,) gas inlet and a load-lock sub-chamber for sample transfer.
The chamber is equipped with a pumping system consisting of an ion-getter pump, a
titanium-sublimation pump (with an additional shield increasing the active surface area)
and a turbomolecular pump which is used during sample preparation. The base pressure
is at the level of p = 1E-10 mbar. A wobble stick manipulator provides the possibility to
transfer the sample in vacuo from a linear and rotary manipulator to the e-beam heating
stage. The linear and rotary manipulator is also used to transfer samples from the
preparation chamber to the STM chamber. It can additionally store up to three different

samples or tips.

O, inlet (raised level) Mn, Gd, Cr evaporator
C,H, inlet (base level)

E-beam heater Linear/rotary

manipulator

Linear/rotary (base level)

manipulator

Fe evaporator
(raised level)

Malecular
Wobble stickll  evaporators
(raised level)

Co evaporator

Wobble stick

Figure 4.12 Top view schematics of the UHV system. All the important
parts are labelled. Image based on Ref. 101.

The deposition chamber is used for the evaporation of various elements and
molecules onto previously prepared samples or tips, transferred from preparation
chamber. It has a XYZo stage with resistive heater for bringing the sample to desired
locations within the chamber and for offering the possibility of raising the substrate’s

temperature during deposition. The sources available in the chamber are: an e-beam Fe
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evaporator, an e-beam Co evaporator, a triple-cell e-beam evaporator containing Mn, Gd
and Cr and two custom-made triple-cell molecular evaporators (their description is
provided in the next sub-section). The chamber is equipped with a pumping system
consisting of an ion-getter pump and a titanium-sublimation pump. There is a possibility
of connecting this chamber to the turbomolecular pump using a bypass. The base
pressure is at the level of p = 1E-10 mbar. A rotatable wobble stick manipulator provides
the possibility to transfer the sample in vacuo from a linear and rotary manipulator into
the XYZa stage. The linear and rotary manipulator is used to transfer samples from the
deposition chamber to the STM chamber. It can additionally store up to two different
samples or tips. This chamber also has a storage unit which can store up to six different
samples or tips.

The STM chamber has a dual role. It allows the transfer of samples from the
preparation chamber to the deposition chamber. More importantly, it provides a means
of transferring the sample to the STM. UHV conditions are provided by an ion-getter
pump, a titanium-sublimation pump (with additional shield to increase the active
surface area) and a non-evaporable getter (NEG) pump which is extremely efficient for
pumping hydrogen. The base pressure in this chamber is below 1E-10 mbar. A rotatable
and precise wobble stick is used here for in vacuo handling of the sample. The STM
microscope is mounted on a manipulator moving along the z-axis with a maximum
extension of 1400 mm. At its upper position easy access for the transfer of a sample in
and out of the STM is provided. During this process the temperature of the previously
cooled insert remains below 45 K. The temperature is measured on the top of a copper
cone frustum. At the lowest position of the manipulator the cone frustum firmly fits into
its receptacle providing a way of cooling down the STM to T = 6.5 K. The process takes
from 3 to 4 hours.

The STM head used in this system is a home built one. Its original design is by
Pan78 with further improvements made in successive years'©3. The main features are its
simplicity and rigidity making it insensitive to mechanical vibrations while providing a
way for an in-situ tip exchange. A photo of the STM is presented in Fig. 4.13. The
microscope body (1) is made of gold-plated phosphorus bronze, an alloy which is hard,
nonmagnetic and UHV-compatible. A macor plug (2) provides a means for a quick
exchange of the head as it encloses all electrical connections. The tip exchange is made
possible by using a so-called walker motor which allows for a movement of the assembly
of the tip with its holder (3) and a tube scanner (4) being enclosed in a sapphire prism
(5). The walker motor consists of six piezoelectric stacks clamping the sapphire prism by

using a spring plate (6). The movement in stick-slip mode is induced by applying a high
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voltage sawtooth waveform to the stacks (77).1°4 At the base temperature the tube scanner

can provide a maximum scan range area of 3 x 3 um2 and a z-range of maximum 500 nm.

Figure 4.13 Design of the STM. A photo along with a top view and cross
section schematics showing all key components marked with numbers:
(1) STM body, (2) macor plug with electrical connections, (3) tip holder
with a tip, (4) tube scanner, (5) sapphire prism, (6) spring plate, (7)
walker stack, (8) sample stage, (9) sample. Image based on Ref. 103.

4.2.2 Modifications

Performing measurements on the sample of interest proved to be challenging while
using the original system setup. The main problems were connected to the experimental
setup’s high susceptibility to audio noise and the necessity to use very low tunneling

currents due to the molecule’s low interaction with the substrate.

Measurement room

The setup of the system, mainly its long vertical manipulator, plus insert, works as
an acoustic antenna for any movement, speech or artificial sound. In order to minimize
the possibility of such interference it was necessary to move the measurement equipment
(electronics and computer station) to a separate room. The room is located directly above
the laboratory. Moving all possible electronic components outside the laboratory also
resulted in a lower heat output, therefore, minimizing thermal fluctuations inside the
room. Additionally, part of the electronics which needs to be close to the UHV system
(including the magnet power supply) was enclosed in a server grade silenced rack for

better acoustic isolation.
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Current amplifier

For the studied sample system of molecules adsorbed on graphene very low
tunneling currents had to be used in order to avoid electric field induced movement of
molecules. The Femto DLPCA-200 current amplifier is a very powerful and versatile
device allowing most of the standard STM experiments. However, at the low current level
which is needed for the experiments of this dissertation, the signal-to-noise ratio is not
acceptable. To improve it the Femto LCA-1K-5G current amplifier was incorporated into
the experimental setup. A comparison of the two amplifiers is presented in Tab. 4.1. The
main advantages of the LCA-1K-5G are the fivefold higher gain with a lower input noise.
This provides a significant increase in signal-to-noise ratio of the recorded signal. The
only drawbacks are a lower upper cut-off frequency with a higher rise-/fall-time and a
maximum tunneling current of 2 nA. However, these are not important for the present

experiments.

Table 4.1 Comparison of the amplifiers’ main features (old and new).

DLPCA-200* LCA-1K-5G
Transimpedance (gain) 1-10° % 5-10° %
Input noise current density 4.3 J4 3 J4
VHz VHz
Upper cut-off frequency 1.1 kHz (—3 dB) 1kHz (-3 dB)
Rise-/Fall-time 300 ps 400 ps
Max input current +10n4 +2nA

*DLPCA at low noise 10° setting

Lock-in amplifier

The amplifier unit formerly used in this setup was a Stanford Research Systems
SR830. However, it needed to be upgraded in order to obtain the best possible
differential conductance signal at low tunneling currents. The amplifier of choice is a
Zurich Instruments MFLI 500kHz unit. A comparison of the two is presented in Tab. 4.2

which summarizes the main advantages of the new amplifier.
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Table 4.2 Comparison of the lock-in amplifiers’ main features (old and new).

SR830 MFLI
Frequency range 1mHz — 102.4 kHz 0- 500 kHz
Frequency resolution 0.1 mHz 1uHz

0.004* = 5 Vs
Amplitude 0 — 200 mVpk_pi
(= 130 mVp_pk)
Dynamic reserve > 100 dB 120 dB
Phase resolution 0.01 deg 0.00001 deg
Time constants 10 us- 30 ks 336ns-83s
Roll-off 6,12,18,24 % 6,12,18,24,30,36,42,48 (—j
A/D inputs 16 bit 16 bit
Input full range sensitivity +5V +3V
Input noise** 130 f—A 20 f—A
VHz VHz
D/A outputs 16 bit, 10V 18 bit, £10V
Number of
1/1 free

oscillators/demodulators

Fully remote control

Other features Internal signal mixer
Oscilloscope

Signal analyzer

* modulation cannot be switched off
** for settings used
#** can be combined in different configurations

The main outstanding features having great impact on the measurement
conditions are as follows: the modulation amplitude range is now bigger, but most
importantly, the modulation can now be completely switched off. The signal outside of a
set frequency can be attenuated with a roll-off slope of up to 48 dB per octave. The output
digital-analog converter features 18-bit resolution. The new lock-in amplifier has 4
internal channels which can be set up by the user to be employed as oscillators or
demodulators. This provides the possibility for different configurations: modulation with
one frequency and demodulation with three different time constants or simultaneous
modulation/demodulation with two separate frequencies.

Very important for the current laboratory setup was a full remote-control
possibility. The amplifier is fully controlled using a web server-based software accessed

by the computer’s internet browser. The software allows for mixing the signals internally
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and features internal oscilloscope and signal analyzer. The latter two let us resign from

using an external oscilloscope unit as well.

STM electronics

One of the main drawbacks of the formerly used STM control electronics (Createc)
was a lack of full tip control. The default position of the tip could be set to only three
places: upper-left corner, middle top or center of the currently chosen scanning area.
Needless to say, there was no possibility to freely manipulate the position of the tip, a
feature which is invaluable while performing STS experiments on a complex substrate,
like the one studied in this dissertation. Another shortcoming has been the limitation to
change the offset for the x, y and z scanning directions only locally using knobs directly
on the high-voltage amplifier.

The decision to switch to a new control electronics (Nanonis) came with numerous
benefits in addition to fixing the above-mentioned problems. The Nanonis system
provides a full remote-control possibility via a computer-based interface. Moreover, any
setting can be changed and adjusted separately at any time, including the x, y and z
position of the tip. The software provides the possibility for further improvements and
expansion via a programming interface. Any extension of the Nanonis software can be
prepared based on the LabVIEW programming platform. Hardware-wise, the new real
time controller v5 (RC5) provides a slightly better performance with higher analog signal
sampling of 500 kHz (compared to 250 kHz). The innovative hrDAC feature can also
increase the output signal resolution to 22 bit. The high-voltage amplifier (HVA4) is
more stable than the one from Createc and provides a lower base noise level. The
modular structure of the Nanonis system also provides an integrated high-frequency
high-voltage ramp generator (PMD4) for coarse approach, automated via software or
operated manually via remote, avoiding the need for auxiliary generator (PMC 100 from
RHK).

Molecular evaporator

A custom-made triple cell molecular evaporator was used for generating a pure
beam of molecules. It allows for precise control of deposition rate with temperature

feedback on each molecular source. A photo of the evaporator is presented in Fig. 4.14.
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Figure 4.14 Molecular evaporator. (a) side and (b) top view of one of the
crucibles. All components are marked with numbers: (1) CF40 double-
sided flange with three radial CF16 ports, (2) feedthroughs, (3) tapped
rods, (4) reducer flange, (5) rotational feedthrough, (6) shutter, (7) head
plate, (8) crucible, (9) ceramic passthrough, (10) heater, (11)
thermocouple, (12) radiation shield.

The evaporator is built on a CF40 double-sided flange with three radial CF16 ports
(1) hosting four-pins feedthroughs (2). The head of the evaporator is mounted on 3
tapped rods (3) which are mounted on a zero-length CF40/CF16 reducer flange (4). A
rotational feedthrough (5) is attached to that flange. The rotational feedthrough goes
through the assembly in the middle all the way to the top where a shutter plate is
mounted (6). The head plate of the evaporator (7) consists of six holes for the sources
and a central one for the rotating rod. For each source one of the holes is meant for a
crucible (8) leg mount and another for a ceramic passthrough (9) piece with four smaller
holes. Each of the elements mounted in the holes (crucibles and ceramic passthroughs)
is supported by a screw coming from the side of the plate. The crucible is manufactured
from aluminum nitride. A hollow cup meant for molecules is at the top, a heater wound
from molybdenum wire (10) resides in a grove around the cup and a mounting leg
protrudes downwards. A type K (chromel-alumel) thermocouple (11) is mounted in a
hole in the cup bottom below the heater to provide the most precise control of
temperature. The assembly with the leg in the hole provides a way to set the direction of
a molecular beam parallel to the evaporator’s main axis. Electrical connections of the
heater and the thermocouple are fed through the ceramic passthrough to connect to the
feedthrough pins. Separation of each source is provided by the thermal radiation
shielding plates (12). The shutter mounted on a rotating rod above the crucibles provides

a way of opening and closing a line of sight to the sample.
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5 STM INVESTIGATIONS OF MAGNETIC MOLECULES

The importance and potential of introducing single molecules as building blocks in
the field of spintronics had been highlighted in a progress article by Bogani et al.1°5 where
the authors discuss the advantages over other approaches to spintronics. The concept of
using so called single molecular magnets (SMM) for advancing science and technology
sparked interest of many groups working in the new field of spintronics. Here, I am going
to focus on observations of magnetic molecules using SP-STM as it is the most direct way

to measure spin-dependent properties on the atomic scale.
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Figure 5.1 Spin-polarized point spectroscopy on (a) the cobalt islands
and (b) cobalto-phtalocyanine molecules adsorbed on them. There are
two sets of spectra obtained on the molecule with two distinct probe tips
(tip #1 and tip #2). (c) Spin asymetries arising from opposite
magnetizations extracted from (a) for Co isl. and (b) for CoPc.
(Reprinted with permission from Ref. 106. Copyright 2008 by the
American Physical Society.)

The first results by Iacovita et al°® revealed that an adsorbed
cobalt-phthalocyanine molecule is ferromagnetically coupled to a Co/Cu(111) substrate.

This is clearly visible in Fig. 5.1b, where STS curves obtained with parallel (11) and
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antiparallel (1) orientations of probe and sample magnetizations are different. The
quantitative difference is presented as a spin asymmetry curve in Fig. 5.1c together with
a spin asymmetry reference from the substrate (from Fig. 3.8a). Two different
mechanisms were proposed: direct exchange coupling between the molecule’s Co atom
and the underlying island’s Co atoms and a 90° superexchange mechanism which
additionally involves the molecular N atoms.

This experiment together with others which followed soon after revealed that any
molecule adsorbed on a magnetic metal substrate forms a new hybrid state which
determines the spin-polarized current flowing through that molecule.37:107-112 The
hybridization between the molecular and substrate states can cause the molecule to
manifest amplified or inverted spin-polarization with respect to the bare substrate.37 The
molecule can also gain a delocalized net magnetic moment when interacting with a
magnetic substrate despite being nonmagnetic itself.1°7 The latter case is presented in
Fig. 5.2 where nonmagnetic (metal free) phthalocyanine molecules are adsorbed on a
Fe/W(110) substrate. Fig. 5.2a and Fig 5.2b present SP-STM images obtained with
different tip magnetization directions. It is clearly visible in Fig 5.2c (spin-polarization
image calculated using Eq. 4.14) that the molecule shows locally varying spin-
polarization which ranges from attenuation at the edges of the molecule to inversion with

maxima at the molecule’s C rings.

spin-polarization

0.4 IFERTEEN00  positial
Figure 5.2 Overview SP-STM image of metal free phthalocyanine
molecules adsorbed on a multidomain Fe stripe on a W (110) substrate.

(a) Spin-up channel and (b) spin-down channel maps had been used to
calculate (¢) the spin-polarization map. (Reprinted with permission
from Ref. 107. Copyright 2010 by the American Physical Society.)
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The hybridization of molecule and substrate states can lead to amazingly complex
and originally unpredicted long-range magnetic coupling mediated by a skyrmion
lattice,12 which is desirable for certain applications. On the other hand, however, the
effects of hybridization are mostly so strong that the molecule’s electronic states are
severely modified (as discussed in Chapter 2, section 2.4). Based on this fact, there have
been concerns about how to separate contributions of the molecules and the substrate to
the measured magnetic signal. As an attempt to reduce effects of hybridization, there
have been investigations on single molecular magnets adsorbed on insulating surfaces:
boron nitride43 or graphene44.92:113. The former study found that such insulating layers
preserve the electronic states of adsorbed single molecular magnets. That was proven by
using inelastic spin-flip tunneling spectroscopy data which is provided in Fig. 5.3. The
tunneling mechanism is presented in the schematics of Fig. 5.3c. It is an indirect multi-
step tunneling process which is described in detail in Chapter 4, sub-section 4.1.6. The
tunneling conductance (dI/dV) data presented in Fig. 5.3d exhibit pronounced changes
in the measured signal. Those changes are a footprint of an excitation and are better seen
in the second derivative (d2I/dV2) as clear maxima at positive bias and minima at
negative bias. The color-coded arrows correspond to transitions visualized in Fig. 5.3b.
Here, three excitations are visible in zero field. The first observed at 1.4 meV (blue)
corresponds to a change of quantum number m preserving the total spin S = 10. The two
other excitations observed at higher energies (8.5 meV, red and 15.8 meV, orange) are
due to an additional change of the total spin to S = 9. Upon applying the external
magnetic field of B = 10T the excitations shift. The excitation attributed to a change in
quantum number shifts to a higher energy of 1.7 meV while the excitations attributed to
a simultaneous change in total spin to 5.6 meV and 11.8 meV, respectively. Those
spectroscopic features and their behavior in an external magnetic field represent a direct
confirmation that the molecules’ magnetic states are preserved. However, when
comparing the experimental results to the simulated spectra from Fig. 5.3e one can see
that the energy states do not directly correspond to one another. The authors claim that
the energy positions in the experimental data can change slightly due to the various Mn,,

molecule conformations when adsorbed in different geometries.
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Figure 5.3 Inelastic electron tunneling spectroscopy on isolated Mn;»
molecule adsorbed on boron nitride. (a) Schematic of the tunneling
junction. (b) Energy diagram of the Mn,, molecule calculated using the
giant spin approximation. (¢) Multistep tunneling process via the Mn;,
states. (d) Tunneling spectra in first (dI/dV) and second (d2I/dV?)
derivative. (e¢) Simulated second derivative spectra. (Reprinted with
permission from Ref. 43. Copyright 2011 American Chemical Society.)

All of the above described examples of previous studies present unique approaches
to single molecule magnetism. However, there are no studies up until now which would
combine the different approaches. To address the spatial distribution of spin-polarized
states of single adsorbed molecules one must apply the approach of Kahle et al.43 and
use ultrathin insulator films as a substrate for the molecules while addressing their

magnetic properties in a fashion presented by Iacovita et al.1°® and Atodiresei et al.197.
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6 RESULTS AND DISCUSSION

“(...) they say a man who never makes mistakes never makes anything else.”

~ G. K. Chesterton

Spin-sensitive investigations on CoSal molecules are in the focus of this chapter.
Preparation procedures of the probe tip and the investigated sample are provided in the
first two sections. Next, the observation of many molecules in an external magnetic field
allows for revealing their distinct behavior in different adsorption geometries on the
GR/Fe moiré structure. Some of the molecules are ferromagnetically coupled to the
substrate while others exhibit an antiferromagnetic alignment with the underlying
substrate. Further, some of the molecules in the former case are sensitive to the external
magnetic field changes, and therefore the molecule’s magnetization direction can be
manipulated independent from the substrate — an effect which can be clearly seen in SP-
STM data provided in the later part of the chapter. The detection and manipulation of
the direction of the magnetic moment of individual CoSal molecules, based on the low
level of hybridization with a GR/Fe substrate, is an important milestone towards planar,
molecule based all-spin logic devices. The results have been published in the following

paperti4:

E. Sierda, M. Elsebach, R. Wiesendanger, M. Bazarnik
Probing Weakly Hybridized Magnetic Molecules by Single-Atom Magnetometry.
Nano Lett. 19, 9013-9018 (2019)

6.1 Probe tip preparation

The probe used in this work is an iron coated tungsten tip. First a polycrystalline
tungsten wire has been chemically etched in a NaOH solution, rinsed with distilled water
and isopropanol, and introduced to the UHV system. Since the process is performed ex
situ, the tip is covered with an oxide. In order to remove it, the tip is initially annealed in
UHYV at a temperature of T= 900K in the presence of O. (at a pressure of p = 5E-8 mbar)

for the duration of t = 30 min and then repeatedly flash annealed in vacuo to a
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temperature of T'= 2500 K for the duration of ¢t = 15 s. As a consequence of such a high
temperature the apex of the tip is melted and becomes blunt and clean, exhibiting a well-
defined (110) surface — a perfect substrate for the growth of thin magnetic films which
are required to obtain spin sensitivity. Here ~ 50 mono layers (ML) of Fe have been
deposited onto the tip while annealing at 500 K. This procedure leads to a ferromagnetic
coating with an in-plane easy axis. Small anisotropy energy renders the probe
magnetically soft, hence, its magnetization direction can be easily aligned with an
external magnetic field. The presence of a significant stray field at the probe tip’s apex
can alter the magnetic structure of the sample. Another drawback is the fact that a blunt
tip can hardly be used for investigations on highly corrugated surfaces. The blunt tip is
prone to accommodate multiple apexes which can simultaneously take part in the
tunneling process.

The quality of prepared probe tips, in terms of spatial resolution and spin
sensitivity, was assured by measurements on a well-defined and pre-characterized
substrate: Co/Ir(111) with Co islands being hard magnets (magnitude of magnetic

anisotropy depends on their size).115

Topography di/du

Figure 6.1 Determination of magnetic contrast of a Fe/W probe tip.
(a, ¢) STM topography images and (b, d) differential tunneling
conductance (dI/dU) maps of Co islands on Ir(111) obtained in two
different external magnetic fields: B=-1T (a, b) and B=+ 1T (¢, d).
Tunneling parameters: U = - 200 mV, I; = 100 pA, Unod = 50 MVims,
Jmod = 971 Hz.

In Fig. 6.1 topography images (Fig. 6.1a,c) as well as differential tunneling
conductance maps (Fig. 6.1b,d) are presented for two external magnetic fields of the
same magnitude with opposite directions, i.e. B = - 1 T (Fig. 6.1a,b) and B=+ 1 T
(Fig. 6.1c,d). The change in the differential conductance signal visible on all Co islands is
a consequence of the probe’s inversion of spin-polarization caused by the external
magnetic field. Such difference in appearance establishes the magnetic contrast based on
the Fe/W probe tip.
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6.2 Sample preparation

In this dissertation magnetic properties of 5,5-dibromocobaltosalophene (CoSal)
molecule will be addressed. For the SP-STM experiments, molecules must be adsorbed
on a substrate which satisfies specific requirements. First, it must be inert to allow the
molecule to preserve its electronic states and magnetic properties (as discussed in
Chapter 2, section 2.4). Second, it must stabilize the magnetic moment of the
paramagnetic molecule. Third, it must provide both magnetic and non-magnetic
reference for SP-STM measurements. No single substrate can satisfy all of the above
requirements. However, a combination of pristine graphene and graphene intercalated
with magnetic element is suitable.

The procedure of preparing a sample of choice is complex and takes significant
time. All of the parameters needed to be precisely adjusted beforehand. The necessary
steps are as follows:

1. An Ir single crystal in (111) orientation was cleaned in vacuo by repeated cycles
of argon sputtering at E = 800 V for t = 30 min (p = 5E-6 mbar), annealing at
temperatures ranging from 7' = 900 K to T = 1500 K in the presence of oxygen
(p = 1E-8 mbar) for t = 20 min and a flash annealing at 7= 1500 K for = 3 min.

2. A graphene layer was grown on the clean Ir(111) substrate by decomposition of
ethylene molecules following the procedure described in Ref. 116, i.e. by
introducing ethylene gas (p = 3E-8 mbar) for ¢t = 7 min while annealing the
iridium crystal to T = 900 K. The crystal was additionally flash annealed at T =
1500 K to merge small graphene patches and to make their rotational domains
uniform.

3. The crystal was subsequently transferred to the deposition chamber and placed
in the XYZa stage. The intercalation process was performed following the
procedure described in Ref. 117. Iron was evaporated from an e-beam evaporator
with a high rate (Is.« = 20 nA) and deposited onto the sample held at an elevated
temperature of T = 613 K for t = 12 min. Subsequently it was quickly cooled down
to room temperature to avoid alloying.117-118

4. The 5,5-dibromocobaltosalophene (CoSal) molecules were deposited from the
molecular evaporator (described in Chapter 4, sub-section 4.2.2) onto the surface
held at a temperature of T'= 298 K for t = 20 min.

The prepared samples were transferred in vacuo into the STM and subsequently

cooled down to the measurement temperature of T'= 6.5 K.
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GR/Fe

0 nm

Figure 6.2 STM topography image of a sample containing of CoSal
molecules on GR/Fe. (a) A large-scale overview image and
(b) a zoom-in on the area marked with a square on (a). Labelled are the
following areas: clean graphene adsorbed on the Ir(111) surface
(GR/Ir(111)), graphene intercalated with Fe (GR/Fe), an assembly of
5,5’-dibromocobaltosalophene molecules (CoSal) and a special feature,
ie. a graphene wrinkle (GR wrinkle). Tunneling parameters:
U=+ 450mV, I; = 50 pA.

An overview STM topography image is presented in Fig. 6.2a with all the
characteristic features marked. On this large-scale topography one can observe a non-
uniform sample system which consists of distinct areas and irregularities. The main
areas to mention are: the pristine graphene on Ir(111) surface (GR/Ir(111)),
Fe-intercalated graphene (GR/Fe) and assemblies of CoSal molecules adsorbed solely on
GR/Fe areas. As one can observe the CoSal assemblies are always present near surface
irregularities, e.g. Ir(111) surface terraces or GR wrinkles, and follow a step-flow growth
leading to molecular assemblies. The GR wrinkles are created as a consequence of a rapid
sample cooling after the final flash during the graphene growth process. However, their
presence is desirable as they allow Fe atoms to penetrate the graphene layer and form
islands below.!’7 Indeed the sample exhibit GR/Fe areas not only near edges of the
graphene layer but also close to the GR wrinkles. A zoom-in on the area which is suitable
for measurements on adsorbed molecules is presented in Fig. 6.2b. The sample was
intentionally prepared to be spatially heterogeneous because each of the areas plays a
significant role. The GR/Ir(111) area provides a non-magnetic reference, while the GR/Fe
area serves as a magnetic reference'9 and allows the molecules to adsorb there and
create an assembly. Additionally, the magnetic character of GR/Fe causes the molecules’

magnetic moments to be stabilized for spin-polarized measurements.
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6.3 Adsorption geometry of CoSal molecules

All STM images presented in this section were obtained with a functionalized probe
tip, to enhance the spatial resolution. The tip functionalization is achieved by
intentionally picking up a CoSal molecule.

For the sample system presented in Fig. 6.2 molecules can be adsorbed on two
distinct surface areas: GR/Ir(111) and GR/Fe. Both of them are surfaces with a
corrugation induced by a moiré pattern. As a consequence of stronger interactions with
the substrate, in case of GR/Fe, the moiré pattern and its corrugation are much more
pronounced. This can be clearly seen in the Fig. 6.2 where GR/Ir(111) areas appear
almost flat. This difference highly influences the molecular adsorption behavior. CoSal
molecules adsorbed on GR/Ir(111) are presented in Fig. 6.3. Contours of a few of the
molecules are overlaid in the image for easy identification. The low corrugation of the
GR/Ir(111) and the weak interaction of the molecules with the substrate allow for a close
packed highly ordered arrangement of the molecular assembly.120-121 The growth is
driven by molecule-molecule interactions and follows the main crystallographic

directions of the substrate. No other influence of the graphene moiré is observable.

Figure 6.3 An STM image of a close-packed assembly of CoSal
molecules adsorbed on pristine GR/Ir(111) obtained with a
functionalized probe tip. The contour of a molecule is overlaid in the
left part of the image for ease of identification of the adsorbed
molecules. Tunneling parameters: U = + 1.5 V, I; = 20 pA.

For the GR/Fe areas, which will be in the focus of the next sections, the

arrangement of the molecular assembly is somewhat different. Such an assembly is
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presented in Fig. 6.4a. By tunneling at a low bias within the HOMO-LUMO gap of the
molecule with such a probe tip, one can obtain intramolecular spatial resolution.42
Therefore, one can easily identify the protrusion in the middle of each molecule
originating from the center Co atom, two protrusions arising from the Br end atoms and

the molecular backbone formed by the rest of the atoms.

Figure 6.4 : STM topograph of CoSal molecules adsorbed on GR/Fe and
corresponding structure model of the imaged area. (a) High resolution
STM image of a CoSal molecular assembly obtained with a
functionalized probe tip. A contour of a molecule is overlaid for ease of

identification. (b) Ball-and-stick models of the molecules overlaid on
the atomic lattice of the GR/Fe substrate (GR: black, Fe: red) as
deduced from (a). The individual atomic species within the CoSal
molecule as well as the specific regions of the GR/Fe moiré structure
are labelled. Tunneling parameters: U = + 50 mV, I; = 50 pA.

For a better understanding of the whole sample system, a schematic drawing of the
same area is shown in Fig. 6.4b. Ball-and-stick models of the molecules are depicted on
top of a model of the GR/Fe substrate’s atomic structure. CoSal molecules are composed
of three carbon rings surrounding the central N.-Co-O. entity and two Br atom at each
end. Black and red lines represent the substrate: the GR and Fe lattices, respectively.
Lattice constants have been extracted from Ref. 122. The moiré structure of the GR/Fe
substrate leads to an additional preferential adsorption of the CoSal molecules away from
the moiré’s top sites. This behavior can be explained by the combined action of
intermolecular van-der-Waals forces and repulsive dipolar interactions between
molecules and the substrate which drive the molecules away from the moiré’s top sites
and influence their arrangement relative to one another.'23 Due to the mismatch of the

molecule’s structure and the moiré pattern of GR/Fe, and in contrast to CoSal adsorbed
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on pristine GR/Ir(111) as presented in Fig. 6.3, no long-range order of the molecular

assembly is observed.

Topography di/du

-850 mV
(HOMO-1) b

250 mV
(LUMO)

550 mV
(LUMO+1)

850 mV
(LUMO+2)

Figure 6.5 High-resolution spatially resolved STS data obtained with a
functionalized probe tip. (a, ¢, €, g, 1) STM topography images and (b, d,
f, h, j) simultaneously recorded differential tunneling conductance
(dI/dU) maps corresponding to molecular states from HOMO-1 to
LUMO+2. Contours of the molecules are overlaid for ease of
identification. Tunneling parameters: I; = 50 pA, finod = 1111.1 Hz,
Unmod = 50 MV pkpk.

Next, I focus on an area around two molecules, as marked with a black square in
Fig. 6.4a. Fig. 6.5 shows high-resolution topographic STM images along with the
respective differential conductance maps at five different sample bias voltages: U = - 850
mV, U =-250mV, U=+ 250 mV, U =+ 550 mV, and U = + 850 mV, corresponding to
states from HOMO-1 to LUMO+2. The two HOMO states and the LUMO state are
localized mainly on the Co center and do not extend towards the surrounding atoms.
Therefore, their origin is assumed to be of the Co atom. The HOMO-1 state is of

significantly lower intensity compared to the other two states mentioned. The LUMO+1
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state appears as a protrusion located at the same place but expanding further towards
the nitrogen and oxygen atom sites. The LUMO+2 state, on the other hand, originates
from the ligand and appears as two oval features on the sides of the molecule’s top ring.
The identification of those spectroscopic features together with their spatial distribution
allows for a recognition of the molecules’ positions, even without the use of a

functionalized probe tip.

6.4 Single atom magnetometry on CoSal metal center

An area of focus for the spin-polarized tunneling studies consisting of a molecular
assembly of 28 individual molecules (in the center), an area of GR/Fe (on the left side)
and, separated by an upward step-edge, an area of GR/Ir(111) (on the right side) is
presented in Fig. 6.6a. For better visualization a modelled vertical cross-section is
provided in Fig. 6.6b. Its location is marked in Fig. 6.6a by a white dashed line. Structural
models of the molecules and the positions of the moiré top sites are superimposed onto
the STM topography image. The positions were identified based on spatially resolved
bias-dependent differential tunneling conductance (dI/dU) maps as discussed in the

previous section.
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Figure 6.6 (a) STM overview image of the molecular assembly used for
subsequent measurements. Ball-and-stick models of the molecules
within the assembly are superimposed on the measured STM data,
while the positions of the circles represent top sites of the moiré pattern
originating from the Fe-intercalated GR layer. (b) A schematic cross-
section along the white dashed line in the STM image shown in (a).
Tunneling parameters: U = + 50 mV, I; = 55 pA.

Based on the spatially resolved STS data it is concluded that the maximum signal
at the Co-centers for most of the molecules within the assembly is observed at
U = + 450 mV. It appears round in shape and is mostly symmetric around the middle of
the Co atoms. This particular bias voltage is selected to study the spin-resolved dI/dU
signal as a function of an externally applied magnetic field by using a magnetic SP-STM
probe tip (preparation is described in section 6.1). The data set consists of a series of
dI/dU maps obtained with different externally applied magnetic fields
B=075T >525T > -525T — 0.75 T) in steps of 0.75 T. The field sweep was
accompanied by a drift in the xy-plane on the order of a few nanometers, therefore, the
scanning area had to be adjusted accordingly. In order to compensate for the drift and
small displacement errors, I used an automated algorithm to find the maxima in the
dI/dU map of the molecules. The STM image of Fig. 6.7 provided a position reference for
the dI/dU maps of the CoSal area (Fig. 6.7b) and the GR/Fe hcp area (Fig. 6.7¢c). Those

areas are further used for spin-resolved differential tunneling conductance signal (G)
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analysis. Fig. 6.7b presents a slightly larger area than used by the algorithm for the

purpose of demonstrating how close signals of neighboring molecules can be.

CoSal di/dU

Figure 6.7 Areas for the data extraction for the magnetometry graph.
(a) STM overview image of the molecular assembly, (b) spatial
distribution of the recorded spin-resolved dI/dU signal of a CoSal
molecule, (c) spatial distribution of the recorded spin-resolved dI/dU
signal of the hcp area of the GR/Fe substrate. Tunneling parameters:
U =+ 450 mV, I; = 55 pA, Umod = 50 MVims, fmoa = 971 Hz.

The average G-values for the two areas were obtained following the procedure:

1. User inputs of coarse coordinates for the CoSal molecule for each dI/dU

map (i.e. each B-field).

2. An algorithm finds the maximum value of the dI/dU signal within an area
of ~0.2 nm2 around these coordinates.

3. The G-value for the CoSal molecule is obtained by averaging the dI/dU
signal over an area of ~0.1 nm? around the maximum d//dU value (area of
dotted square in Fig. 6.7b).

4. The G-value for the GR/Fe region is averaged over a molecule-free area of
~0.7 nm? around a point defined by a fixed vector from the CoSal center
(whole area depicted in Fig. 6.7c).

5. The error for each G-value is given by the standard deviation of the average.

For the purpose of visualization of the graphs obtaining process as well as
presenting all raw data which make it up, I composed a movie which is published as
supplementary information to the paper and can be accessed using the in Ref. 124. The
first frames of the movie present the exact areas of interest as shown in Fig 6.7. In the

following frames, the process of obtaining the magnetization curves is presented.
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Following this approach, it was possible to extract local magnetization curves!25 for
each of the CoSal molecules in the assembly. However, I will focus on three molecules as
examples of different molecule’s interaction with the substrate. The first molecule of
focus is marked by a white square in Fig. 6.6a and the corresponding magnetization curve
is presented in Fig. 6.8a. The CoSal molecule is adsorbed in between the hep and fcc areas
of the GR/Fe moiré structure. This area appears slightly protruded, creating a saddle-
type line from one top-site of the moiré to another!9. The center of the molecule
adsorption site is located slightly off the saddle line towards the hcp region. It is of central
importance for the discussion later that this position exhibits a lower spin polarization

of the electronic states than neighboring hcp and fec regions.
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Figure 6.8 Magnetic response of a single adsorbed CoSal molecule’s
metal center and of the bare GR/Fe substrate (as imaged in the square

marked area of Fig. 6.7a) in B-field range of [-5.25 T, 5.25 TI].
(a) Spin-resolved differential tunneling conductance G extracted from
the measured dI/dU signal as a function of external out-of-plane
magnetic field B. The error bars correspond to the highest standard
deviation of the spatially averaged dI/dU signals. (b) Schematic
drawings indicating the magnetization directions of the Fe-coated
W-probe tip, the Co-center of the CoSal molecule and the GR/Fe layer
for three different B-field values as color coded in (b): 1.50 T (blue),
3.75 T (red), and 5.25 T (green).

For the interpretation of the measured data, it is important to note that the
SP-STM probe tip used for these experiments is magnetically soft and requires only

B = 0.2 T in order to fully align its magnetization direction with the B-field. Therefore,
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while crossing B = 0 T one will always observe a change in the spin-resolved G-signal
intensity due to a change of the SP-STM probe magnetization direction. The measured
values of G obtained for GR/Fe as a function of B-field reveal a characteristic magnetic

hysteresis. There are two changes of the substrate’s magnetization direction occurring:
after increasing the B-field from 4.5 T to 5.25 T and upon decreasing it from -4.5 T to

-5.25 T. This behavior is expected for these B-field values as reported by Decker et al.9.
The GR/Fe loop is inverted here due to the different sample bias voltage used to obtain
the data (U = + 450 mV instead of U = + 250 mV at which the main spin-polarized state
of GR/Fe is located). The deduced GR/Fe magnetization directions are | for forward

[-5.25 T, 4.5 T] and 1 for backward [-4.5 T, 5.25 T] B-field sweeps. In contrast, the CoSal
response to the B-field variation is markedly different. It is still mirror-symmetric with
respect to B = 0 T and is affected by the above-mentioned changes of the GR/Fe
magnetization direction. The very pronounced increase in G-signal as the B-field rises

from 1.5 T to 3.75 T suggests that the z-component of the magnetic moment g, of the

molecule’s Co-center is aligning with the B-field. Upon reaching the value of the B-field
for which the GR/Fe magnetization direction changes, the magnetic moment of the CoSal
molecule follows and its z-component changes direction. A drop in G-signal intensity is
strictly connected to changes of the substrate’s magnetization. Upon the SP-STM tip’s
magnetization reversal the behavior described above is repeated for the opposite B-field
direction. Schematic drawings indicating the magnetization directions of all parts of the
magnetic tunnel junction for B =1.5T, 3.75 T, and 5.25 T are provided in Fig. 6.8b.

The single-molecule magnetization curve of Fig. 6.8a is only part of a full hysteresis

loop, i.e. magnetic saturation is not yet reached. This is caused by two factors. On the one

hand, the GR/Fe magnetization direction changes in relatively low B-fields and CoSal

follows this behavior. On the other hand, using a Brillouin function we have estimated

that the B-field needed to fully align the molecule’s magnetic moment (assuming it
preserves spin 2), at our measurement temperature of 6.5 K, would be as high as 29 T.

By limiting the magnetic loop to B = 0.75 T — 3.75 T — 0.75 T, the loop of Fig. 6.9
is obtained. In this case the external magnetic field has no influence on the GR/Fe, i.e.
the substrate’s magnetization direction does not change. The change in G-signal
recorded for the CoSal molecule is reversable in this case, as opposed to the wider B-field

range loop of Fig. 6.8a.
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Figure 6.9 Spin-resolved differential tunneling conductance G
extracted from the measured dI/dU signal averaged over the molecule’s
Co-metal center and over a bare GR/Fe area next to the molecular

assembly in the B-field range of [0.75 T, 3.75 T]. The error bars
correspond to the highest standard deviation of the spatially averaged
dI/dU signals.

The molecules adsorbed in different parts of the moiré (fcc or hep) having a
stronger interaction with the substrate, show a collinear alignment of their magnetic
moment with the underlying substrate. The parallel or antiparallel orientations of the
molecules’ magnetic moments have been deduced from the behavior of the
magnetometry curves recorded on other molecules at higher external magnetic fields of
up to 6T. Parallelly oriented molecules lead to a lower conductance when the GR/Fe
magnetic moment (and that of the molecule) is antiparallel to that of the SP-STM tip
(Fig. 6.10a). After the GR/Fe switches, the molecule switches as well. It is the only change
observed in the curve. The antiparallelly oriented molecules start with a higher
conductance when the GR/Fe magnetic moment is antiparallel to that of the SP-STM tip
(Fig. 6.10b). When the GR/Fe switches at B = 5.25 T the molecule switches as well and
the conductance drops. When the field strength increases by additional 0.75 T the
conductance starts to rise again. It means that after the switch the magnetic moment of

the molecule is being influenced by the external magnetic field and is being aligned with

B as in case of the molecule discussed earlier (Fig 6.8a).
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Figure 6.10 Spin-resolved differential tunneling conductance G
extracted from the measured dI/dU signal averaged over the molecule’s
Co-metal center showing two different responses suggesting parallel (a)
and antiparallel (b) alignment of the molecule’s magnetic moment with
respect to the GR/Fe substrate magnetization. The error bars
correspond to the highest standard deviation of the spatially averaged
dI/dU signals.

The molecules exhibiting either parallel (P) or antiparallel (A) oriented magnetic
moments are marked in the STM topography image (Fig. 6.11). Among the 28 molecules,
16 molecules are magnetically parallel oriented with respect to the substrate and 5 are
antiparallel oriented. For the 7 molecules which are not marked in the image, the signal-
to-noise ratio in the magnetization curve data is not sufficient to make a clear
assignment. The three molecules color-marked in Fig. 6.11 are the ones for which the
magnetization curves were presented previously: orange is the first one presented in
Fig. 6.8 with weak interaction and antiparallel alignment with respect to the substrate,
purple is the one presented in Fig. 6.10a with parallel alignment and green is the one

presented in Fig. 6.10b with antiparallel alignment.
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Figure 6.11 An STM overview image of the molecular assembly
adsorbed on GR/Fe with overlaid models of molecules. Labels next to
the molecules indicate parallel (P) or antiparallel (A) alignment of their
magnetic moments with respect to the substrate magnetization
direction. Molecules for which the magnetization curves presented in
Fig. 5.8a (also 5.9), Fig. 5.10a and Fig. 5.10b were obtained are marked
with orange, purple and green colors, respectively. Tunneling
parameters: U = + 450 mV, I; = 55 pA.

6.5 Field dependent spectroscopy investigations

As is apparent from the magnetometry data presented in the previous section, a

sufficiently strong B-field can align the magnetization of the GR/Fe substrate along its
direction. Such a change significantly influences the substrate’s spin-resolved LDOS and
therefore the recorded point-spectroscopy data. The spectra presented in Fig. 6.12 aim
to visualize this. They were obtained at the same two places, i.e. one at the Co center of
the CoSal molecule (Fig. 6.12a) and one at an hcp site of the GR/Fe substrate (Fig. 6.12b),

both in the same B-field. The second set of spectra were obtained after magnetizing the
sample with B = 6 T, thus, after changing the magnetization direction of the GR/Fe
substrate. One can observe that the differences are visible on both occupied and
unoccupied states of the normalized spectra. The changes are clearly visible in a spin-
asymmetry plot (Fig. 6.12c). The spin-asymmetry was calculated using the Eq. 4.14. The
change of the GR/Fe magnetization direction and its spin-polarized LDOS influences the

SP-STS of the adsorbed CoSal molecule (see Fig. 6.12a). Therefore, in order to visualize

the changes in the SP-STS of a CoSal molecule responding to the applied B-field, it is
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important to prevent a change of the substrate’s magnetization and perform the

experiments within B =[- 4.5 T, 4.5 T].
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Figure 6.12 Normalized SP-STS data obtained on (a) the CoSal
molecule’s Co-center and on (b) the bare GR/Fe area next to the
molecular assembly at B = 1.5 T and again in the same field after
magnetizing the sample in B = 6 T. (¢) Spin asymmetry of the CoSal and
GR/Fe spectra from (a) and (b), respectively. The measured spin-
resolved differential tunneling conductance dI/dU has been divided by
I/U and plotted as a function of bias voltage U. Tunneling parameters:
Ustab = + 1V, Isap = 55 PA, Unoa = 50 MVims, fmoda = 971 Hz,
() zogr = + 100 pm, (b) zer = 0 pm. Every line represents an average over
five individual spectra.

Two spin configurations, as outlined in Fig. 6.8b (for B = 1.5 T and B = 3.75 T),
have been used for SP-STS experiments in order to visualize the spin-dependent LDOS
distributions and the differences between them. Before each SP-STS curve has been
recorded, the SP-STM probe was stabilized above a non-magnetic part of the substrate,

i.e. GR/Ir(111), in order to guarantee a constant and spin-polarization independent
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sample—tip separation (as discussed in Chapter 4, sub-section 4.1.8). The SP-STS data
presented in Fig. 6.13a was measured on the Co center of the CoSal molecule marked in
Fig.6.8aat B=1.5T, B =4.5T and again at B = 1.5 T. The last measurement is performed
to exclude a possibility of the probe tip change as it may be otherwise a source of

additional tip-related effects. The changes in the measured spectra obtained in the two

different B-fields reflect the behavior observed for the magnetization curves in Fig. 6.8a,
and one can clearly distinguish three bias regions for which spin-dependent tunneling
effects are most pronounced: one around U = - 250 mV, one around the peak at
U = + 500 mV, and another around U = + 1 V. It is important to note that at the same
time, the SP-STS data on bare GR/Ir(111) (see Fig. 6.13b) does not show any changes
when comparing the curves acquired at different B-fields. The spin asymmetry plots in
Fig. 6.13c show that the influence of the GR/Fe substrate’s spin polarization can be

excluded and one can conclude that the changes observed for the CoSal molecule

originate purely from its response to the external B-field. At the same time, the change
in the spectra of CoSal does not induce any change in the spectra of GR/Fe. The small
spin asymmetry of GR/Fe (0.5 - 1 %) can be caused by a 100 % alignment of the probe
tip magnetization in a higher external magnetic field or a slight change of probe’s DOS
(most of the changes are on the negative bias side) due to, e.g., hydrogen adsorption. It

is not, however, comparable to a change originating from the tip remagnetization (see
Fig. 6.12). The difference in the Zeeman energy for B= 1.5 Tand B = 4.5 T, i.e. B-fields
for which the SP-STS data of Fig. 6.13a have been obtained, equals 0.3 meV and since it

is comparable to the thermal broadening, no spin splitting is expected nor observed.
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Figure 6.13 Normalized SP-STS data obtained on (a) the CoSal
molecule’s Co-center and on (b) the bare GR/Fe area next to the
molecular assembly at B = 1.5 T, B = 4.5 T and again at B = 1.5 T.
(c) Spin asymmetry of the CoSal and GR/Fe spectra from (a) and (b),
respectively. The measured spin-resolved differential tunneling
conductance dI/dU has been divided by I/U and plotted as a function
of bias voltage U. Tunneling parameters: Usar = + 1 V, Liap = 55 PA,
Unmod = 50 MVims, frmod = 971 Hz, (a) Zor = + 100 pm, (b) zor= 0 pm. Every

line represents an average over five individual spectra.

The spatial distributions of the three spin-polarized states revealed by the SP-STS
data (Fig. 6.13a) are presented in Fig. 6.14a-c (HOMO at U = - 250 mV, LUMO+1 at
U = + 450 mV, and LUMO+2 at U = + 950 mV, respectively) as spin-resolved dI/dU
maps. Their corresponding spin asymmetry maps are presented in Fig. 6.14d-f. The spin
asymmetry distribution for U = - 250 mV is close to zero, for U = + 450 mV it is of positive
sign and particularly strong over the molecule’s center atoms, while for U = + 950 mV it
is of negative sign and localized in the same area. The additional intensities and

asymmetries close to the borders of the selected area originate from neighboring
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molecules. The reason for the spin asymmetry observed in Fig. 6.14d-f being low is that

the magnetic moment of the CoSal molecule aligns only partly with the B-field. In
Fig. 6.14d an almost vanishing spin asymmetry is observed, caused by a low spin
polarization of the electronic states at that particular bias voltage. The signs of the spin
asymmetries observed in Fig. 6.14e and Fig. 6.14f agree with the SP-STS differences as
revealed in Fig. 6.13a. They indicate that the two spin-polarized molecular orbitals
located on the N, O and Co atoms of CoSal exhibit two directions with respect to GR/Fe:
parallel and antiparallel, depending on the applied sample bias U.

Figure 6.14 (a-c) Spatially and spin-resolved dI/dU maps for three
different bias voltages: (a) U = - 250 mV, (b) U = + 450 mV and
(¢) U = + 950 mV as marked in Fig. 5.13a by dashed lines. (d-e) Spin
asymmetry maps for the bias voltages as presented above in (a-c). All
maps have been superimposed with the contour of the molecule.
Tunneling parameters: I: = 55 pA, Umod = 50 MVims, fnod = 971 Hz.

In Chapter 4 sub-section 4.1.6, I discussed the two mechanisms possible in case of
elastic tunneling through molecules: via molecular state and directly into the substrate.
In the case of the experiment discussed here, it is a combination of the two. Tunneling
via the LUMO+1 state can be observed in STS data (see Fig. 6.13a). The state is short
lived as it is very broad in the tunneling spectrum. The tunneling from the state to the
substrate is very efficient, and therefore no charging effects are observed. Tunneling also
occurs between the probe and the substrate as evident by the non-zero conductance in
the HOMO-LUMO gap. As far as spin-polarized tunneling is concerned, the tunnel
junction is composed of two magnetic electrodes with a magnetic molecule in-between.

The CoSal molecule is coupled to one of the electrodes — the GR/Fe substrate.
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6.6 Influence of the adsorption geometry on the magnetic
state of CoSal

At low B-field the molecule’s magnetic moment is stabilized by superexchange
interactions with the substrate. The same explanation has also been proposed for the
similar system of phthalocyanine molecules adsorbed on a Co-intercalated graphene
substrate by Avvisati et al.126-127 The spatially averaging techniques used in those two
reports suggested either ferro- or antiferromagnetic interactions of the molecule with the
substrate, depending on the metal centers of different molecules. The molecules exhibit
a significant hybridization of orbitals with the substrate and the interaction between
them is driven by a superexchange mechanism. However, in the present study the use of
local probe techniques on a different molecule with a different geometry than in the case
of Avvisati et al. allows the determination of the different adsorption sites which are non-
equivalent and exhibit different degrees of magnetic interaction strengths between the
molecule and the substrate. Adsorption positions within the GR/Fe moiré unit cell of all
molecules which have been studied with respect to their interactions with the substrate
are presented in Fig. 6.15b. The reduction of hcp and fec sites presented in Fig. 6.15¢ and
Fig. 6.15d, respectively, has been possible due to their three-fold symmetry. Thus, all
three sub-units of either hcp or fec sites are equivalent. As it was already evident from
Fig. 6.11, all molecules are adsorbed away from the moiré top sites. Most of the molecules
(15) are adsorbed at places leading to relatively strong interaction with the substrate, and
therefore show a collinear parallel alignment (red) of their magnetic moment with the
underlying substrate, in line with the work by Avvisati et al. However, some of the
molecules (5) with only slightly different adsorption geometry express a weaker
interaction with the substrate, and their magnetic alignment is identified as anti-parallel
(blue). Even weaker interaction with the substrate allows for the possibility that for some

(3) of the anti-parallelly aligned molecules their magnetic moment can be manipulated

by an external B-field.
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Figure 6.15 Distribution and orientation of all identified molecules
within the GR/Fe unit cell. (a) Contour of a molecule and its
representation by a simplified dot-arrow symbol. (b) A full GR/Fe
moiré unit cell, (¢) reduced hcp sub-unit and (d) reduced fcc sub-unit
with all molecular positions marked. The scale of the molecule model is
twice as big as the scale of the moiré unit cells.

The only possible interaction between the GR/Fe substrate and the CoSal molecule
is through the superexchange mechanism described in Chapter 2, section 2.3. Based on
previously reported DFT calculations for CoSal molecules the d., orbital is expected to
carry a non-paired electron.ss56 Its geometry can lead to both ferro- and
antiferromagnetic superexchange interaction between the GR/Fe substrate and the
CoSal molecule. The strength of the interaction depends on the number of CoSal -

orbitals effectively interacting with the GR m-system (st orbitals are extending far out of

molecule’s plane). That is the reason why a sufficiently strong B-field can overcome this
interaction and act on the molecule’s magnetic moment in some of the adsorption
configurations where the molecule interacts with the substrate only weakly. Based on
that interpretation even a very small difference in molecule’s lateral position or rotation
with respect to the GR/Fe moiré unit cell can cause a very significant change of its

magnetic interaction with the substrate.
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7 CONCLUSIONS AND OUTLOOK

7.1 Main results

In this dissertation I presented the study of a paramagnetic CoSal molecule
adsorbed on a ferromagnetic GR/Fe substrate based on spin-polarized tunneling to
molecular orbitals. The particular substrate was chosen to separate the substrate’s
influence on the magnetic state of the molecules. I showed how the adsorption geometry
of CoSal molecules on the GR/Fe substrate influences the interaction between them.
Depending on the level of hybridization between the molecule’s orbitals and the
substrate one can expect to probe the molecule in three different states. Relatively strong
hybridization will lead to a parallel, while weak hybridization will lead to an anti-parallel
orientation of the molecule’s and substrate’s magnetic moments. If the interaction is
weak enough, the molecule’s magnetic moment can be manipulated with an external
magnetic field, and therefore can respond independently from the substrate. It proves
that the molecule upon adsorption preserves its magnetic properties, and therefore such
molecules can potentially be used for the design and realization of molecular spintronic
devices. The magnetic response of the CoSal molecule was studied by means of single-
atom magnetometry and bias-dependent SP-STS experiments. The latter allowed for an
unprecedented study of the magnetism of individual molecules including the spatial

mapping of three molecular orbitals together with their spin polarization distribution.

7.2 Future prospects

Any measurement performed with scanning probe techniques on a sample system
as the one presented here has its limitations. The sole fact that the molecules are
adsorbed on inert graphene manifests as the biggest problem. As already mentioned in
Chapter 6, section 6.2, the molecules preferentially adsorb on the intercalated areas of
the graphene substrate. The interaction between the molecules and the substrate is
relatively weak. Therefore, even weak perturbations by the scanning STM probe make
the molecule move or even desorb. This requires the use of very small tunneling currents,
leading to a weak signal with significant noise. One solution to that problem could be the
use of other magnetic molecules as magnetic sensors adsorbed on the tip apex. This

approach was recently proposed as a way to increase the spin-polarized signal and
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sensitivity.128-129 Further improvements could be made by lowering the base temperature
of the experiments. As discussed before the single-molecule magnetization curves
presented in Chapter 6, section 6.4, are only part of a full hysteresis loop. One could
observe the full hysteresis loop if the measurement temperature would be below 1 K.
Such low temperatures would allow for additional experiments based on inelastic
electron tunneling and the observation of spin-flip excitations.

One could also think about molecules with a different metal center instead of Co to
achieve a higher magnetic moment. Incorporation of Cr would lead to a magnetic
moment of 4 uz.25 Unfortunately metalation of salophene molecules by traditional
chemical synthesis often leads to solvent contaminations or the product is unstable and
either reacts with ambient gases or breaks at elevated temperatures needed for the
deposition in UHV. A promising solution to overcome these difficulties is on-surface
metalation. This process is performed under UHV conditions on the surface of the
sample and is very clean. A recent article reports on an in-depth study of the reaction
performed on Co-intercalated graphene.'3° Such in-situ metalated molecules can be
studied by the same methods as demonstrated in this dissertation.

The ultimate goal of the investigations on CoSal and similar molecules is the
creation of a working molecule-based spin logic device. As discussed in Chapter 3,
section 3.3, the prototype of such a device had already been assembled on a Au(111)
substrate. However, that prototype could never work due to the fact that the spin of the
molecule’s Co metal center is Kondo screened on the Au(111) substrate.55 An inert
substrate (as GR used here) seems to be a logical substitution but the substrate would
have to allow for an Ullmann reaction to take place. This is necessary because the
molecular building blocks must be deposited separately on the substrate and only then
react to create the final product (as discussed in Chapter 3, section 3.3). A solution for
that problem has been established by our group based on a new approach to the Ullmann
reaction. Instead of relying on a substrate catalyzed reaction, we induced the reaction by
dosing minute amounts of coinage atoms onto a sample with the molecules being
adsorbed on intercalated graphene.!3! the molecular assembly can be then manipulated
with an STM probe tip away from the intercalated graphene towards pristine graphene
to lower the interaction with the substrate and allow for an intra-chain spin coupling. In
this case the magnetic reference needed for spin-polarized STM measurements is still

provided by the nearby intercalated graphene.
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