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Abstract

The precise control of the magnetic properties of 4f metals is not only crucial for many

applications in our daily lives, like heavy-duty permanent magnets in generators and elec-

tric motors, but is also the key to realizing future nanosized and energy-efficient spintronic

devices. In this work, we will contribute to this field with two different approaches.

By incorporating 4f metals into a long-range ordered two-dimensional iridium surface alloy,

we provide a proof-of-concept system, that allows us to tailor its magnetic properties by

graphene adsorption. Our combined theoretical and experimental approach reveals, that

graphene adsorption selectively lifts the 4f atoms out of the surface alloy, leading to a dras-

tic increase in electronic and magnetic anisotropy, which we studied by X-ray absorption

spectroscopy and X-ray magnetic circular dichroic measurements. A combined theoreti-

cal approach based on ligand field multiplet theory and ab initio calculations allows us to

precisely model these systems and provide a deeper understanding of the changes in the mag-

netic and electronic properties. Including a whole set of 4f metals into this system allows us

to generalize the graphene-induced selective skyhook effect and provides us insides into the

changes with changing 4f occupation. This set of electronically similar, but magnetically

tunable 4f graphene-covered surface alloys could be used as substrates for future spintronic

applications.

Such organometallic spintronic components, namely europium cyclooctatetraene nanowires,

are studied in the second part. By probing the electronic and magnetic properties of these

wires on various substrates, we revealed the influence of global orientation, electronic doping,

and interaction with a magnetic substrate on these systems, especially the magnetic suscep-

tibility and the ferromagnetic order. The variation of the organic ligands, as well as the

4f metal, provides further insides. The ”zero-dimensional” thulium cyclooctatetraene com-

pounds however approach the limit of electronic and magnetic anisotropy and show strong

evidence of significant interaction of the 4f shell with its local surrounding.





Kurzzusammenfassung

Die präzise Kontrolle der magnetischen Eigenschaften von 4f -Metallen ist nicht nur entschei-

dend für viele Anwendungen des täglichen Lebens, wie z.B. in Hochleistungsdauermag-

neten in Generatoren und Elektromotoren, sondern auch der Schlüssel zur Realisierung

künftiger nanoskaliger und damit energieeffizienter spintronischer Bauelemente. Zu diesem

Themenkomplex möchten wir in dieser Arbeit mit zwei unterschiedlichen Ansätzen beitra-

gen.

Durch die Synthese von 4f -Iridium-Oberflächenlegierungen etablieren wir ein Prototypsys-

tem, welches uns die gezielte Manipulation der magnetischen Eigenschaften durch Graphen-

Adsorption ermöglicht. Unser kombinierter theoretischer und experimenteller Ansatz enthüllt,

dass Graphen-Adsorption die 4f -Atome selektiv aus der Oberflächenlegierung herauszieht,

was zu einer drastischen Erhöhung der elektronischen und magnetischen Anisotropie führt,

die wir durch Röntgenabsorptionsspektroskopie und röntgenmagnetische zirkular dichroitis-

che Messungen bestätigen können. Durch unseren kombinierten theoretischen Ansatz, der

auf der Ligandenfeld-Multiplett-Theorie und ab initio-Berechnungen basiert, ist es uns

möglich, diese Systeme präzise zu modellieren und ein tieferes Verständnis der Manipulation

der magnetischen und elektronischen Eigenschaften zu gewinnen. Die Integration weiterer

4f -Metalle in dieses System ermöglicht es uns, den ”graphene-induced selective skyhook”

Effekt zu verallgemeinern. Desweiteren ermöglicht es die Veränderungen basierend auf der

4f -Besetzung genauer zu studieren. Mit diesem Set von elektronisch vergleichbaren, aber

magnetisch variablen, graphenbedeckten 4f Oberflächenlegierungen bieten wir eine neue

Klasse an Substraten für zukünftige spintronische Anwendungen.

Die relevanten Bauteile für solch eine Anwendung, in unserem Fall Europium-Cycloocta-

tetraen Nanodrähte, werden im zweiten Teil dieser Arbeit untersucht. Wir analysieren

die elektronischen und magnetischen Eigenschaften dieser Nanodrähte auf verschiedenen

Substraten und können dadurch den Einfluss der globalen Orientierung, der elektronis-

chen Dotierung und der Wechselwirkung mit einem magnetischen Substrat auf diese un-

tersuchen. Einen Fokus legen wir hierbei auf die magnetische Suszeptibilität und die ferro-

magnetische Ordnung. Die Variation der organischen Liganden, sowie des 4f Metalls, liefert

weitere Erkenntnisse, wohingegen sich die ”nulldimensionalen” Thulium-Cyclooctatetraen-

Verbindungen der Grenze der elektronischen und magnetischen Anisotropie nähern und

damit Hinweise auf eine signifikante Wechselwirkung der 4f -Schale mit ihrer lokalen Umge-

bung liefern.
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1. Introduction

Magnetism has inspired and influenced mankind for hundreds of years. Starting from early

utilization as compass needles to countless modern applications, magnetic materials have

become an integral part of our today’s society. With the rise of electromobility and the need

for energy-efficient computing, the interest in 4f elements has risen over the last decades.

While one tries to minimize the use of rare-earth elements in regular appliances due to the

high costs and the lack of availability [1], they are indispensable for high-end systems, like

heavy-duty permanent magnets [2] and future spintronic applications [3].

Their special character is not mainly based on the highest magnetic moments of all stable

elements, which they can provide (Dy and Ho), but rather due to their large magnetic

anisotropy, which allows high coercive fields in permanent magnets [4] and stable nanosized

qubits, down to single-atom level [5]. Such nanosized qubits and other spintronic devices

like spin-filters could be the key to future energy-efficient and high-performing computers

[6]. The precise manipulation of the anisotropy in 4f systems and the understanding of the

underlying mechanisms are central for further development.

One approach to manipulating the magnetic properties of 4f metals is tailoring its ligand

field by organic ligands e.g. in single-molecule magnets [7]. By the variation of the ligands,

one can influence the magnetic properties of the central atom. By inducing bistability of the

magnetic moment, a spin-qubit can be realised, which allows high-density data storage [8].

Extending this principle to 1D systems, organometallic nanowires can be realized [9], which

are proposed to be effective spin filters [10]. Such spin filters could allow the realization of

nanosized logic gates [11].

Organic ligands are not the only approach to controlling the magnetic properties of 4f metals.

Utilizing the symmetry of adsorption sides on surfaces allows to realise stable single-atom

magnet arrays [5, 12], exhibiting theoretical data densities around 100 times larger than the

one of today’s regular hard drive data storage devices. The interaction with the surface, in

general, plays a prominent role in all future spintronic applications [13]. It not only functions

as a substrate but can strongly influence the magnetic and electronic properties of adsorbed

systems [14]. Controlling the magnetic properties can be as important as the decoupling of

the adsorbed systems from a metallic substrate, to sustain long-living quantum states [15].

In this work, we want to contribute to both topics by introducing a new set of magnetically

anisotropic graphene-covered surface alloys as well as by investigating various organometallic

systems on different substrates.



2 1 Introduction

In chapter 2 we provide the scientific background for our work, focusing on the graphene on

Ir(111) system, which is the base for our graphene-covered surface alloys, and other 4f surface

alloys. The theoretical background of 4f magnetism is provided to give a basic understanding

of its magnetism, anisotropy and the influence of the ligand field. An introduction to low-

dimensional 4f organometallic compounds is given in order to put our organometallic samples

into context as well as give an idea of possible applications of novel substrates.

In chapter 3 we introduce the methods and setups used for our investigations. Starting with

surface-sensitive methods for structural analysis, namely low-energy electron diffraction and

scanning tunnelling microscopy, followed by our element-specific synchrotron-based X-ray

absorption spectroscopy techniques, including X-ray magnetic circular dichroism, and finally

X-ray photoelectron spectroscopy. Accompanied by a detailed introduction to our multiplet

calculations, based on the multiX code [16]. Simple examples visualize the effect of different

ligand fields on the multiplet and fine structure. For the experimental setups, a home lab

setup and a synchrotron endstation are described exemplarily.

The scientific contribution starts with chapter 4. We investigate the synthesis and the

structure of the newly introduced 4f surface alloys and compare these findings to ab initio

calculations. By probing 4f surface alloys on Ir(111) and their graphene-covered counter-

parts, direct comparison and the exposure of the influence of the graphene adsorption on the

electronic and magnetic properties of the 4f metals is possible. We reveal a distinct lifting of

the 4f atoms out of the surface alloy upon graphene adsorption, which we call the graphene-

induced selective skyhook effect [17]. By synchrotron-based measurements, we uncover that

the selective skyhook effect induces a strong electronic and magnetic anisotropy in the 4f

metal. By including a number of different 4f metals into this system, the selective skyhook

effect can be generalized and systematic changes within the 4f occupation are uncovered.

In chapter 5, the focus changed to organometallic systems. Europium-cyclooctatetraene

nanowires proved to be ferromagnetic on graphene on Ir(111) [18] and are proposed spin

filters [10]. In this work, we try to improve their magnetic properties by variation of the

substrate, inducing global orientation and manipulating the doping level, and by variation of

the organic ligand. Further, we investigated thulium based compounds, which display highly

anisotropic behaviour and give us insights into the interactions between the 4f electrons and

the ligand field.

Our element-specific experimental approach combined with ab initio and multiplet calcu-

lations gives deeper insight into the properties and the manipulation of 4f magnetism and

with a set of graphene-covered surface alloys with electronically similar, but magnetically

tunable properties, we provide substrates for future spintronic applications. This all will be

summarised in chapter 6.

In the appendix, all the other projects to which I contributed during this work are briefly

introduced and presented.



2. Fundamentals

As introduced in chapter 1, the electronic and magnetic properties of 4f -metals

incorporated in surfaces, interacting with graphene, and in organometallic com-

pounds are investigated in this work. To provide a proper background, the

fundamentals are described in this chapter, starting with the iridium(111) sur-

face, mainly used as a substrate in this work, and the properties of graphene

on iridium(111). Further, the properties of the lanthanides, or 4f -elements, are

described, with a focus on their magnetic properties. Recently discovered 4f -

surface alloys on various metal surfaces will be introduced and an overview on

organometallic compounds on single-crystal surfaces will be given, which are

promising to contribute to future spintronic applications.

2.1. Graphene on Iridium(111)

With the rise of graphene (Gr) [19, 20], rewarded with the Nobel prize in 2010 [21], the de-

velopment and application of 2D materials moved into the focus of the scientific community.

Thereby, the outstanding mechanical and electronic properties of graphene are of special

interest [22, 23].

In this work, we use Gr as a substrate and investigate its interaction with surface alloys. In

order to conduct such measurements, Gr has to be supported by a substrate. Gr has been

intensively studied on a variety of metal substrates, as they allow scale-able growth of high

quality Gr. However the intrinsic properties of Gr are influenced through the interaction with

the substrate [24]. A system, which combines the ability of large-scale single-crystalline Gr

growth without strong distortion of the Gr’s properties is Gr on iridium(111) (Gr/Ir(111))

[25, 26], which properties will be discussed in detail below.

Atomic structure of graphene on Ir(111)

As suggested above, Gr/Ir(111) combines a number of useful properties. Starting with the

growth process, the catalytic surface of Ir(111), enabled by the partially open d-shell, allows

self-limiting chemical vapour deposition (CVD) growth of Gr on Ir(111) by using hydro-

carbon precursor molecules [27]. While the Gr growth on weakly interacting metal surfaces

like Cu(111) [28] and Pt(111) [29] leads to multiple domains, strongly interacting substrates
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like Ru(0001) [30] lead to strong interaction and corrugation and a loss of the Gr free-standing

properties [31].

Gr/Ir(111) combines single-crystal Gr without rotated domains while mostly keeping the

graphene free-standing properties. The structure of Gr/Ir(111) is presented in Fig.2-1.

Figure 2-1.: a STM topograph of Gr/Ir(111) (15 nm× 5.4 nm). An atomic carbon row is in-

dicated by white dots. b Top view of the relaxed DFT structure of Gr/Ir(111).

Regions of high-symmetry stacking are highlighted. c Side view of DFT struc-

ture. Cut indicated in b. The color code indicating the heigth over the Ir(111)

substrates ranges from 3.20 Å (dark) to 3.65 Å (light). Charge density dif-

ference plot through the cut is depicted below. The color scale ranges from

∆ρ = −0.0138e Å−3 (blue) to ∆ρ = 0.013e Å−3 (red). The red square indicates

the zoom-in shown in d. a adpted from [32], b-d from [33].

Fig. 2-1 a presents a STM topograph of Gr/Ir(111). On the one hand, the high quality of the

Gr is visible, indicated by the large defect-free region. On the other hand, the moiré pattern

of Gr/Ir(111) is clearly visible. The moiré results from the incommensurate superstructure

of (10.32 × 10.32) Gr unit cells on (9.32 × 9.32) Ir unit cells [32], which leads to a height

corrugation of the different stacking regions. A deeper insight into this structure is given

by DFT calculations, as presented in Fig. 2-1 b-d. To reduce the needed calculation time

to an acceptable level, a commensurate supercell of (10 × 10) Gr unit cells on (9 × 9) Ir

unit cells is utilised. Fig. 2-1 b presents a relaxed structure of this supercell. The high-

symmetry stacking areas are indicated. The fcc and hcp areas are more strongly bound
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and thus closer to the Ir substrate, whereas the top areas are further away. It is important

to note, that STM topographs, depending on the tunnelling parameters, are more likely to

show an contrast-inverted moiré, in which the top area appears lowest, while the fcc region

appears highest [32], which is also present in Fig. 2-1 a. A more detailed view of the height

distribution is provided in the cut through the supercell in Fig. 2-1 c. At the top region,

the carbon atoms are up to 3.65 Å above the Ir surface, while this number decreases to

3.20 Å at the hcp region. On average, Gr/Ir(111) has a height of 3.4 Å which is similar

to the lattice parameter of bulk graphite and in strong contrast to the situation on other

metals, e.g. Gr/Ni(111) with about 2.1 Å [34]. The reason for this big difference is the type

of interaction. While Gr is chemically bound to Ni(111), Gr/Ir(111) is mostly physisorbed

with a small chemical modulation of the binding [33]. This can be seen in the CDD plot

provided in Fig. 2-1 c. While the change in the charge density varies over the different

stacking areas, no chemical binding occurs between the C atom and the Ir substrate. The

strongest interaction at the hcp area is highlighted in Fig. 2-1 d. But even there, no direct

chemical binding is indicated. Another observation is the charge depletion around the C

atoms, which is present throughout the whole supercell. This leads to the slight p-doping of

Gr/Ir(111), which will be discussed in more detail below.

Electronic properties and intercalation of Gr/Ir(111)

Gr/Ir(111) is a well-ordered system which is mostly physisorbed, indicating that Gr’s prop-

erties are close to free-standing. One of the unique properties of free-standing graphene is

the Dirac cone at the K point with the Dirac point exactly at the Fermi level, making it a

gapless semiconductor [35]. This property is distorted by interaction with a substrate and

can be specifically manipulated. Strongly interacting substrates even lead to a vanishing

of the Dirac cone, as the strong interaction destroys the pure π-band character of the Gr

[36, 37].

Fig. 2-2 a shows an angle-resolved photoemmision spectroscopy (ARPES) spectrum around

the K-point of Gr/Ir(111). The Dirac cone is clearly visible as well as a small shift to lower

binding energies, indicating a doping level of EB = - 0.067 eV [38]. This is very close to the

value of free-standing graphene. An additional feature, caused by the adsorption of Gr on

Ir(111) are the mini gaps visible at 0.7 eV. These are caused by the Dirac cone replicas due

to the moiré lattice of Gr/Ir(111) [26].

One way to manipulate the properties of this ”quasi free-standing graphene” is to change

the interaction with the substrate by intercalation. Due to the low reactivity of Gr, it is

energetically favourable for many species to intercalate in between the Gr and the metal

substrate. Intercalation may be used for several applications, like decoupling the Gr from its

substrate [39, 40], bringing it in contact with a magnetic material [41, 42, 43], or patterning

the graphene in a self-organized way [44]. In this thesis, we will focus on the doping of

graphene with electrons and holes by intercalation.
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Figure 2-2.: ARPES measurements of the spectral function along a line orthogonal to the Γ̄K̄

direction, as indicated by the red dotted line in b. Dispersion of a Gr/Ir(111),

b O intercalated Gr/Ir(111), and c Eu intercalated Gr/Ir(111). a, b adapted

from [38], c from [45].

In Fig. 2-2 b the effect of O intercalation on the electronic structure of Gr/Ir(111) is

presented. The Dirac point is shifted out of the occupied states and can therefore not be

detected by ARPES measurements anymore. By extrapolation, the Dirac point and therefore

the doping level can be determined as EB = -0.64 eV [38]. This result shows on the one

hand, that the Gr is strongly p-doped and on the other hand, that the Dirac cone and the

electronic structure of the Gr are still intact [46]. For Eu intercalation, as presented in

Fig. 2-2 c, a strong n-doping can be detected, shifting the Dirac point to EB = 1.43 eV

as indicated by the dotted line. The much worse experimental resolution can be explained

by the home-lab approach in Ref. [45], whereas synchrotron-based measurements have been

conducted in Ref. [38].

A number of different species can be used to tune the doping level of Gr/Ir(111) by inter-

calation. An overview is given in Ref. [47]. Of special interest is the intercalation with Li,

as it allows a continuous shift of the doping level due to the lack of phase separation during

the intercalation [48].

To summarize, Ir(111) is a substrate, that allows the growth of large-scale single-crystal

Gr under UHV conditions. As it is mostly physisorbed, its properties are close to free-

standing graphene, which is also valid for the doping level. The Gr doping level, as well as
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other properties, can be tuned over a wide range by intercalation, which does not affect the

structural integrity of the Gr layer. These properties make Gr/Ir(111) an ideal substrate for

fundamental research on the topic of spintronics.

2.2. Magnetic Properties of 4f-metals

In this section, we would like to give a brief introduction into 4f magnetism. Starting with

a general definition of 4f metals and magnetic moments, the focus shifts to the magnetic

properties of 4f elements, especially their anisotropy, which will be presented by exemplary

systems.

Before we discuss the magnetic properties of the 4f -metals, a brief definition of a 4f -metal

is given. The 4f -metals or lanthanides are those elements, that have a partly filled 4f -

shell, which includes the elements from Ce (n = 58) to Lu (n = 71). Some sources include

La (n = 57) in the lanthanides, although its 4f -shell is not occupied [49]. Another term,

sometimes used as a synonym is rare-earth elements. This group, based on similar chemical

properties, includes the lanthanides with La as well as Sc (n = 21) and Y (n = 39). As the

magnetic properties of the 4f -electrons are of special interest, we will focus on the 4f -metals

in the following.

The most common application of 4f -metals in our daily life is heavy-duty permanent mag-

nets, employed in e.g. generators or electric cars. Although they exhibit the highest magnetic

moments of all naturally occurring elements (Ho), it is their anisotropy that makes them

indispensable for such applications [1, 2]. Also for future applications in e.g. spintronics,

which will be discussed in detail in section 2.4, the anisotropy of the 4f -shell is a central

point. Therefore we will focus on the anisotropy bellow.

Before we go into detail about the 4f magnetism and its anisotropy, a brief definition of the

quantum number used to describe the magnetic moments of electrons in an atom is given.

Every electron in an atom exhibits an intrinsic spin angular momentum s and an orbital

angular momentum l. They are coupled by the spin-orbit interaction ζl·s which gets stronger

with the increasing atomic number Z [50]. The orbital angular momentum also interacts

with the orbital momenta of the other electrons. Based on the relative strengths of these

interactions, different coupling schemes occur. If the electron-electron interaction dominates

the spin-orbit coupling, for example in 3d-metals, the individual spin s and orbital l angular

momenta are coupled into atomic spin S and orbital L moments, which results in a total

angular momentum J

J = L+ S =
∑
i

li +
∑
i

si [51].

This Russel-Saunders or LS coupling does not hold for heavy atoms, in which the strong

spin-orbit coupling leads to a total angular momentum j of the individual electrons. In the
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so-called jj-coupling, the total angular momentum J is defined as

J =
∑
i

ji =
∑
i

(li + si).

In general, the magnetic moments can be derived from the atomic angular momentum by

µl = −glµBL, µs = −gsµBS, µj = −gjµBJ .

The g-factors are given as gl = 1, gs = 2.00232 [52] and gj = 1 + J(J+1)+S(S+1)−L(L+1)
2J(J+1)

, also

known as the Landé factor [53].

It is important to note here, that strong spin-orbit coupling leading to the jj-coupling allows

the mixing of states, so that L and S are not good quantum numbers anymore, i.e. L2 and

S2 are non-commuting observables, while J stays a good quantum number. This changes

the complete set of commuting observables from L2, S2, J2, Jz to J2, Jz. The quantum-

mechanicalal nature of J also forbids a full alignment with the quantisation axis z, as it

would violate the uncertainty principle.

Figure 2-3.: a Low energy electronic structure of Dy within the complex Dy[(Me2Si)2N]3. b

Representations of the 4f -orbitals for different magnitudes of ml c Quadropole

approximations of the 4f -shells for all lanthanides in the 3+ oxidation state.

a adapted from [54], b, c adapted from [55].

The magnetic anisotropy is strongly correlated with the orbital angular momentum. While

the orbital angular momentum is often quenched by the crystal field symmetry in 3d-metals,

the much stronger spin-orbit coupling (SOC) and more localized nature of the 4f -shell allows

a high angular momentum in these systems. Taking Dy3+ as an example, the 3+ oxidation

state is the most stable for all 4f -elements, but some also exhibit 2+ and 4+ states, Hund’s
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rule results in S = 5/2, L = 5, and J = 15/2 for the 4f 9 electron configuration. Citing

textbook knowledge, the SOC is usually dominant over the crystal field in 4f -metals [54].

This can be observed in Fig. 2-3 a, which presents the low energy electronic structure of

Dy within a certain exemplary complex. In this example, the crystal field splitting has no

energetic overlap with the SOC states. More recent findings in the last twenty years show,

that one can manipulate the crystal field by design, e.g. in single-molecular magnets, that

the crystal field indeed has a strong influence on the magnetic ground state [56], which we

will present in this work. This includes the discussion about how localised and shielded

by the outer electron-shells the 4f -electrons really are and how hybridisation [57, 58] and

interaction with the crystal field [59, 60] influence their magnetic properties.

Depending on the ground state, a specific number of orbitals are occupied. Fig. 2-3 b dis-

plays the 4f -orbitals. The 4f -orbitals with the highest magnitudeml exhibit the most oblate

shape, whereas the one with the lowest magnitude ml show the most prolate shape. Depend-

ing on the occupations, this has a direct impact on the shape of the 4f -shell. Fig. 2-3 c

displays the quadrupole approximation of the 4f -shell for all lanthanides, which corresponds

to the sum of all occupied orbitals.

The shape of the 4f -shell and therefore its anisotropy is of high importance for many appli-

cations. For instance, in the case of SmCo5, one of the strongest ferromagnets with a high

coercive field, the magnetic anisotropy is created by the delocalized band structure of cobalt

interacting with the localized electrons of the Sm ions [55]. The local structure and there-

fore the crystal field acting on the Sm is highly favouring the strongly prolate ±5/2 state,

creating a highly anisotropic 4f -electron moment, coupling to the delocalised cobalt moment.

As emphasized by the SmCo5 example, the early lanthanides are favoured in classical fer-

romagnets, due to their ferromagnetic coupling to delocalized transition metal electrons. In

systems, where this coupling mechanism is not relevant, e.g. in single-molecular magnets,

one can make use of the higher magnetic moments of the later lanthanides. A compre-

hensive overview on the effect of the anisotropy of the 4f -shell in such a molecule con-

taining a single 4f -atom is displayed in Fig. 2-4. A systematic study for all 4f -elements

within a Na[LnDOTA(H2O)] complex, with H4DOTA = tetraazacyclododecane-N,N′,N′′,N′′′-

tetraacetic acid, is presented. The schematic pictures show the magnetic easy axis of the

central atom, while the coloured 3D plots give a more detailed view of the susceptibility

distributions. The similarity of the progression within the early lanthanides (4fn n < 7)

with the later ones shows nicely, how the magnetic properties depend on the orbital angular

moment, which is similar for 4fn and 4fn+7, e.g. for Ce and Tb. To the contrary Gd exhibits

a nearly isotropic behaviour, originating from the lack of orbital angular momentum of the

4f 7 state.
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Figure 2-4.: Schematic side view of the local structure and the experimental (pink)

and theoretical (blue) easiest axis of the different lanthanides within the

Na[LnDOTA(H2O)] complex. The coloured 3D shapes represent the ab initio

calculated susceptibility tensor. Adapted from [61].

Within the series, a drastic change can be observed from Nd to Pm and Ho to Er. While the

lower 4f occupations favour an easy plane in the molecular plane, the higher 4f -occupations

exhibit an easy axis normal to the molecular plane. This is in line with the strong anisotropy

induced by Sm in the SmCo5 system. Comparing the susceptibility tensor of Ce, Pr, and

Nd, with the one of Tb, Dy, and Ho, one can see, that the early lanthanides develop a real

easy plane, whereas especially Tb and Dy show an easy axis like behaviour within the plane.

This difference is of high relevance, especially when one thinks of possible applications in

spintronics, where a defined easy axis is highly desirable.

To summarize, 4f -magnetism provides not only the highest magnetic moments of all stable

elements but is also already present in our everyday lives, mainly in the form of strong

permanent magnets. The unique feature, that makes 4f -elements also interesting for future

nano-sized devices, is their large orbital angular moment, leading to a highly anisotropic

behaviour. While early research suggested, that the 4f -electrons are so localised and shielded

by their outer electrons, that there is no strong interaction with the local surrounding, the

recent development in the last decades showed, that the magnetic properties can be strongly

influenced by tailoring the local environment. The understanding of how the local crystal

field and hybridisation influence the magnetic properties and how one can use this in order
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to develop future devices based on 4f -metals is the topic of ongoing research and will be

also discussed in this work.

2.3. 4f Surface Alloys

Sitting just at the crossing point in between 4f -bulk structures as discussed in section 2.2

and organometallic compounds described in section 2.4, the 4f -surface alloys manipulate the

structural, electronic, and magnetic properties of a substrate just at the surface.

4f -surface alloys have been described for several transition metals single-crystal surfaces,

including Ag(111) [62, 63, 64], Au(111) [65, 66, 67, 68], Cu(111) [69, 70], Pt(111) [71], and

Mo(112) [72]. Including almost all of the 4f -metals within these surface alloys, they exhibit a

number of interesting properties, including their electronic, catalytic, and their 2D magnetic

properties, which will be introduced in detail below. It is important to mention, that nearly

all of the surface alloys published so far have the ratio of one rare earth atom to two transition

metal atoms (RETM2), leading to a (
√
3×

√
3)R30° superstructure on a hexagonal surface.

This is in strong contrast to the (2× 2) superstructure we present in this work, which would

translate to RETM3. A (2 × 2) superstructure of Tm on Ir(111) has been firstly described

in the master thesis of S. Kraus [73] and is included in Ref. [74], which will be described in

chapter 4.

An exemplary structure of such surface alloys is presented in Fig. 2-5. It is important to

note, that the structures presented in the following are monolayer surface alloys. Different

to the growth of Gr/Ir(111) presented in section 2.1, the growth is not self-limiting and an

additional amount of 4f -metals leads to the growth of multilayer surface alloys [71].

Figure 2-5.: a STM topograph of a GdAg2 monolayer on Ag(111) (95 nm × 47 nm). The

moiré is indicated by the orange rectangle. b Atomic resolution STM topograph

of the sample in a (6nm×6nm). The GdAg2 unit cell is indicated in green and

schematically sketched in the upper right corner. c Contrast-inverted LEED

pattern of the sample in a at 50 eV primary electron energy. The couloured

hexagons correspond to the first order reflexes of the structures indicated in a

and b and blue corresponds to the Ag(111) surface. Adapted from [62].
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Fig. 2-5 a displays a STM topograph of a GdAg2 surface alloy on Ag(111). The RETM2

surface alloys form a moiré structure, as indicated in the STM topograph. The close up

in Fig. 2-5 b displays the atomic structure of the surface alloy. It is shown, that growth

of high quality and low defect density can be realized. The phase purity of this system is

also supported by the LEED pattern presented in Fig. 2-5 c. Only the principle Ag(111)

reflexes, the surface alloy and the moiré reflexes are visible. A growth temperature of 600 K is

necessary on Ag(111) to achieve this high quality. The temperature needed for the alloying

depends on the single-crystal substrate. While for Au(111) a significant amount of Gd

diffuses into the substrate at 500 K [65], a growth temperature of 926 K has been reported

for Pt(111) [71].

The electronic properties of a similar system, namely DyAg2 surface alloy on Ag(111), are

presented in Fig. 2-6. Spin resolved ARPES measurements of the band structure around

the Γ(1) point are presented in Fig. 2-6 a. While the spectrum shows dispersion and strongly

spin-split flat bands, a more detailed analysis is possible by comparing these results with

theoretical band structure calculations presented in Fig. 2-6 b.

Figure 2-6.: a Spin resolved band structure cut through the hybrid surface state along the

Γ̄(1)M̄ direction of a DyAg2 monolayer surface alloy. Blue indicates the spin po-

larization of the minority electrons, red corresponds to the majority electrons.

The left half is normalized in order to highlight the feature above EF . b Re-

spective spin-resolved band structure calculation and the spin-resolved density

of the Dy 4f states. Adapted from [64].

The most obvious feature is the spin-split 4f -band of Dy. While the relatively narrow

majority band sits at about EB = 1.8 eV, the minority band has it center at EB = 0.2 eV.

The normalisation of the left side of Fig. 2-6 a clearly shows, how the minority states extend

in the region above the Fermi level. These two nearly non-dispersing bands correspond to

the localised 4f -derived states. The existence of the two exchange split Dy 4f states with an
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exchange energy of 1.6 eV is clear spectroscopic evidence of the ferromagnetic order of the

Dy 4f magnetic moments [64]. Another interesting feature is the dispersing hybrid surface

states, indicated as HSS in Fig. 2-6 b and also visible in the experimental spectrum. This

Dy-Ag hybrid state corresponds to the sp-band of the Ag(111) surface, which is back folded

at the Dy-Ag superstructure.

As mentioned above, the electronic structure indicates a ferromagnetic order of such surface

alloys. For a deeper understanding of the magnetic properties of such surface alloys, Fig.

2-7 presents X-ray absorption near-edge spectroscopy (XANES), X-ray magnetic circular

dichroism (XMCD), and magneto-optical Kerr effect (MOKE) measurements of the GdAg2
and GdAu2 surface alloys.

Figure 2-7.: a XANES and XMCD spectra of the GdM4,5 edge of a GdAg2 monolayer surface

alloy at a temperature of 5 K, a magnetic field of 6 T, and normal incidence.

The inset presents the respective magnetisation curves for normal and grazing

incidence. b MOKE loops for GdAg2 and GdAu2 monolayer surface alloys for

different temperatures. Adapted from [62].

The low temperature and high field XANES and XMCD measurement in Fig. 2-7 a present

a 4f 7 state of Gd and a magnetisation close to saturation. The magnetisation curves show

an anisotropic behaviour with an easy axis within the surface plane. Within the error,

no opening of a hysteresis loop can be detected. The MOKE measurements in Fig. 2-7 b

prove, that this is caused by the low resolution and large error caused by the superconducting

magnets. Allowing a detailed view within the range of a few mT, the MOKE loops reveal an

opening of a hysteresis loop. In line with the indication based on the electronic structure, a

ferromagnetic order emerges below the Curie temperature of TGdAg2
C = 75± 5 K for GdAg2

and TGdAu2
C = 19±5 K for GdAu2. Hereby, the coercive field lies in the range of HC ≈ 1 mT.

This relatively small coercive field could be explained by the negligible in-plane anisotropy

of this system.



14 2 Fundamentals

Possible applications range from nano templates [65] to the tuning of the properties of

absorbed systems by the interaction with a ferromagnetic substrate [75], but will not be

discussed in detail in this introduction. In summary, 4f surface alloys provide well or-

dered exemplary model systems, in which the interaction of the 4f -elements with the local

surrounding can be studied as well as the emergence of 2D ferromagnetic order. This fer-

romagnetic order and their structure make them interesting templates for organometallic

spintronic applications, which will be discussed in the next section.

2.4. 4f-Based Organometallic Spintronics

In this section, we want to introduce different types of organometallic spintronics based

on 4f -metals and their magnetic properties. These systems, which may be building blocks

of future nanosized and energy-efficient spintronic applications, can be categorized by di-

mensionality. They range from ”zero-dimensional” single-molecule magnets and single-atom

magnets, over one-dimensional nanowires, to two-dimensional organometallic networks. For

each of these systems, a brief introduction will be given in the following.

0D single-molecule magnets and single-atom magnets

The discovery of slow magnetic relaxation in coordinated lanthanide compounds containing

a single magnetic ion [76], the so-called single-molecule magnets, gathered a lot of attention

in the scientific community. The magnetic hysteretic behaviour of these systems makes them

promising candidates for future spintronic applications, like spin qubits [77] and nano-sized

spintronic devices [78, 79, 80]. Some of the first approaches to obtaining nano-sized magnetic

structures have been transition-metal ion clusters [81]. In contrast to other magnetic materi-

als, where the coupling to other spins leads to the hysteretic behaviour, the coordination of a

single magnetic ion allows long-living magnetic states in 4f single-molecule magnets (there-

fore 0D). Thereby the precise manipulation of the 4f magnetic properties by coordination

is the key to further boosting their development.

Their magnetic bistability is based on their anisotropy barrier, separating a degenerate

ground state [55]. The blocking temperature defines for single-molecule magnets, below

which temperature a hysteretic behaviour can be observed, comparable to the Curie temper-

ature in ferromagnets. As discussed in section 2.2, 4f -metals can provide a strong electronic

and magnetic anisotropy due to their high orbital angular momentum. From special interest

are hereby the heavier lanthanides, as they combine large orbital moments with an overall

large magnetic moment [82, 60].

An example for such a single-molecule magnet is presented in Fig. 2-8. The structure of the

Dy-based metallocene penta-iso-propylcyclopentadienyl-Dy-pentamethylcyclopentadienyl

[(CpiPr5)Dy(Cp∗)]+ is presented in Fig. 2-8 a. The magnetic ion Dy is coordinated in

between two methyl rings, which have side groups attached, all being non-magnetic. It
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is also indicated, that the molecule is charged and therefore needs a counter ion, namely

B(C6F5)4. This issue will be addressed below.

Figure 2-8.: a Chemical structural formula of the Dy metallocene cation penta-iso-

propylcyclopentadienyl-Dy-pentamethylcyclopentadienyl [(CpiPr5)Dy(Cp∗)]+

b Structural sketch of [(CpiPr5)Dy(Cp∗)]+ with the principle magnetic axis

of the ground Kramer’s doublet indicated. c Multiplet level scheme and the

relaxation mechanism of the Dy ion. Blue arrows indicate the most probable

relaxation route, red arrows show less probable transitions, with lighter

colours, indicate less probable transitions. d Field dependent magnetisation

of [(CpiPr5)Dy(Cp∗)]+. Hysteresis loops from 2 K (green) to 75 K (purple) are

presented. Adapted from [59].

A ball model of the structure with the principle magnetic axis of the ground state is presented

in Fig. 2-8 b. The principle magnetic axis belongs to the ∼ |±15/2⟩ degenerate ground state

of the Dy presented in Fig. 2-8 c. With the precise manipulation of the local surrounding

of the Dy in this molecule, i.e. the coordination and the crystal field, the energy barrier

for the transition between the states is maximised. The most probable relaxation route is

indicated in this scheme. This energy barrier leads to a relatively high blocking temperature

in this system, evaluated in Fig. 2-8 d. While an open hysteresis is present for 2 K up to

75 K, further analysis revealed a blocking temperature of up to TB = 80 K [59]. With this,

the important barrier for applications of 77 K is surpassed, which corresponds to the boiling

temperature of liquid nitrogen at ambient pressure. To the best of our knowledge, this is
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the highest blocking temperature reported for 4f -based single-molecule magnets so far.

Although this system seems to be a good fit for future applications due to its high blocking

temperature, there is one big downside. The need for a counter ion for the stability of this

complex not only complicates its use, but also limits the ordered distribution on a substrate,

which is essential for future applications.

The interaction with a substrate leads to additional challenges, like additional decaying paths

of the magnetic state due to the interaction with the substrate, e.g. quantum tunnelling of

magnetisation [83]. Fig. 2-9 presents two different ordered single molecular magnet systems

on surfaces.

Figure 2-9.: a Sketch of TbPc2 molecule on ultrathin MgO film on Ag(100). The x-ray

incidence angle and the external magnetic field are indicated. b STM togopraph

of TbPc2 molecules on MgO/Ag(100) c XMCD magnetisation loops of the Tb

M5 edge of TbPc2 molecules on MgO/Ag(100) for different temperatures. d

Sketch of the molecular structure of Dy2@C80(CH2Ph). The magnetic easy

axis is indicated. e STM topograph of Dy2@C80(CH2Ph) molecular island on

Gr/Ir(111). f XMCD magnetisation loops of the Dy M5 edge of submonolayer

Dy2@C80(CH2Ph) islands on Gr/Ir(111) for different temperatures. a-c adapted

from [84], d-f from [85].

Fig. 2-9 a shows a schematic side view of a TbPc2 single-molecule magnet on isolating MgO

on Ag(100). The Tb double-decker, sandwiched between two identical phthalocyanine (Pc)
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molecules, is physisorbed on the MgO surface. The STM topograph in Fig. 2-9 b displays

well ordered TbPc2 islands on the surface. The blocking temperature of this adsorbed system

can be extracted out of Fig. 2-9 c and lies at around 8 K, which has been the highest blocking

temperature ever reported for surface-adsorbed single-molecule magnets in the year 2016 [84].

The drastically reduced blocking temperature corresponds to the interaction of the magnetic

moment of the molecule with the substrate [86, 87]. The approach to decrease the electronic

and phononic interaction with the substrate is to isolate the molecules from the substrate,

e.g. by adding an insulating MgO layer. Another approach would be the coupling of the

molecules to a ferromagnetic substrate [14].

Fig. 2-9 d introduces a new type of single-molecule magnets. Radical bridged complexes [88]

and 4f metallofullerenes [89, 85] include two magnetic ions, as depicted in Fig. 2-9 d.

Without going into detail about this type of single-molecule magnet, we want to introduce

another substrate, that can be used to order the molecules and to significantly increase

the blocking temperature: Gr/Ir(111). The STM topograph shows an island of Dy-based

metallofullerenes (Dy2@C80(CH2Ph)) on Gr/Ir(111), which has been introduced in section

2.1. The molecules order with respect to the moiré of Gr/Ir(111). The magnetisation curves

in Fig. 2-9 f reveal a blocking temperature of TB = 17 K for this system.

The systems presented above would qualify as prototypes for high-density data storage de-

vices. Thinking of even higher densities, one has to further reduce the size of the magnetic

system, ultimately leading to single atoms. While single-molecule magnets are mostly ph-

ysisorbed and therefore relatively isolated from the substrate, single atoms are in much closer

contact with the substrate. In order to detect hysteretic behaviour on single atoms, the sub-

strate and the coordination of the magnetic atom have to be chosen even more carefully.

Magnetic remanence above 1 K in single atoms has been recently detected in Ho atoms on

MgO/Ag(100) [5]. An STM topograph of this system is provided in Fig. 2-10 a. The

single separated Ho atoms on the surface are shown. The corresponding schematic side

view is presented in Fig. 2-10 b. The Ho atom sits preferably on top of an O atom. The

magnetisation loops in Fig. 2-10 c show a hysteresis up to 30 K. The coercivity significantly

increases with increasing MgO thickness and is constant above 3.6 ML [5]. The MgO layer

is also responsible for the long-living states of the Ho atom. The C4v symmetry of the O

adsorption leads to a ground state doublet of the quantum states Jz = ±7,±3,±1, and ±5,

which protects the states from first-order spin excitation (∆m = 0,±1) at any magnetic

field [90]. While this prevents magnetisation reversal by electron scattering, the first-order

scattering with phonons (∆m = ±1,±2) is suppressed by the low density of vibrational

modes in the MgO layer [5]. Combining this with a considerable large energy gap of 4.5 meV

to the first excited states leads to a characteristic lifetime of τ = 1586± 131 s at 10 K. The

comparable lifetime at 2.5 K indicates, that the magnetic relaxation is driven by non-thermal

processes in this regime.
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Figure 2-10.: a STM topograph of single Ho atoms on 2 ML MgO/Ag(100). A schematic

sketch of the sample is shown in b. The X-ray incidence and the magnetic field

direction are indicated. c XMCD magnetisation loops of the Ho M5 edge of

Ho/MgO/Ag(100) for different temperatures. d STM topograph of Dy atoms

ordered with respect to the moiré of Gr/Ir(111) e XMCD magnetisation loops

of the Dy M5 edge of Dy/Gr/Ir(111) for different temperatures. The steps

in the magnetisation loop corresponding to the magnetic level crossings are

indicated with arrows. a-c adapted from [5], d-e from [12].

Similar to the two systems presented in Fig. 2-9, the second system presented in Fig. 2-10

uses Gr/Ir(111) as a substrate. A significant advantage compared to the MgO/Ag(100)

substrate is visualized in the STM topograph presented in Fig. 2-10 d. The moiré lattice

introduced in section 2.1 leads to separation and a well-ordered superlattice of single Dy

atoms on Gr/Ir(111). Similar to the Ho/MgO system, a magnetic hysteresis can be obtained

at low temperatures, as depicted in Fig. 2-10 e. The mechanism is similar, besides making

use of the C6v symmetry of the crystal field. Although the Dy/Gr/Ir(111) lifetimes are

slightly smaller than for Ho/MgO/Ag(100), Gr/Ir(111) proves to be an excellent decoupling

layer and substrate for possible spintronic applications.

As the systems described above mainly act as possible memory devices, we want to introduce

another possible application very briefly, namely supramolecular spin valves [11].
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Figure 2-11.: a SEM micrograph of molecular spin-valve device. Source, drain, side-gates

and the carbon nanotube are indicated. b Schematic side view of the molecular

spin-valve device. The working principle of the spin valve is indicated by the

magnetic moments A and B of the TbPc2 molecules. While the conductance

is lowest for opposing orientations of the spins, the conductance is highest

for aligned spins. c Spin-valve features of the device. The red curve gives

the differential conductance as a function of the magnetic field going from

negative to a positive value, the blue curve from positive to negative values.

a, c adapted from [91], b adapted from [11].

Fig. 2-11 a displays a scanning electron microscopy (SEM) image of a spin valve device.

A schematic side view of this structure is presented in Fig. 2-11 b. It mainly consists of a

carbon nanotube (CNT) with adsorbed TbPc2 molecules in between a source and a drain.

Side gates allow the manipulation of the spin filter properties. For such a long device, the

TbPc2 are diluted by YPc2, which are nonmagnetic, so that the spin filter consists of only

two TbPc2 molecules. The principle behind this spin-filter is indicated by this exemplary

electron with spin up. While there is a barrier for anti-parallel alignment for spin-up and

spin-down electrons, there is a high conductance for electrons with their spin parallel to both

molecules. Such behaviour is presented in the conductance measurement in Fig. 2-11 c.

Possible applications of such spintronic transistors are still limited today, as temperatures

far below 1 K are necessary, for a stable operation.

1D organometallic nanowires

While the spin-filter presented in Fig. 2-11 was a mixture of 0D and 1D structures, we

want to focus purely on 1D structures in the following. The early investigations of such
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organometallic nanowires or sandwich molecular nanowires, consisting of alternating metal

atoms and organic ligands, have been conducted on V-benzene wires [92, 93, 94]. They have

been predicted to be ferromagnetic half metals with spin-filter properties [95] and have been

experimentally synthesised in the gas phase by laser vaporisation and a ferromagnetic order

was detected [96]. A number of combinations of various 3d-metals [97, 98] and organic ligands

[99, 100] have been investigated, but will not be discussed in detail in this introduction.

In this work, we want to focus on 4f -based organometallic nanowires. Lanthanide-based

organometallic nanowires consist of alternating 4f -metal ions and cyclic organic ligands.

While a number of different lanthanides can be incorporated, the reported ligands are mostly

limited to cyclooctatetraene (Cot) [101]. Cot is a cyclic-eightfold carbon ring, which gets

aromatic by accepting two electrons in its π system [102, 103]. Lanthanides provide mainly

their two 6s electrons, but hybridization of the Eu 4f states with the Cot π orbitals have been

reported based on ab initio calculations [104]. A 1D ferromagnetic order within the wire and

spin-filter properties have been theoretically predicted [10]. It has also been reported, that

the semiconducting properties of EuCot nanowires change to half-metallic when modifying

the Cot ligand by B-doping [105].

Figure 2-12.: a Time of flight specta of photoionized Ln-Cot clusters at 100 K (Ln = Eu,

Tb, Ho, Tm). Each peak of Lnn(C8H8)m is labeled with the notation (n,m). b

Overview STM topograph of EuCot nanowire islands on Gr/Ir(111) (260nm×
260nm). The inset displays a close-up of a nanowire island (10nm×10nm). The

moiré cell and the nano-wire unit cell are indicated. c XMCD magnetisation

loop of the EuM5 edge of EuCot nanowires on Gr/Ir(111) for grazing incidence

at 5 K. The zoom-in on the right shows the behaviour around zero-field. The

inset on the left shows a molecular resolution STM topograph of the wires

(5 nm × 3 nm). A ball model and the unit-cell of the nanowires are overlaid.

a adapted from [101], b, c from [18].
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Experimentally, LnCot nanowires have been firstly synthesised in gas-phase experiments

[106, 101]. Fig. 2-12 a presents time of flight spectra of Ln-Cot clusters, with the lanthanides

Eu, Tb, Ho, and Tm. All systems exhibit wire growth of at least a few segments. The longest

wires observed are EuCot nanowires. This can be explained by the energy difference between

the 2+ and 3+ state, which is the smallest for Eu due to its half-filled 4f -shell [107]. This

leads to chemically reactive wire ends for Eu, that allow further growth. Stern-Gerlach

experiments observed a magnetic moment of 7 µB per Eu atom increasing with the wire

length [106], which is in line with the theoretical predictions of ferromagnetic coupling.

Similar to the situation described for 0D systems, a substrate is essential for possible appli-

cations. From the systems described above, EuCot nanowires are the only LnCot nanowires,

which have been reportedly grown on a substrate [108]. Islands of EuCot nanowires on

Gr/Ir(111) are presented in the STM topograph in Fig. 2-12 b. The wires show exceptional

quality, a bandgap of ∼2.3 eV, and lengths up to the µm regime. The inset in Fig. 2-12 c

displays the molecular resolution, including a ball model of the wires. The interlocking

of neighbouring wires results in the growth of nanowire islands. The measured hysteresis

proved the theoretical predictions and confirmed a ferromagnetic order below 7 K [18].

2D organometallic networks

2D organometallic networks allow the exact distribution and coordination of metallic atoms

within a surface plane [109]. By variation of the connecting molecules, the separation can

be precisely tuned. By the modulation of the active binding site, the crystal field, as well as

the electronic and magnetic properties of the metal ions, can be manipulated.

Fig. 2-13 presents two exemplary systems of 4f -based organometallic networks. The STM

topograph in Fig. 2-13 a shows a 4-fold coordinated Eu-based organometallic network. The

structure and the binding to the metal ion is indicated in the ball model. The coordination of

the Eu can be tuned by the ratio of Eu to para-quaterphenyl–dicarbonitrile, from threefold

for a ratio of 2:3 up to sixfold for a ratio of 2:6 [110]. A Dy-based network is displayed in

Fig. 2-13 b-d. The STM topograph displays the 4-fold coordinated Dy atoms, connected by

TDA molecules as highlighted in Fig. 2-13 b. The Dy atoms are hereby coordinated by O

atoms. The influence of the coordination by different molecules on the magnetic properties

has been studied [111]. For the exemplary system presented here, the magnetisation curves

in Fig. 2-13 d indicate an increased anisotropy of the Dy atoms by the coordination. For

other 2D systems containing 3d-metals, ferromagnetic coupling could be observed [112, 113].
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Figure 2-13.: a STM topograph of Eu MOCNs distinct coordination networks. The scale bar

is 5 nm. An atomistic ball model of the Eu(p− NC− Ph4 − CN− p)4 struc-

ture including the para-quaterphenyl-dicaronitrile (p− NC− Ph4 − CN− p)

molecule is presented in the inset. b Ball model of p-terphenyl-4,4′-

dicarboxylic acid (TDA). c STM topograph Dy-TDA network of Cu(111).

A ball model is overlaid. Scale bar 1 nm. d XMCD magnetisation loop of the

Dy M5 edge of Dy-TDA network of Cu(111) for normal and grazing incidence

at 6 K. a adapted from [110], b-d adapted from [111].

In summary, the coordination of 4f -metals by organic molecules provides a playground for

future nanosized spintronic applications. The precise manipulation of the 4f magnetic prop-

erties by the organic ligands in single-molecule magnets leads to relatively stable magnetic

configurations, which may be utilized as qubits. The selection of the right substrate is crucial

to achieving long-living states, even in single-atom magnets, making use of geometries and

favourable material properties. Gr/Ir(111) proved to be such a substrate. Spin-filter prop-

erties can be observed in sandwich-molecular nanowires and in combinations of 0D and 1D

structures. EuCot nanowires can be grown on Gr/Ir(111) and provides a 1D ferromagnetic

and semiconducting structure, which may be utilized for future spin-filter devices. Finally,

the 2D organometallic networks underlined, that coordination is the key for the precise

manipulation of 4f -magnetic properties.



3. Experimental and Computational

Techniques and Setups

In this work, a wide range of surface sensitive methods have been used. For

structural determination, low-energy electron diffraction (LEED) and scanning

tunnelling microscopy (STM) was utilised. For electronic and magnetic measure-

ments x-ray near-edge absorption (XANES), x-ray magnetic circular dichroism

(XMCD), x-ray linear dichroism (XLD), and x-ray photoemission spectroscopy

(XPS) were performed. The experiments have been accompanied by theoretical

multiplet calculations. Our experimental setups used in this work are introduced

in section 3.7.

3.1. Low-Energy Electron Diffraction

Low-energy electron diffraction (LEED) was not only the first proof of the wave nature of

the electron [114], but is also the main method to analyse the structure of ordered surfaces.

Hereby, as indicated by the name, a beam of monochromatic low-energy electrons with

typical energies of E = 20-500 eV is directed perpendicular onto the sample surface. From the

backscattered electrons the inelastically scattered electrons are filtered out by a hemispherical

grid. The elastically scattered electrons get accelerated onto a fluorescent screen by a high

voltage of typically Uscreen = 5 kV which converts them into visible light, displaying the

diffraction pattern of the surface.

In the case of a multi-channel plate (MCP) LEED, an additional multi-channel plate is placed

between the retarding grid and the screen in order to amplify the incoming electrons. This

allows reducing the current of the electron beam by several orders of magnitude, which is

relevant for sensitive structures like molecular systems, but comes at the prize of a distorted

diffraction pattern, as multi-channel plates can only be manufactured as flat discs.

The underlying physics are essentially similar to other forms of crystalline diffraction, besides

the high surface sensitivity of LEED, which is caused by the small penetration depth of the

electrons in the order of a few Å. As the translation symmetry normal to the surface is

always broken at the surface, it relaxes the Laue condition leading to a two-dimensional

treatment. The diffraction pattern hereby represents the 2D reciprocal space of the surface.

A more detailed introduction to the LEED technique and the underlying physics is given in

Ref. [115].
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3.2. Scanning Tunnelling Microscopy

Scanning tunnelling microscopy (STM) is a surface science technique allowing the imaging of

surfaces with atomic resolution. The fact that Binning and Rohrer received the Nobel prize

less than four years after their publication in 1982 [116] shows the outstanding opportunities

of this technique which is indispensable in today’s nano- and surface science.

The basic principle of this technique is to scan a conducting sample surface with a conducting

tip and thereby make use of the quantum mechanical tunnelling of electrons through the

vacuum gap between the sample and the tip. To enable the quantum tunnelling, the tip

is held at a distance of about 1 nm above the sample and a bias voltage UBias in the

order of meV up to a few V is applied. The resulting tunnel current It has an exponential

dependence of the distance d in this regime, leading to a very high vertical sensitivity. To be

more exact, the current depends on the local density of states of the tip ρT and the sample

ρS, the Fermi function at a finite temperature f(E), the applied bias voltage UBias and the

tunnelling matrix element M

I ∼
∫ +∞

−∞
|M |2[f(E − eU)− f(E)]ρS(Ef − eU)ρT (Ef ). (3-1)

That shows, that STM neither measures the positions of the atomic nuclei, nor the to-

pography rather than the local density of states. Nevertheless, they are of course strongly

connected. But due to the variation of the asymptotic decay of the different states, this leads

for example to the case, that localized 4f states are basically inaccessible to STM [117].

The precise manipulation for scanning the sample is provided by piezo elements. They allow

sub-Å manipulation in the X-, Y-, and Z-direction. The most common scanning mode, also

used in this work, is the constant current mode. The current is hereby set to a fixed value

typically in the range of pA to nA and the output of the feedback loop controlling the Z-piezo

is recorded as the topography while scanning the sample. A more detailed introduction into

the field is given in Ref. [118].

3.3. X-ray Absorption Spectroscopy

The development of tunable, brilliant, and polarized synchrotron-based X-ray sources en-

abled a wide spectrum of new measurement techniques. X-ray absorption spectroscopy

(XAS) makes use of the energy-dependent absorption of these X-rays in matter. From spe-

cial interest are hereby the regions around the absorption edges, which can be divided into

the X-ray absorption near-edge structure (XANES) providing information about the local

electronic structure, the local chemical environment, and the magnetic properties and the

extended X-ray absorption fine structure (EXAFS), contributing information about the local

environment and the neighbouring atoms.
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In this introduction, we will focus on the XANES. A detailed introduction to synchrotron

radiation, XAS, and other synchrotron-based methods is given in Ref. [119]. Differing from

photoelectron spectroscopy, XANES probes the unoccupied but bound states by the exci-

tation of a core-shell electron into a valence state. As the dipolar transition is dominant,

the difference in the angular momentum quantum number of the core and the valence shell

is usually ∆L = ±1. The processes dominating the line shape are also dependent on the

transition. While transitions between shells with small principle quantum numbers (e.g. K

edge) are dominated by the density of states of the valence band, the transition between

shells with higher principal quantum numbers (e.g. M edge) is dominated by the multiplet

structure caused by the interaction of the core hole with the valence electrons [120, 121]. A

deeper insight into how the chemical environment and the local electronic structure influence

the multiplet structure and therefore the fine structure is given in section 3.6.

Experimentally, XAS can be measured with different methods. While classic absorption,

i.e. transmission measurements, can be applied for thin samples and high photon energies,

fluorescence and total electron yield (TEY) make use of secondary processes. In TEY the

excited states decay in secondary processes, mainly Auger, leading to the emission of elec-

trons from the sample into the vacuum. The sample is virtually grounded via a current

amplifier and the measured current is proportional to the number of absorbed photons [122].

This relation only holds for an X-ray penetration depth much larger than the mean electron

escape depth, valid for all our monolayer and sub-monolayer systems [123]. As the mean free

path of such secondary electrons is in the nanometer range, this method is highly surface

sensitive and therefore used in this work. A limitation of this method is the necessity of a

conductive substrate.

3.4. X-ray Magnetic Circular and Linear Dichroism

The high potential of XAS is revealed, as soon as one includes polarization in the experi-

ment. By using circularly polarized light, magnetic properties of the sample can be measured

element-specifically and by utilizing linear polarized light, charge anisotropies of the inves-

tigated electron shell are exposed.

X-ray magnetic circular dichroism (XMCD) is based on the magnetisation-dependent absorp-

tion of circularly polarised light. A circularly polarized photon has an angular momentum

of ±ℏ dependent on the polarisation direction (left/right). Its angular momentum is trans-

ferred to the excited electron during the absorption process, leading to different transition

probabilities for the two polarisations. While calculating these transition probabilities is

relatively simple in the case of L2,3-edges, it gets rather complex for M4,5 edges [124]. For

simplification, the case of L2,3-edges of Co is presented in Fig. 3-1.
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Figure 3-1.: Left: Sketch of the adsorption processes of left and right circular polarized light

(LCP/RCP) by a magnetised sample at the Co L2,3-Edge. The line thickness

represents the transition probability. Right: Absorption spectra for LCP and

RCP of the L2,3-Edge of Co. Adapted from Ref. [119]

The magnetisation of the sample leads to a relative shift of the states close to the Fermi level

depending on their spin. Combined with the different transition probabilities, this leads to

a dichroic signal in the X-ray absorption. Although theoretically proposed in 1975 [125] and

experimentally verified in 1987 [126], the breakthrough of this technique was the establish-

ment of sum rules [127, 128], which allow to quantitatively measure the magnetic moment

and disentangle the contribution of the spin and orbital magnetic moments. The resulting

magnetic moments are hereby the projection of the moment along the beam direction.

The sum rules are well defined for all transitions (comp. Ref [128]), but we will focus on the

sum rule for theM4,5 edges in this work. At this point, it is important to state, how XANES

and XMCD are defined in this work. The XANES is defined as the average of left- and

right-circularly polarized light (σ+ + σ−)/2, whereas the XMCD corresponds to the differ-

ence (σ+ − σ−). This is only valid under the approximation of a neglectable linear magnetic

dichroism. The sum rules for a transition from the 3d- to the 4f -shell are dependent on the

integral of the XANES r, the XMCD of the M5 edge p, and the XMCD of the M4 edge q.

The expectation value of the angular momentum along the z-direction ⟨LZ⟩ is defined as

⟨LZ⟩ =
2(p+ q)

r
nh (3-2)
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and the expectation value of the effective spin ⟨Seff
Z ⟩ as

⟨Seff
Z ⟩ ≡ ⟨SZ⟩+ 3⟨TZ⟩ =

2p− 3q

2r
nh [128]. (3-3)

nh is the number of holes in the 4f shell and ⟨TZ⟩ corresponds to the dipolar term.

The dipolar term is not neglectable for a number of 4f metals. One approach is to calculate

the TZ term with the help of a multiplet code. Alternatively, one refers to literature values

e.g. Teramura et al. [129]. In the special case of Dy3+ one can make use of ⟨SZ⟩
⟨LZ⟩ = 1 leading

to ⟨TZ⟩ = −5q
6r
nh [130].

The relationship between the projected magnetic moments and the expectation values along

the quantization axis z is given as µl = −⟨LZ⟩µB and µs = −2⟨SZ⟩µB.

The XMCD magnetisation curves in this work were obtained by evaluating the maximum

of the XMCD response at given photon energy as a function of the external magnetic field

normalized to the pre-edge intensity.

Similar to XMCD, X-ray linear dichroism (XLD) makes use of the polarisation dependent

absorption of light. The observation of XLD generally indicates an asymmetry in the elec-

tron charge density of the probed shell. Differing from the sum rule employed in XMCD,

there is not an easy way to quantitatively describe the charge anisotropy based on XLD

spectra. Conclusions can be drawn out of the comparison of the experimental spectra with

theoretically calculated ones. XLD can be split into X-ray natural linear dichroism (XNLD)

and X-ray magnetic linear dichroism (XMLD). XNLD probes the intrinsic charge anisotropy

of the measured sample, which could be caused e.g. by the crystal field, while XMLD tracks

the response of the charge density on an external or intrinsic magnetic field. This allows to

investigate e.g. the domain structure of antiferromagnetic materials [131].

A more detailed introduction to this topic is given in Ref. [119] and Ref. [132].

3.5. X-ray Photoelectron Spectroscopy

The x-ray photoelectron spectroscopy (XPS) is a versatile method for element-specific studies

of surfaces and interfaces. Based on the photoelectric effect, firstly discovered by Hertz

in 1887 [133] and explained by Einstein in 1905 [134], who was awarded with the Nobel

Prize in 1921, XPS utilizes the electrons excited by a monochromatic x-ray source. The

spectroscopy of the emitted electrons reveals their binding energy. The binding energy is

not only element specific, but also contains information about the oxidation state and the

chemical environment of the emitting atom. Limited by the mean free path of the excited

electrons in the material, this method is surface sensitive. By varying the photon energy or

repeated ion sputtering, even a depth dependent measurement can be realised [135].

Typical x-ray sources in the lab use Mg- and Al- and Cu-anodes, leading to linewidths for

Kα emission below 1 eV (2.55 eV for Cu Kα), sufficient for standard XPS measurement.
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Using synchrotron radiation as a source allows more complex measurements, e.g. angle-

resolved photoemission spectroscopy and photoemission tomography.

The emitted electrons are usually detected by a hemispherical electron-energy analyser.

It consists of several electronic and magnetic lenses followed by a hemispherical capacitor

leading to a CCD detector. The energy resolution can be controlled by the pass energy,

which defines the energy range of the electrons allowed to reach the detector.

Using an Al-Kα source with a photon energy of hν = 1486,6 eV, we are effectively able to

measure the 3d5/2 and 3d3/2 of the rare-earth elements up to Dy, while most of the remaining

elements are covered.

As stated above, XPS element specifically provides information about the oxidation state and

the chemical environment, e.g. chemical binding or doping. To extract this information out

of the experimental spectra, a spectral analysis of the peaks can be performed. In addition

to the chemical environment and the oxidation state, XPS allows a quantitative analysis of

the atomic ratio of the sample, making it a versatile tool not only widely used in physics,

but also in chemistry, biology, and other disciplines. A more detailed introduction in XPS

is provided in Ref. [136].
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3.6. Multiplet Calculation

As described above, the comparison of the X-ray absorption spectra with theory is one way

to extract additional information out of experimental results. In this section we will briefly

introduce the basics of multiplet calculations followed by a more detailed introduction to the

special features of the multiX code [16] used in this work.

For nearly 100 years it has been known, that the energy levels of electrons in an open

shell form multiplets under the effect of electron-electron interaction, spin-orbit coupling,

and the crystal field [137]. Although many aspects of the splitting could be discussed by

making use of symmetry considerations and a central field model, a quantitative approach

was dependent on the development of computers. In the late 1980s, several works calculating

X-ray absorption lines and magnetic x-ray dichroism of 3d- and 4f -metals were published

[138, 139, 128], which paved the way to modern multiplet calculations.

In the simplest approach, the multiplet Hamiltonian Hmult for n electrons in an open shell

consists of the intra-atomic electrostatic interactions and the spin-orbit coupling.

Hmult =
n∑
i,j

e2

|ri − rj|
+

n∑
i

ϵi (3-4)

As this description of a free atom alone is mostly not very helpful in describing the reality,

additional terms are added to the Hamiltonian if applicable, representing the crystal field,

external (magnetic) fields, exchange fields, and ligand hybridisation. A more detailed de-

scription of the atomic multiplet theory and the handling of those terms in different codes

are given in Ref. [140] and [16, 141, 142].

The result of such calculations does not only reveal the multiplet structure of an atom but

is also the basis to simulate absorption spectra using Fermi’s Golden rule.

I(ω) ∝
∑
i

|⟨ψi|Ô|ψ0⟩|2δ(ℏω + E0 − Ei) (3-5)

|ψ0⟩ is hereby the groundstate and E0 its eigenvalue, |ψi⟩ and Ei all possible eigenvectors

and energies of the excited core hole state, and ℏω the energy of the absorbed photon. The

transition parameter Ô depends on the polarisation of the incoming light and is therefore

decisive for evaluating XMCD or XLD. To compare the spectra with real experiments con-

sidering the finite experimental resolution, a Lorentzian broadening has to be applied to the

result.

An example of such calculated spectra is presented in Fig. 3-2. The XANES and XMCD

spectra of Tm for different 4f -occupations are calculated in an external magnetic field of

6 T and a temperature of 2 K, without crystal field. The temperature is hereby relevant for

the occupation of the lowest-lying states only if the energy difference lies within the thermal

energy.
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Figure 3-2.: Multiplet calculations of XANES and XMCD spectra of free Tm atoms at a

temperature of 2 K and a magnetic field of 6 T for 4f 12 and 4f 13 4f electron

configuration, using the multiX code.

The spectra in Fig. 3-2 display the influence of the oxidation state, more exactly the

4f -occupation on the fine structure nicely. With a spin moment of −2µB and an orbital

moment of −5µB for Tm in the 4f 12 configuration (µS = −1µB and µL = −3µB for 4f 13),

the calculated values are in line with Hund’s rule.

If one now wants to compare the spectra with a real sample, including a crystal field in the

calculation is fundamental. While most of the available multiplet codes work with crystal

symmetry groups and crystal field parameters, which works fine for most of the bulk samples,

the multiX code allows one to create a custom crystal field by utilizing point charges. This

allows one to proper simulate crystal fields for broken symmetries, e. g. at the surface. The

crystal field potential is hereby given as

Vxtal =

Nions∑
m=1

Qm

|r−Rm|
(3-6)

with a number of Nions point charges Qm at the position Rm from the atom [16]. In order

to understand how such a crystal field parametrisation is constructed in this work, such a

process is presented in Fig. 3-3.

We start with the DFT results of our structure, in this example case, a graphene-covered Tm

2x2 surface alloy on Ir(111). We extract the position of the neighbouring atoms as well as

the total charge out of the DFT structure. It is important to note, that the charge attributed

to the point charges does not quantitatively describe the charge of the atoms but rather can

be used for qualitative statements [143]. On the right part of Fig. 3-3 such a crystal field

parametrisation is presented. Please note, that the central atom is only displayed as a guide

to the eye.
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Figure 3-3.: Left: Top view of the ground state geometry for graphene covered Tm atoms

embedded within a (2x2) in-plane unit cell of the first surface layer of Ir(111)

calculated by DFT. Right: Representation of point-charge crystal-field scheme

employed in the multiplet calculation. The Ir atoms are indicated in green, the

Dy atoms in blue, and the C atoms in brown. The size of the spheres in the

crystal field scheme represents the charge assigned to its lattice position.

Besides the charge attributed to the atom positions, presented in table 3-1, there is an

additional scaling factor for the crystal field, which is 0.77 in this example.

x (Å) y (Å) z (Å) q (e) Element

1.367 0.789 -3.143 -0.2 Ir

0.008 -1.561 -3.143 -0.2 Ir

-1.348 0.788 -3.143 -0.2 Ir

2.737 -0.005 -0.989 -0.3 Ir

-1.373 2.367 -0.989 -0.3 Ir

1.390 2.359 -0.995 -0.3 Ir

-1.373 -2.367 -0.989 -0.3 Ir

1.390 -2.359 -0.995 -0.3 Ir

-2.737 -0.005 -0.989 -0.3 Ir

x (Å) y (Å) z (Å) q (e) Element

-3.466 -2.001 2.597 -0.1 C

-0.726 -2.003 2.588 -0.1 C

-0.729 -0.421 2.611 -0.1 C

2.014 -0.421 2.587 -0.1 C

-2.097 0.372 2.588 -0.1 C

0.645 0.372 2.610 -0.1 C

0.642 1.955 2.587 -0.1 C

3.382 1.952 2.599 -0.1 C

Table 3-1.: Crystal field parametrization for the effective ligand field of the graphene-covered

(2x2) Tm surface alloy.

To reveal the potential of the crystal field parametrisation by point charges, an example

is presented in Fig. 3-4. We compare the XANES of the M5-peak of Tm for different

charges attributed to the carbon atoms in our example. In this case, we could qualitatively
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compare the attributed charge to the doping level of graphene. It is important to note, that

the changes presented here are exaggerated and not expected in nature with this magnitude,

but they can nicely show the mechanism behind the change of the fine structure and therefore

are ideal for this example.

Figure 3-4.: Calculated XANES of the M5 peak of Tm at T = 2 K, B = 6 T, and 0°
incidence angle for different carbon point charges (qC) within the crystal field

parametrisation defined in table 3-1.

The change in Fig. 3-4 dependent on the assigned charge to the carbon atoms is clearly

visible. The intensity of the feature at 1432 eV increases with increasing charge attributed

to the graphene. While comparing the experimental results with theoretical calculations,

this can be used as an indicator of how strongly the graphene is doped. But one still has

to be careful as this is not the only parameter influencing the spectrum. To understand the

underlying mechanism, leading to such a drastic change in the fine structure, the multiplet

structures of the two extrema are presented in Fig. 3-5.

In Fig. 3-5 the 13 lowest-lying multiplets are presented for both example systems. On the

left-hand side, where no charge is assigned to the graphene, the lowest-lying multiplet has

an expectation value of MJ = −6 which corresponds to the highest magnetisation. It is

important to note, that this is only true for a quantisation axis along 0° incidence angle,

as always used in this example. Considering a different incidence angle, the expectation

value would strongly change, as it considers the moments parallel to the quantisation axis

only. Having a closer look at the states, an asymmetry between the states is visible. This is

caused by the magnetic field, which splits the states energetically. The size of this splitting

hereby depends on the individual states. Another variation from the classic atomic picture

is the mixing of states. While this is forbidden in a free atom, the mixing of states is allowed

under the influence of a crystal field. As considering all possible mixed states would exceed

regular computational power, the technical solution is to consider only the two energetically

lowest-lying atomic states of the excited and the partially filled shell for the calculation.
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Figure 3-5.: Multiplet level of the example presented in Fig. 3-4 dependent on the ex-

pectation value MJ for qC = 0 e (left) and qC = - 0.3 e (right). The dotted

line represent the energy shift of a particular splitted state due to the external

magnetic field. The arrows indicate the energetic shift of the states due to the

additional charge.

Comparing the multiplet structure with the one of strongly doped graphene on the right-

hand side of Fig 3-5, a strong variation between the two structures is visible. The arrows

indicate that the states with a higher expectation value are energetically less favourable,

whereas the values with low expectation values are favoured. These different states of

the Tm are directly represented in the shift in the fine structure presented in Fig. 3-4.

Considering the magnetism, we see a drastically reduced magnetic moment perpendicular

to the surface in the case of strongly doped graphene, whereas we see a strong magnetic

moment for the case without assigned charge to the carbon atoms. In other words, the

magnetic anisotropy of this system drastically changes with its changing crystal field.

Although we used exaggerated changes of the crystal field within this example, it could

nicely show the mechanisms and the opportunities of multiplet calculations and the crystal

field approach implemented in the multiX code to simulate our experimental spectra.
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3.7. Experimental Setups

Several UHV systems have been used in this work. The investigation of the growth, the

structural characterisation, and the XPS measurements of the surface systems have been

conducted in the so-called ”BESSY” chamber in the workgroup of Prof. Heiko Wende in

Duisburg. For the STM experiments, TuMA II of the workgroup of Prof. Thomas Michely

in Cologne was used.

A higher variation of UHV systems was present at the different synchrotron facilities, namely

X-Treme at the SLS, Deimos at SOLEIL, and VEKMAG at BESSY II. In this section, the

BESSY chamber and the X-Treme beamline and endstation are described as representatives

for a home lab and a synchrotron setup.

BESSY Chamber

The UHV system BESSY chamber was named after the synchrotron BESSY II, as it was

designed as a portable XMCD measurement setup that could be attached to a user beamline.

In this thesis, the chamber was only used in the home lab.

The chamber is equipped with a manipulator, that allows liquid helium cooling of the sample

down to 20 K and heating via an electron beam up to 900 K. The temperature is controlled

by two type K thermocouples and a feedback loop. A flashing stage provides temperatures up

to 1600 K, calibrated with a pyrometer. The sample, in our case a single crystal, is mounted

on a molybdenum sample holder. Up to three samples can be stored in the garage provided

in the transfer chamber. This transfer chamber allows changing the samples without baking

the whole system. For the preparation of the sample, an ion sputter gun is mounted. For

graphene and nanowire growth, three leak valves are connected to the chamber providing

molecules and gases. A quadrupole mass spectrometer with a mass range up to 350 e/u is

attached to check the molecules. The chamber has three ports connected with a gate valve,

which allows the installation of evaporators with only partial bake-out. Triple and single

e-beam evaporators have been used for Tb, Dy, Ho, and Tm and a Knudsen cell was utilized

for Eu, Tm, and Yb. The evaporation rate is calibrated by a quartz balance.

In order to analyse the sample, an MCP-LEED, an Auger electron spectrometer and an XPS

setup is mounted. The XPS setup consists of a regular X-ray source with Al and Mg anode

and a hemispherical electron analyser. The X-ray source and the analyser have a fixed angle

of 90°. All measurements conducted in this work used the Al Kα source with a constant

power of 200 W (U = 15 kV, Iem 13.33 mA) unless stated otherwise.
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X-Treme Beamline and Endstation

The X-Treme beamline and endstation at the Swiss Light Source (SLS) will be described as

an example for our synchrotron-based measurements. There are small variations between

the different endstations. A detailed description for the DEIMOS beamline and endstation

is given in Ref. [144] and for the VEKMAG beamline and endstation in Ref. [145, 146].

The X-ray source of X-Treme is an elliptical undulator, which allows energies from 150 −
8000 eV polarized circularly and vertically [147]. After a collimating mirror, followed by a

monochromator the photons pass a focusing mirror as displayed in Fig. 3-6. After passing

the exit slit and a refocusing mirror, the photons reach the sample at the endstation. The

monochromator defines the energy but limits the range to< 2000 eV due to technical reasons,

while the exit slit limits the intensity of the beam. The refocusing mirror can be removed in

order to defocus the beam, which is used for delicate samples e.g. organometallic nanowires.

Figure 3-6.: Side view of the X-Treme schematic optical layout. Adapted from [147].

An endstation for such surface science experiments has to combine both, a classical XMCD

endstation with a preparation chamber, as the samples have to be grown and measured in-

situ. To cover all the needs the X-Treme endstation consists of 4 separate chambers, which

are connected to each other. The preparation chamber is equipped similarly to the BESSY

chamber described above. A detailed description is provided in Ref. [147]. In addition, an

STM chamber with an Omicron STM and a sample garage is attached. The synthesized and

pre-characterized samples can be transferred into the cryostat via a transfer chamber, which

is connected to a load-lock as depicted in Fig. 3-7.
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The He bath-cryostat consists of a pair of superconducting magnets, providing fields up to

7 T along the beam direction and 2 T perpendicular to it. The temperature range for the

measurements is 2 K - 350 K and besides the TEY, fluorescence and transmission can be

acquired in parallel.

Figure 3-7.: Technical drawing of the X-Treme endstation. Adapted from [147].



4. Graphene-Covered 4f Surface Alloys

The work presented in this chapter consists of data and measurements partly

published as A. Herman, S. Kraus, S. Tsukamoto, L. Spieker, V. Caciuc, T. Lo-

jewski, D. Günzing, J. Dreiser, B. Delley, K. Ollefs, T. Michely, N. Atodiresei,

H. Wende. Tailoring magnetic anisotropy by graphene-induced selective skyhook

effect on 4f-metals [17] and A. Herman, S. Kraus, S. Tsukamoto, L. Spieker,

V. Caciuc, T. Lojewski, C. Pillich, D. Günzing, J. Dreiser, B. Delley, S. Thakur,

C. Luo, K. Chen, F. Radu, K. Ollefs, T. Michely, N. Atodiresei, H. Wende. Tai-

loring the magnetic anisotropy of 4f-surface alloys by graphene adsorption – a

systematic study [74]. I contributed the idea, developed the synthesis, and per-

formed all experiments presented in this chapter, besides the structural investiga-

tions of the Tm surface alloy (S. Kraus) and the DFT calculations (N. Atodiresei

and V. Caciuc). Of course, most experiments can not be accomplished with-

out support. A complete list of all beamtimes and the contributors is given in

Appendix B.

In this chapter, we will introduce 4f surface alloys on Ir(111), starting with the experi-

mental evaluation of the synthesis and the structure of such surface alloys in section 4.1.

Ab initio calculations providing the theoretical framework are presented in 4.2. A special

focus is set on the magnetic properties and the influence of graphene adsorption on magnetic

and electronic anisotropy. Synchrotron-based element-specific measurements are presented

in section 4.3, accompanied by ligand-field multiplet theory calculations. Introducing Tb-,

Ho-, and Tm- based surface alloys in section 4.4 allows a systematic study of the proper-

ties mentioned above. In addition, photo-emission experiments are performed, to reveal the

graphene doping level on these surface alloys. A possible application for 4f surface alloys as

a template for metalloorganic spintronics is presented in chapter 5, section 5.2.

4.1. Synthesis of Graphene-Covered 4f Surface Alloys

The idea of evaporating and intercalating Dy on Gr/Ir(111) was based on the interesting

results of other 4f elements intercalated between Gr/Ir(111). Eu allows the nanopatterning

of Gr [44], manipulates the Gr doping level [148], and displays a slightly anisotropic param-

agnetic behaviour [45]. Tm and Yb can form an intercalation layer in a similar manner as

well [149]. Based on the idea of bringing the magnetically more interesting Dy into play, the
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first experiments have been performed. After a few measurements, we realised that there has

to be a different mechanism behind this intercalation, as the synthesis parameter to realize

a superstructure underneath Gr drastically differs. While Eu forms a full layer underneath

graphene [45], Dy forms a surface alloy on Ir(111). The details of this system are presented

in the following.

Figure 4-1.: Inverted contrast LEED patterns at 100 eV primary electron energy after the

synthesis steps of the (2x2) Dy surface alloy with a-d and without Gr a, e-h.

The arrows indicate the associated LEED spots. Schematic illustrations of the

samples are presented next to the LEED patterns. The Ir(111) crystal is de-

picted in olive, Gr in brown, and Dy atoms in purple. a LEED pattern of clean

Ir(111); b after Gr growth; c after the Dy deposition of 0.25 MLIr at 300 K;

d after sample annealing to 1480 K. e LEED pattern after the Dy deposition

of 0.25 MLIr at 300 K on the clean Ir(111); f after annealing to 800 K, the ar-

row highlights ring-segment shaped diffraction intensity of Dy adsorption layer;

g after annealing to 1400 K; h after annealing to 1480 K. [17]

Fig. 4-1 presents the synthesis steps for the Dy/Ir(111) 2x2 surface alloy (Fig. 4-1 (a, e-h))

and the graphene-covered surface alloy (Fig. 4-1 (a-d)). Fig. 4-1 a displays the LEED pat-
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tern of a clean Ir(111) surface. The olive rectangle in the sketch represents the Ir crystal.

As next step, Gr is grown on the Ir(111) surface, according to the TPG+CVD method de-

scribed in Ref. [150]. The graphene, represented as a brown layer in the sketch in Fig. 4-1 b,

introduces additional spots in the LEED pattern, corresponding to the Gr and the moiré.

Evaporating 0.25 MLIr Dy onto Gr/Ir(111) slightly diffuses the pattern indicating no order

of the adsorbed atoms, as presented in Fig. 4-1 c. Annealing to 1480 K leads to a formation

of a (2x2) superstructure of the Dy atoms, which penetrate through the Gr sheet. It is inter-

esting to mention, that this temperature is far above the intercalation temperatures reported

for Eu intercalation, hinting at a different process of the superstructure formation. In order

to analyse the superstructure formation, experiments without Gr have been conducted.

The evaporation of 0.25 MLIr Dy on Ir(111) at room temperature indicated in Fig. 4-1 e

leads to a more diffuse LEED pattern, similar to the situation on Gr/Ir(111). The annealing

to 800 K presented in 4-1 f initiates the ordering of the adsorbed Dy, indicated by the

weak diffraction ring with enhanced intensity along with the directions of the first order Ir

spots. Further annealing to 1400 K introduces a well-ordered complex pattern. In Fig. 4-1

g a Dy (2x2) superstructure is coexisting with an intermediate adsorbate phase giving rise

to 12 spots with an angular separation of 30° and in a
√
3 distance from the (0,0) spot.

This intermediate phase disappears upon further annealing to 1480 K. The LEED pattern in

Fig. 4-1 h corresponds to a well-ordered (2x2) Dy superstructure on Ir(111).

In order to understand the process which induces the superstructure formation, STM investi-

gations on Dy/Ir(111) before and after annealing have been conducted. The STM topograph

in Fig. 4-2 a, corresponding to the LEED pattern in Fig. 4-1 e, presents the Ir(111) surface

after the evaporation of 0.125 MLIr Dy. Due to the high mobility of the adsorbed atoms,

the measurement have been taken at 20 K. A Dy adatom gas is coexisting with Dy islands,

visible as bright protrusions on the bare Ir(111) surface. The profile in Fig. 4-2 c reveals an

apparent height of about 2 Å for the single atoms and 2.8 Å for the islands. This is in line

with the spacing of the dense-packed layers in Dy bulk, which have a spacing of 2.82 Å.

In contrast to the non-annealed sample, the annealed sample presented in Fig. 4-2 b does

not exhibit high mobility of the adsorbed atoms indicating a stronger interaction with the

substrate. Therefore, the measurements could be conducted at room temperature. The Dy

atoms are now mainly ordered in islands and display a (2x2) superstructure. The profile in

Fig. 4-2 d reveals an apparent height of just 0.5 Å. In addition, dark spots appear next to the

Dy islands, which we assign to defects in the Ir surface, induced by the incorporation of the

larger Dy atoms. The low mobility, the lower apparent height, the ordering with respect to

the Ir lattice, and the stress-induced defects are all indicators, that the Dy incorporated into

the surface and replaces an Ir atom in the surface layer, leading to the (2x2) superstructure.
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Figure 4-2.: a STM topograph after the deposition of 0.125 MLIr Dy on Ir(111) at room

temperature (25.3 nm x 16.6 nm). The turquoise line indicates the profile in c.

b STM topograph after annealing the sam-

ple in a to 1480 K. (25.3 nm x 16.6 nm).

The purple line shows the profile in d. The tunnelling parameters used

are a I = 0.15 nA, U = -2.11 V and b I = 1.1 nA, U = -1.05 V. [17]

The STM topograph in Fig. 4-3 a allows the direct comparison to the complete (2x2)

surface alloy in Fig. 4-3 b. For full coverage, the order of the (2x2) Dy surface alloy

increases compared to the surface alloy patches. The structure is more regular and surface

defects are not present anymore. The (2x2) superstructure is nicely visible when comparing

the surface alloy to the atomic resolution STM topograph of a bare Ir(111) surface in the

inset. The Ir can not be resolved in presence of the Dy surface alloy.

A similar comparison for the graphene-covered sample is given in Fig. 4-3 c, d. The patches

of the surface alloy underneath Gr in Fig. 4-3 c, visible as dark depressions, form mainly

islands of the (2x2) surface alloy underneath Gr, similar to Fig. 4-3 a. The Gr lattice is

visible throughout and is incommensurate with the (2x2) superstructure, which is in line

with the results of the LEED pattern in Fig. 4-1 d, which showed that the Dy orders with

respect to the Ir(111) surface, not the Gr. The areas of larger surface alloy islands appear

brighter, which could be attributed to a reduced work function caused by doping of the Gr

layer. The high quality of Gr similar to Gr/Ir(111) is still maintained.
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Figure 4-3.: a STM topograph of (2x2) Dy surface alloy patches. b STM topograph of a

complete (2x2) Dy surface alloy. Inset: atomic resolution STM topograph of

clean Ir(111). c Atomic resolution STM topograph of (2x2) Dy surface alloy

patches under Gr. Primitive cells of Gr and the surface alloy are indicated in

the zoom-in. d STM topograph of a complete (2x2) Dy surface alloy under the

Gr cover. (Topograph sizes are 10.8nm×12nm, inset is 5nm×5nm, zoom-in is

2.5 nm× 2.5 nm). The tunnelling parameters used are a I = 1.1 nA, U = -1.05

V, b I = 0.5 nA, U = -1.68 V, inset I = 50 nA, U = -0.005 V, c I = 30 nA, U

= -0.09 V, and d I = 5 nA, U = -0.50 V. [17]
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The complete (2x2) Dy surface alloy presented in Fig. 4-3 d displays a well-ordered surface

with a few bright point defects. In addition to the (2x2) superstructure, the moiré of Gr

with its substrate is visible. This moiré pattern, similar to the on of Gr/Ir(111) indicates,

that the Gr did not exhibit a significant structural change, which sustains its favourable

properties as a substrate for organometallic on-surface synthesis, as presented in section 5.2.

In addition, the Gr is expected to act as passivation layer, which prevents the reactive 4f

metal from oxidising. This would allow to utilize the outstanding 4f properties outside of

UHV conditions, which is crucial for future applications and has not been reported for other

4f surface alloys so far.
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4.2. Ab Initio Calculations of the Graphene-Covered

Dysprosium Surface Alloy

In order to understand the alloy formation and to support our experimental findings, we

performed ab initio DFT calculations. The first question, which appears after the structural

analysis, is if the surface alloy formation is confirmed to be energetically favourable, as

proposed in section 4.1. Two different configurations have been analysed, Dy on top of the

Ir(111) surface (Fig. 4-4 a, b) and incorporated into the first surface layer (Fig. 4-4 c, d).

Analogue, the graphene covered samples have been probed, with an intercalated Dy layer

(Fig. 4-4 e, f) and a graphene-covered surface alloy (Fig. 4-4 g, h).

Figure 4-4.: a Top and b side views of the ground state structures for a Dy atom adsorbed

above Ir(111) surface and c, d embedded within the surface layer of the Ir(111)

substrate. The calculated in-plane (2x2) unit cell is indicated by the black lines.

With respect to the first Ir layer, when a Dy atom is adsorbed above the surface

it is located at 2.055 Å and 0.667 Å when it is embedded within the surface

layer. e Top and f side views of the ground state geometries for a Dy atom

intercalated between Gr and Ir(111) surface and g, h Gr adsorbed onto the

surface alloy formed by Dy atoms embedded within a (2x2) in-plane unit cell

of the first surface layer of the Ir(111) substrate. With respect to the first Ir

layer, when a Dy atom is adsorbed above the surface it is located at 2.251 Å

and 0.826 Å when it is embedded within the surface layer. e, f Gr is 4.508 Å

away from Ir substrate and 2.257 Å above the intercalated Dy layer. g, h Gr

is 3.448 Å away from Ir substrate and 2.622 Å above Dy embedded into the

Ir(111) surface. [17]
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For Dy on Ir(111), embedding Dy into the surface layer in a (2x2) superstructure is en-

ergetically preferred by -2.702 eV/atom compared to the adsorption. This is in line with

our experimental results. This is also true for the graphene-covered surface alloy, which is

favoured by -1.889 eV/atom compared to the intercalation. These rather big energy differ-

ences strongly support our interpretation of a surface alloy formation.

A more detailed view of these systems is provided in Fig. 4-5. In the energetically most

favourable Dy/Ir(111) surface alloy, the Dy atoms sit 0.667 Å above the Ir atoms. The charge

density difference (CDD) plot presented in Fig. 4-5 c cuts through the [1-10] direction which

corresponds to the long diagonal of the unit cell indicated in Fig. 4-5 a. The CCD between

the sum of the isolated parts and the combined system reveals a charge accumulation above

the Dy atom and a depletion below, which is expected due to the Coulomb interaction.

Interestingly, the change at the Ir sites is relatively small.

Figure 4-5.: a, d Top and b, e side views of the ground state geometries for Dy atoms

embedded within a (2x2) in-plane unit cell of the first surface layer of the Ir

substrate a, b and Gr adsorbed onto the surface alloy d, e. The calculated

in-plane (2x2) unit cell is indicated by the black lines. With respect to the first

Ir layer, the Dy atom sits 0.667 Å above the clean surface alloy, by adsorbing

Gr onto the substrate the Dy atom is lifted 0.826 Å above the surface. The

arrow indicates the lifting. Gr is 3.448 Å away from the Ir substrate and 2.622

Å above Dy embedded into the Ir(111) surface. c, f Charge density difference

cuts plotted through the [1-10] direction in the absence c and presence of Gr f.

The colour scale bar indicates a charge depletion from -0.008 e/Å3 in blue to a

charge accumulation of 0.008 e/Å3 in red. [17]
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For the graphene-covered sample, the top position is energetically most favourable, but the

other positions show qualitative equal results. The different positions and the handling of

the incommensurate graphene lattice will be discussed below at Fig. 4-6. The Dy atoms are

lifted 0.826 Å above the Ir. This selective lifting is also represented in the CCD plot. While

the charge density shows no significant change around the Ir atoms, the situation at the Dy

drastically changes. There is a charge accumulation between the Dy and the Gr, indicating

a chemical binding. Around the carbon atoms above the Dy, an increased charge density

can be observed, resembling π-like orbitals. The lifting of the Dy is similar to the skyhook

effect induced by molecules [151]. Due to the repulsive chemical interaction (Pauli repul-

sion) between Gr and Ir(111), the physisorbed Gr is located high above the Ir surface [33].

The attractive chemical Gr-Dy interaction leads to a lifting of the Dy by 0.16 Å. Due to this

element-specific lifting, we call this effect the ”selective skyhook effect”.

The additional charge attributed to the C atoms leads to an n-doping of the graphene. It

is interesting to notice, that in- and out-of-plane charge gradients can have a drastic impact

on the magnetisation direction in systems with large spin-orbit coupling, due to the surface

spin-split Rashba states [152].

As graphene and its interaction are crucial in this system, it makes sense to look at the

base of the calculations in more detail. Gr/Ir(111) has an incommensurate superstructure

of (10.32 × 10.32) Gr unit cells on (9.32 × 9.32) Ir unit cells, as described in section 2.1.

Due to the limitations of calculation time, a simplified unit cell was used, slightly changing

the Gr lattice parameter. While the influence of the changed lattice parameter should be

rather small, the relative position of the C atoms to the Dy might be relevant. Due to the

incommensurate lattices in the real sample, the Dy could be covered by a C atom atop,

at bridge, in center of a carbon ring, or anything between. To take this into account, we

performed DFT calculations for all the high symmetry positions.

Figure 4-6.: The three different configurations probed in the calculations. The carbon atoms

are placed a atop, b with the bond, and c with the hexagon above the Dy atoms.

[17]

From the three Gr configurations presented in Fig. 4-6, the atop configuration is the ener-

getically most favoured one. The difference to the hexagon position is negligible (+0.063 eV),
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while the bridge position is slightly less favoured (+0.588 eV), which is still far below the

energy difference to the intercalated case. Concluding, one can expect, that the real system

is well represented by our calculations presented in Fig. 4-5.

A more detailed look at the electronic properties is provided by spin-polarized projected

density of states presented in Fig. 4-7. In the embedded system presented in Fig. 4-7 a

new hybrid electronic states are formed at the Dy site in both spin-channels. These hybrid

states have either a large 5d and a minor 4f contribution, or a significant 4f and small 5d

character. While a hybridisation would be forbidden in the isolated atom, the modification

of the chemical environment allows so. The projected total charge density (and effective

magnetic moment) on the Dy atoms in the surface alloy account for 0.24 (+0.02 µB) in 6s,

1.01 (+0.06 µB) in 5d, and 9.24 (+5.11 µB) in 4f .

Figure 4-7.: The spin-polarized projected density of states for the a clean and b graphene-

covered embedded Dy/Ir(111) substrate. The Gr π-like orbitals are plotted

in red colour and refer to the projection of the electronic states of the hybrid

system into the pz-like atomic orbitals of the C atoms building the Gr layer.

The projection of the electronic states of the combined system onto the Dy

atomic-like orbitals are plotted with a blue line on 5d-states while the 4f-states

are indicated by the green line. [17]

In the graphene-covered sample presented in Fig. 4-7 b, the 5d-4f hybrid states hybridise

with the carbon π-like orbitals originating from the pz atomic like orbitals of the Gr, as

indicated in the CDD plots in Fig. 4-5 f. This complex hybridisation is enabled by the

nature of the 5d-4f hybrid states, as they have a strong 4f atomic like character close to

the Dy nucleus, while the extending tails originate mainly from the 5d atomic like orbitals.

The long reach of these states allows an overlap and hybridisation with the Gr π orbitals as

well as the Ir states. These are also responsible for the Gr doping. The minimum of the Gr

π states density, which corresponds to the Dirac-like feature, is shifted to negative energies,

indicating an n-doping of the Gr by -0.75 eV. The projection of the total charge density
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(and effective magnetic moment) onto a sphere around the Dy atom in the graphene-covered

surface alloy leads to 0.26 (+0.02 µB) in 6s, 1.03 (+0.06 µB) in 5d, and 9.26 (+5.03 µB) in

4f .

While there is no significant change in the occupation as well as the effective magnetic mo-

ments, the graphene-induced selective skyhook effect, i.e. the interaction with the adsorbed

Gr layer, strongly changes the magnetic properties of the system. To explore the changes

from a theoretical point of view, calculations with an extended (4x4) in-plane surface cell

have been performed. The interaction energies can be extracted by the energy differences

between the two systems presented in 4-8.

Figure 4-8.: The calculated ferromagnetic a and the antiferromagnetic b configurations of

the Dy atoms in a (4x4) in-plane surface unit cell.

The difference between the two systems, one with ferromagnetic order and one with antifer-

romagnetic order, varies strongly between the surface alloy and the graphene-covered surface

alloy. For the surface alloy, an energy difference of -0.073 eV is given, while the energy dif-

ference drastically increases to -1.985 eV for the graphene-covered surface alloy. In order to

calculate the exchange coupling constant J of a simple Heisenberg Hamiltonian

HHeis = −J
∑
⟨i,j⟩

S⃗i · S⃗j,

one can derive the energy difference between ferromagnetic and antiferromagnetic configura-

tions as: EFM −EAFM = (6 ·J ·M ·M)−(−4 ·J ·M ·M+2 ·J ·M ·M) = 8 ·J ·M ·M , withM

as the spin moment of Dy. This leads to a magnetic exchange constant of 0.36 meV/µB for

the clean surface alloy, whereas the graphene-covered surface alloy amounts to 9.93 meV/µB.

This drastic increase has, to the best of our knowledge, not been observed for any 4f system.

In 3d systems, this effect has only been proposed theoretically, e.g. in Ref. [151, 153, 154].
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4.3. Magnetic and Electronic Properties of the

Graphene-Covered Dysprosium Surface Alloy

In order to reveal the electronic and magnetic properties of the Dy surface alloy system, we

performed synchrotron-based element-specific XAS measurements. By utilizing circularly

polarized light combined with applying the sum rules, we investigate the magnetic properties

of the Dy 4f shell by probing the M4,5 edges. Ligand-field multiplet calculations based on

the DFT results provide the theoretical background to our experiments. Combining the

multiplet results with our linear dichroic measurements allows us to reveal the electronic

anisotropy of the 4f -shell and provide an experimental fingerprint of the proposed selective

skyhook effect.

XANES, XMCD, and multiplet approach

All spectra presented in the following have been recorded at a temperature of 3 K and an

external magnetic field of 6.8 T along the beam direction. Fig. 4-9 a shows the experi-

mental XANES and XMCD spectra of the Dy M4,5 edge of the surface alloy for normal and

grazing incidence. Comparing the XANES to literature and multiplet calculations reveals a

4f 9 occupation [139]. This is in line with the DFT calculations and indicates a [Xe] 5d1 4f 9

electron configuration. While the 6s electrons are strongly delocalised, one 4f electron is

promoted to the 5d shell due to a metal-metal bond [155]. Similar to the XANES, the XMCD

of the surface alloy shows a negligible angular dependence, which is in strong discrepancy

to the graphene-covered surface alloy presented in Fig. 4-9 d. While the XMCD signal is

drastically reduced for measurements normal to the surface, the grazing incidence measure-

ments display an even higher magnetisation compared to the surface alloy. In addition to

the drastic changes in the XMCD, a slight angular dependence of the XANES spectrum is

present for the graphene-covered surface alloy. This is on one hand connected to the mag-

netic anisotropy [156], but on the other hand, it is a strong indicator for a charge anisotropy

of the 4f shell, which is discussed in more detail below.

Applying the sum-rules introduced in section 3.4, the projected magnetic moments extracted

out of the experimental spectra of the surface alloy are given as µs = -2.15 ± 0.32 µB and

µl = -2.53 ± 0.38 µB for normal incidence and µs = -2.22 ± 0.33 µB and

µl = -2.51 ± 0.38 µB for grazing incidence. For the graphene covered surface alloy, this

changes to µs = -0.75 ± 0.11 µB and µl = -0.82 ± 0.12 µB for normal incidence and

µs = -2.84 ± 0.43 µB and µl = 3.32 ± 0.50 µB for grazing incidence.

An important role, especially for the 4f elements, plays the dipolar term TZ . The contribu-

tion of the TZ term to the spin moment can generally not be derived by the sum rules and

therefore must be calculated e.g. by multiplet calculations [129, 157]. Just for the special

case of a 4f 9 configuration, TZ can be directly derived from the sum rules, utilizing µs = µl.

This gives us the possibility to validate the TZ values of our multiplet calculations. In our
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case, the deviation between the theoretical and experimental values is smaller than 4% for

all measurements, which is below the experimental error. This gives us strong confidence

concerning the calculated TZ values, which can have a massive impact on the spin-moments,

as discussed in more detail in section 4.4.

Figure 4-9.: a, d Experimental XANES and XMCD of the Dy surface alloy a and graphene-

covered Dy surface alloy d for normal (0°) and grazing (60°) incidence at a

temperature of 3 K and a magnetic field of 6.8 T. b, e Respective calculated

multiplet spectra. c, f Experimental and calculated magnetization curves of the

two samples normalised to the maximal magnetisation of the graphene-covered

Dy surface alloy for grazing incidence. [17]
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It is important to note again, that these values correspond to the projected magnetic moment.

For example, an in-plane ordered Dy surface alloy would account for an orbital and spin

moment of 5 µB along the surface plain. Measuring at grazing incidence, this would lead to

a projected magnetic moment of µproj = sin(60◦) · 5µB = 2.5µB.

In order to get a deeper understanding of our system and the magnetic properties, we

performed ligand-field multiplet calculations based on the DFT structural results. The

simulated XANES and XMCD spectra are presented in Fig. 4-9 b for the surface alloy

and in Fig. 4-9 e for the graphene-covered surface alloy. By comparing these spectra

to the experimental spectra displayed in Fig. 4-9 a, d a very good fit can be observed,

which indicates, that our model represents our real system very well. This also holds for

the magnetic properties. The calculated projected magnetic moments of the surface alloy

are given as µs = -2.49 µB and µl = -2.63 µB for normal incidence and µs = -2.37 µB and

µl = -2.48 µB for grazing incidence and for the graphene-covered surface alloy as

µs = -0.93 µB and µl = 0.94 µB for normal incidence and µs = -2.70 µB and µl = -2.84 µB

for grazing incidence. These calculated values are all within the experimental error.

Fig. 4-9 c presents the XMCD magnetisation curves of the surface alloy for normal and

grazing incidence. Similar to the experimental finding at 6.8 T, the curves do not vary for

the different incidence angles within the experimental error. In addition, they show a typical

paramagnetic slope, as a Brillouin function would fit the curves perfectly. The dotted lines

represent the multiplet calculation. Besides the slightly higher maxima, an almost perfect

fit with the form of the experimental curves is observed. The Dy seems to saturate at an

external field of about 2 T.

After the adsorption of Gr, the picture changes drastically. Similar to the XMCD results, a

strong anisotropy is present. While the normal incidence measurements displays a saturation

at around 2 T at around 1/4 of the maximum value of the grazing incidence measurement,

the curve of the grazing incidence measurement displays a very high susceptibility around

zero-field and slowly increases at higher fields. This curve deviates from a paramagnetic

behaviour. The drift at a higher field, which is nicely reproduced by the multiplet calcu-

lations, could be explained by pushing the magnetic moment out of the favoured in-plane

orientation by the rising external field, pointing out of the surface plane. Just slightly above

and below zero field, the projected value would represent a fully in-plane magnetised sam-

ple, as calculated above. Increasing the external magnetic field would force the magnetic

moments to align with the magnetic field and therefore the projected magnetic moment

increases with increasing field. The magnetisation dependence of the XLD signal supports

this interpretation and will be presented and discussed in more detail in Fig. 4-13.

The second deviation can be found around zero-field. The magnetisation curve exhibits a

very steep slope around zero-field. This could hint at a magnetic order, as indicated by the

DFT calculations. Due to the negligible in-plane anisotropy of this system, we would expect

a coercivity field of just a few mT, as shown for similar systems [62]. This is far below

the experimental error of the superconducting magnet at the X-Treme beamline but would
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explain the deviation between the calculated and experimental spectra in the low field range.

Another hint for the ferromagnetic coupling is presented in Fig. 4-13.

The calculated spectra presented in Fig. 4-9 are based on ligand-field multiplet theory.

By utilizing the multiX code [16], we are able to construct a ligand field based on point

charges. This provides an advantage over other multiplet codes, as they usually work with

crystal-field parameters, which do not represent the situation at a surface properly, due to

the broken symmetry. Fig 4-10 a, b presents how such a crystal field is realised. The goal is

to construct a model system, which is as close as possible to the real structure and represents

the electronic and magnetic properties properly.

Figure 4-10.: a Representation of point charge crystal field scheme employed in multiplet

calculation for the Dy/Ir(111) 2x2 surface alloy and b the graphene-covered

Dy surface alloy. The red spheres represent the Ir atom, the blue sphere the Dy

atoms, and the grey spheres the C atoms. The size of the spheres represents

the charge assigned to its lattice position. The quantisation axis according

to the incoming synchrotron radiation is indicated by the grey (0°) and red

(60°) lines. Distances are given in Å. c Multiplet level of the surface alloy and

d graphene-covered surface alloy dependent on the expectation value MJ for

normal (grey) and grazing (red) incidence at a magnetic field of 6.8 T.
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Fig. 4-10 a represents the surface alloy. The blue sphere indicates the Dy atom in the centre.

The surrounding red spheres represent the Ir atoms. The positions of the Ir atoms are taken

from the DFT relaxed structure and the charge is the only ”fitting” parameter. The values

of the charge are represented in the size of the spheres. All equivalent positions have to have

the same charge assigned. As the Dy provides electrons to the surrounding, the charges of

the Ir atoms have to be negative. This information is provided by the DFT calculations as

well. In addition, the incoming photons are sketched for normal and grazing incidence. The

photon direction defines the quantisation axis as well, similar to the experiment.

For the graphene-covered surface alloy, represented in Fig. 4-10 b, additional carbon

atoms represent the adsorbed graphene, indicated in grey. Due to the n-doping, the car-

bon atoms are also negatively charged. Another change is the elevation of the Dy atom.

It is lifted due to the skyhook effect, proposed by the DFT calculations. Multiplet calcu-

lations provide multiplet level structures in addition to the spectra, already presented in

Fig. 4-9. For a free atom, one would expect a degenerate ground state with half-integer

JZ values (15/2, 13/2, ..., -15/2). This drastically changes with external influences such as a

crystal field or an external magnetic field, e.g. half-integer JZ values are only conserved for

highly symmetric crystal fields. The multiplet level of the surface alloy in an external field of

6.8 T is presented in Fig. 4-10 c for normal and grazing incidence. It is important to note,

that JZ is the projection of J along the quantisation axis Z, which changes for normal and

grazing incidence. The relevant levels are hereby the lowest-lying ones. Excited states could

be reached by external stimuli, i.e. phononic or electronic excitations. In our case, the two

lowest-lying states are situated at about JZ = - 4 for both, normal and grazing incidence.

This is in line with our experiments, which also showed a negligible angular dependence of

the magnetisation. This changes drastically after the adsorption of graphene. The lowest

lying multiplets in Fig. 4-10 d show a big discrepancy between normal and grazing inci-

dence. In line with our experimental findings, a strong anisotropy appears. Interestingly,

the variation of the Gr position has no significant influence on these results, as long as the

total charge stays constant. In summary, one could state, that our model system represents

our real system very well.
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4f charge anisotropy and skyhook effect

As mentioned above, synchrotron-based XANES measurements are not only able to reveal

the magnetic properties element-specifically by XMCD, but can also reveal the electronic

properties of the probed shell. By evaluating the M4,5 edges, we probe the Dy 4f shell.

Fig. 4-11 compares the XLD measurements of the surface alloy and the graphene-covered

surface alloy. Similar to the magnetic properties presented in Fig. 4-9 a, the XANES does

not show any angular dependence in Fig. 4-11 a. This reflects on the XLD signal. For

normal incidence, one would not expect any dichroic signal due to geometric reasons. But

the out-of-plane component can be addressed by grazing incidence measurements. In the case

of the surface alloy, the XLD signal is negligible, which indicates a negligible out-of-plane

charge anisotropy. This is in line with the observed magnetic anisotropic behaviour.

Figure 4-11.: a XANES and XLD of the (2x2) Dy surface alloy at 50 mT and 3 K for

normal (0°) and grazing (60°) x-ray incidence. b XANES and XLD of the

graphene-covered (2x2) Dy surface alloy at 50 mT and 3 K for normal (0°)
and grazing (60°) x-ray incidence. The XANES spectra are shifted for better

visibility. [17]

This changes upon graphene absorption. The difference in the XANES spectra between

normal and grazing incidence in Fig. 4-11 b already hints at a strong linear dichroic signal.

Again, there is no in-plane XLD signal, whereas a strong XLD signal emerges for grazing

incidence. This indicates a strong out-of-plane 4f charge anisotropy. As there is no equiva-

lent to the sum rules for XLD, additional information can only be gained by comparison to

theoretical calculations.

One interesting aspect which we want to investigate is the influence of the proposed selec-

tive skyhook effect on the spectra. For this purpose, we performed a number of multiplet

calculations and compared them with the experimental spectra. In Fig. 4-12 we focus on

the M5 edge of the graphene-covered surface alloy to get a more detailed look.
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Figure 4-12.: a Experimental XANES and XLD spectra of the Dy M5-edge of graphene-

covered (2x2) Dy surface alloy at 50 mT for grazing x-ray incidence. Multiplet

calculations for elevated and non-elevated Dy atoms, in comparison to the

(2x2) Dy surface alloy, are displayed next to it. b Theoretical XANES and

XLD spectra of the structure presented in Fig. 4-10 and for a variation of the

Dy z-component by -0.05 Å, +0.05 Å, and +0.1 Å. [17]

Fig. 4-12 a shows the experimental XANES and XLD spectra of the graphene-covered

surface alloy on the left-hand side and two calculated multiplet spectra on the right-hand side.

The solid lines represent the multiplet calculation based on the crystal structure presented in

Fig. 4-10 b. This model, which includes the lifting by the skyhook effect, already displays

a very good fit with the XMCD measurements, as shown in Fig. 4-9. For the XLD spectra,

we again have a rather good fit. In order to put this into context, calculations based on

different crystal fields have been performed. In detail, we varied the elevation of the Dy

atom, within the model, which showed a good fit with our experimental results so far. In

the case of a non-lifted Dy atom, i.e. at the same elevation above the Ir surface as without

Gr, the multiplet calculation show a negligible XLD signal, as well as a slightly worse fit of

the XANES fine structure.

A more detailed analysis of the influence of the Dy lifting on the XANES and XLD spectra

is provided in Fig. 4-12 b. The spectra present a more precise manipulation of the Dy

elevation by 0.05 Å steps. While a slight reduction of the elevation leads to a negligible XLD

signal, similar to the non lifted spectra in Fig. 4-12 a, an elevation by 0.21 Å displays an

even better fit with the experimental data. Increasing the elevation even further leads to a

drastic change in the XANES spectrum. Summarizing these results, lifting by the selective

skyhook effect by 0.16 Å up to 0.23 Å is plausible within our model. This is in line with

our DFT results. One has to keep in mind, that the tweezing of the Dy position within this

model in the first approximation is only valid for small changes, as the validity is provided

by the good fit with the XANES and XMCD experimental spectra and strong theoretical

base of the DFT calculations. Major changes in the Dy position would corrupt this model,
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but our results proved that they are in line with our interpretation and can therefore be seen

as a clear experimental fingerprint of the proposed selective skyhook effect.

Figure 4-13.: a XANES and XLD of the graphene-covered (2x2) Dy surface alloy at zero-

field for normal and grazing x-ray incidence. b Magnetic field dependence of

XLD response of the graphene-covered (2x2) Dy surface alloy for grazing x-ray

incidence. c XANES and XLD of the graphene-covered (2x2) Dy surface alloy

at 6.8 T for normal and grazing x-ray incidence. d Magnetic field dependence

of XMCD response of the graphene-covered (2x2) Dy surface alloy for grazing

x-ray incidence [17]

Fig. 4-13 lays the focus on the magnetic field dependence of the XLD signal of the

graphene-covered surface alloy. Fig. 4-13 a displays the XLD spectra already presented in

Fig. 4-11 b as a reference. The X-ray magnetic linear dichroic (XMLD) effect can be seen

in the comparison of the spectra with the one measured at 6.8 T in Fig. 4-13 c. While

there is no significant change in the XANES spectrum, there is a strong decrease of the XLD

signal compared to the low-field measurement. A more detailed view of this effect is given in

Fig. 4-13 b, which maps the intensity of the feature at 1293 eV for different magnetic fields.

Two features appear, that are related to the features of the magnetisation curve, presented

in Fig. 4-13 d.

On the one hand, the highest values are present at low fields and the XLD response decays

with higher fields. With increasing field, the gradient decreases. This can be correlated with

the magnetic field. While at low field, the Dy moments are ordered in-plane and present their
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highest out-of-plane electronic anisotropy, increasing external fields force the moments out

of the plane and therefore increasing the projected magnetic moment of our measurement,

while decreasing the out-of-plane charge anisotropy. One would expect, that such behaviour

would not occur if one would measure strictly in-plane, but due to the method used, this is

technical impossible. The second and much more puzzling feature is the jump of the XLD

signal around zero-field. An explanation for this behaviour could be a ferromagnetic order

with a coercive field below our experimental resolution. Switching a ferromagnetic order

around zero field would immediately lead to a jump in the XLD signal, while a paramagnetic

behaviour would lead to a continuous change. The different absolute values may be explained

by the asymmetric measurement of 30° incidence angle, which could lead to an asymmetric

XLD response, but to prove this, further investigations would be needed. Nevertheless, a

ferromagnetic order with a low coercive field is not only expected by the DFT calculations but

could also be detected in several other related systems [62, 64]. Therefore, an investigation

of the ferromagnetic properties is very promising. MOKE measurements would be ideal for

this system, as they provide in-plane sensitivity, but also synchrotron-based measurements

with sensitive electromagnets could provide this information.

Graphene doping

A property of the graphene-covered surface alloy, which only got slightly touched in sec-

tion 4.2 is the doping of the graphene. The structural investigations and the ab initio

calculations, which show a Dirac like feature, indicate, that the electronic properties of the

graphene are mostly intact and that one could consider the graphene as doped and not as

strongly interacting, which would change its properties drastically.

Fig. 4-14 presents XPS measurements of the graphene-covered surface alloy and compares

these to Gr/Ir(111). The overview graph in Fig. 4-14 a displays the electron binding energies

of the two samples. There are only very few differences between the spectra, mainly the

Dy 4d3/2,5/2 peak, which is only present for the graphene-covered surface alloy. By comparing

the Gr/Ir(111) spectrum with literature, we find a very good agreement [158]. The more

interesting change is present at the C 1s edge, which is highlighted in Fig. 4-14 b. Here

we see a shift of the C 1s peak of the graphene-covered Dy surface alloy to higher energies,

compared to Gr/Ir(111). This shift can be related to the Gr doping, as it has been predicted

by the DFT calculations. The DFT calculations predict an n-doping of the Gr by -0.75 eV.

The XPS measurements allow probing this experimentally. By using the relation by Schröder

et al. [47] the shift of the C 1s peak by 0.9 eV relates to a doping level of about -1.1 eV,

which is slightly above the expected value. ARPES measurements could provide a more

detailed view of the electronic properties of this system. Utilizing spin-polarized ARPES

measurements could even add an insight into the magnetic properties of these systems,

which would be of great interest.
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Figure 4-14.: a Experimental XPS binding energies for Gr/Ir(111) and the graphene-covered

(2x2) Dy surface alloy. The Gr/Ir(111) spectrum is shifted up for better

visibility. The peaks are assigned to their respective core levels. b Close up

on the C 1s XPS spectrum for Gr/Ir(111) and the graphene-covered (2x2) Dy

surface alloy. [17]

4.4. Variation of the 4f Metal - a Systematic Study

In this section, we want to extend our investigations on other 4f metals, in order to see

if the selective skyhook effect can be treated as a general phenomenon or is limited to the

Dy/Ir(111) system. Analogue to the procedure on Dy surface alloys before, we explored the

synthesis and the structure of the related systems, compared them to ab initio calculations,

and probed the electronic and magnetic properties of the 4f surface alloys and the graphene-

covered 4f surface alloys.

Synthesis and structure

The synthesis of the 4f surface alloys is similar to the one of Dy/Ir(111) as presented in

Fig. 4-1. After the evaporation on a clean substrate, temperatures up to 1480 K are needed

for the surface alloy formation. The different results after such synthesis are presented in

Fig. 4-15 a-d. For Tb, Dy, and Tm, a clean (2x2) superstructure w.r.t. Ir(111) is visible.

The slightly less sharp spots in Fig. 4-15 d are caused by a different measurement setup

(regular LEED vs. MCP LEED). For Ho, no (2x2) surface alloy could be realised. A high

number of unidentified multi-phase structures are given for lower temperatures, while for

higher temperatures, the structure represented in Fig. 4-15 c appears. Spots related to a

lattice parameter, which roughly fits the Ho single-crystal parameters, are aligned with the

Ir(111) spots. Additional weak slightly misaligned spots are present as well as moiré spots.



58 4 Graphene-Covered 4f Surface Alloys

The detailed structure of this surface system could not be resolved.

For the graphene-covered surface alloys, the situation changes. The synthesis presented in

Fig. 4-1 leads to a graphene-covered (2x2) surface alloy on Ir(111) for all of the probed

elements. Fig. 4-15 e-h presents the LEED patterns of the graphene-covered Tb, Dy, Ho,

and Tm surface alloy. For Tb, Dy, and Ho lower temperatures lead only to diffuse phases.

This is not the case for Tm. Starting from 500 K, Tm intercalates under Gr on Ir(111) and

forms a
√
3 ×

√
3 R30° superstructure w.r.t. Gr, as presented in Ref. [73]. Annealing to

1000 K leads to a formation of a (2x2) superstructure w.r.t. Ir(111), which we correlate to

the surface alloy formation underneath Gr.

Figure 4-15.: a-d Inverted contrast LEED patterns after the deposition and annealing of

0.25 MLIr Tb a, Dy b, Ho c, and Tm d on Ir(111). Tb, Dy, and Tm

show a (2x2) superstructure, while Ho orders with respect to the Ir lattice.

e-h Inverted contrast LEED patterns after the deposition and annealing of

0.25 MLIr Tb e, Dy f, Ho g, and Tm h on Gr/Ir(111). All samples display

a (2x2) superstructure and a moiré pattern around every reflex. The primary

electron energy is 100 eV for a-c, e, f, 110 eV for g, and 70 eV for d, h. [74]

Opposing to this, our experiments with Eu show that it does not form a surface alloy, but

forms intercalation layers as presented in Ref. [45]. We attribute the interstitial behaviour of

Tm between the surface alloy formation and the intercalation process to the energy difference

between the 2+ and 3+ state, i.e. the energy gain by elevating a 4f electron in the 5d

shell. While all the 4f metals in graphene covered surface alloy promote one electron to
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the 5d shell, as it provides the metal-metal binding (see section 4.2), Eu does stay in the

4f 7 state when intercalated, as the half-filled 4f shell is energetically favourable. This is

relevant for the integration of 4f metals in organometallic compounds as well, as discussed in

section 5.3.

The results of the structural investigation by STM is presented in Fig. 4-16. Fig. 4-16

compares patches of the Dy surface alloy (Fig. 4-16 a) with the ones of the Tm sur-

face alloy in Fig. (4-16 c) and patches of the graphene-covered Dy (Fig. 4-16 b) and

Tm (Fig. 4-16 d) surface alloy. The Dy samples have already been discussed in section 4.1.

Figure 4-16.: a, c Atomic resolution STM topographs of (2x2) Dy a / Tm c surface alloy

patches. b, d STM topographs of Dy a / Tm c surface alloy patches under

Gr. Topograph sizes are 8 nm x 5 nm for a, c and 16 nm x 10 nm for b, d.

The tunnelling parameters used are a I = 4.7 nA, U = -0.001 V, b I = 30 nA,

U = -0.09 V, c I = 6.2 nA, U = -0.001 V, and d I = 0.4 nA, U = -1.58 V. [74]

Comparing the STM topograph of the Tm surface alloy with the Dy surface alloy, the Tm

surface alloy appears sharper, which is correlated to a better tip during the measurement.

Concerning the structure, both show the atomic resolution of the Ir(111) with patches of the

surface alloy. In both cases, the (2x2) structure can only be hardly recognised on the islands,

but the apparent height of the islands indicates a surface alloy formation in both cases. In

general, they show a very similar structure. On the first look, the differences are larger for
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the graphene-covered surface alloys. The graphene-covered Tm surface alloy in Fig. 4-16 d

exhibits a number of dark holes, which we correlate to surface defects, similar to the one

presented in Fig. 4-2 b. This could be explained by the reduced annealing temperature

compared to the graphene-covered Dy surface alloy. Besides these defects, the structure is

very similar. Small black holes correspond to the (2x2) superstructure and larger islands of

the superstructure lead to a smaller work function, visible as bright areas. Again, it can be

assumed, that the structures of both systems are very similar.

DFT calculations

Similar to the investigation of the Dy surface alloy, we accompanied our structural anal-

ysis with ab initio calculations. The DFT calculations support our experimental findings.

Again, the surface alloy formation and the surface alloy formation underneath Gr are the

energetically most favourable states. A small deviation from the Dy surface alloy is the most

favoured Gr position in our model. For Tb, Ho, and Tm, the bridge position is the most

favourable one. But the energy difference for all systems between bridge and atop is in the

meV range, as for the Dy. Also, the occupation numbers are in-line, i.e. in all systems, one

4f electron is elevated to the 5d shell. Therefore, no significant structural differences are

expected.

Figure 4-17.: Exemplary top a, c and side b, d view of the relaxed DFT structure of a

4f-surface alloy a, b and a graphene-covered surface alloy c, d. [74]

A question arising is the influence of the 4f species on the selective skyhook effect. As the

general structure seems to be similar, one could expect to see the selective lifting also for

the other 4f systems. In fact, our DFT calculations reveal a selective lifting for all of the

4f elements. The expected elevation above the surface alloy position is given in table 4-1.

4f-element Tb Dy Ho* Tm

expected lifting + 0.23 Å + 0.16 Å + 0.14 Å + 0.13 Å

Table 4-1.: Expected lifting of the 4f metals out of the surface alloy due to the selective

skyhook effect, extracted out of the DFT calculations. The Ho surface alloy

could not be realised experimentally.
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A general trend is visible. Increasing 4f occupancy leads to a decreased lifting due to the

selective skyhook effect. This could be closely connected to the single-ion anisotropy of

the 4f elements, as introduced in section 2.2 and could also have strong indications on the

magnetic properties, which will be discussed in the following.

Electronic and magnetic properties

The electronic and magnetic properties of these systems have been probed by XANES and

XMCD measurements. Fig. 4-18 presents the experimental XANES and XMCD spectra of

4f surface alloys and graphene-covered surface alloys, overlaid with the theoretical multiplet

spectra based on the DFT structure. To avoid getting lost with this information, we will go

through the different 4f metals step by step.

The XANES spectra of the Tb based samples in Fig. 4-18 a, b display a 4f 8 occupation,

which indicates that one 4f electron is promoted to the 5d shell. This will be true for all

of the following systems. Concerning the charge anisotropy, a slight difference at around

1240 eV is visible for the different orientations, indicating a slight charge anisotropy. As

this measurement has been performed at VEKMAG, which has a bending magnet as photon

source, linear dichroic measurements could not be performed. The difference at the peak

position is slightly increased for the graphene-covered sample, indicating an increase in the

charge anisotropy of the 4f shell. The multiplet calculations indicated as dotted lines,

reproduce this change in the fine structure qualitatively. Also, the overall fit is rather well,

but slightly worse compared to the Dy based samples. Concerning the magnetic properties,

the Tb surface alloy displays a magnetic anisotropy favouring in-plane magnetisation. Gr

adsorption increases the difference drastically. As for the Dy based samples, adsorbing

graphene favoures in-plane magnetisation. The multiplet calculations are in line with the

experimental data. They qualitatively show the same trend, but slightly overestimate the

magnetic moment.

The Dy spectra, presented in Fig. 4-18 c, d have been discussed in section 4.3.

For Ho, data is only available for the graphene-covered surface alloy, as we were not able to

synthesize a (2x2) surface alloy. The XANES spectra in Fig. 4-18 e reveal a 4f 10 electron

configuration and display some changes between normal and grazing incidence. The slight

changes are well represented by the multiplet calculations. The magnetic properties reveal

a strong magnetic anisotropy, as we have seen for Tb and Dy. The XMCD reveals a strong

magnetic moment in-plane, while the out-of-plain moments are smaller. The ratio between

in-plane and out-of-plane projected magnetic moments is reduced compared to Tb and Dy.

A comparison to the surface alloy is not possible in this case. The multiplet calculations,

which are based on the calculated DFT structure, represent the experimental spectra very

well, which indicates, that our approach gives us a proper model also in this case.
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Figure 4-18.: a-g Experimental (solid lines) and theoretical (dotted lines) XANES and

XMCD of the (2x2) Ir surface alloy with a Tb, b Dy, and f Tm and the

graphene-covered (2x2) surface alloy with b Tb, d Dy, e Ho, and g Tm for

normal (0°) and grazing (60°) x-ray incidence at a temperature of 3 K and a

magnetic field of 6.8 T along the beam direction. [74]
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The situation changes for Tm, presented in Fig. 4-18 f, g. While the XANES indicates a 4f 12

electron configuration for both systems, the change of the XANES, i.e. the XLD decreases

upon Gr adsorption. This is in contrast to the Tb and Dy systems. A similar change can

be seen in the XMCD signal. For the surface alloy, an out-of-plane magnetisation is clearly

favoured, also in opposition to Tb and Dy. After Gr adsorption, the XMCD signal drastically

decreases for the normal incidence measurement, while the grazing incidence XMCD signal

slightly increases. This is in line with the findings of the other systems. The multiplet

calculations represent the experiment well again, proving our approach.

The different behaviour and easy axis of Tm compared to Tb and Dy could be explained by

the single-ion anisotropy [55]. While Tb and Dy surface alloys display an in-plane easy axis

with increased anisotropy upon graphene adsorption, the Tm surface alloy shows an out-of-

plain easy axis, with a reduced projected out-of-plane moment upon graphene adsorption.

This general trend is presented in table 4-2, which displays the experimental sum rule results

for the projected reduced spin moment and the projected orbital moment.

Table 4-2.: The projected reduced spin moments µS + 6TZ and the orbital moments

µL extracted out of the sum rules of the experimental spectra presented in

Fig. 4-18. The change of the projected moment after graphene absorption

is indicated by the coloured arrows. [74]

As mentioned before, the measurement method allows only to measure the projected moment

of the sample along the beam direction, which is in this case also the direction of the applied

magnetic field. In general, an experimental error of 10-15 % can be assumed. The sum rules
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can not extract the spin moment directly, as the dipolar term TZ is not accessible by the

measurement method. This will be discussed in more detail below.

The influence of the Gr adsorption is clearly visible if one compares the values of the surface

alloys and the graphene covered surface alloys. The general trend is also highlighted by the

coloured arrows, red for decreasing values, which includes all normal incidence measurements

and green for increasing values, which includes all grazing incidence measurements. One can

generally state, Gr adsorption and the selective skyhook effect favours in-plane magnetisa-

tion. But this is not the only trend, presented with these values. Also along with the 4f

occupation number, a change from favoured in-plane magnetisation (Tb) to an out-of-plane

magnetisation (Tm) in the surface alloys can be seen. This is in line with recent measure-

ments performed on molecules [61] and to the best of our knowledge has not been reported

for surface systems so far.

Table 4-3.: The expectation values of the projected spin moment µS, the orbital moment

µL, and the quadrupolar term TZ extracted out of the multiplet calculations

presented in Fig. 4-18. The change of the projected moment after graphene

absorption is indicated by the coloured arrows. [74]

Additional insight into the magnetic properties and the changes within the 4f series is

provided by our multiplet calculations. As presented in Fig. 4-18, the multiplet spectra

show a very good overall fit with our experimental spectra, which indicates that the models

based on DFT calculations represent the real systems rather good and therefore it is justified

to use their values for our interpretation.
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In difference to the experimental sum rules, the multiplet calculations allow a separation of

the spin moment, orbital moment, and the dipolar term TZ , as presented in table 4-3. To be

precise, the given values are the respective expectation values. The general trend of graphene

adsorption is also valid within our multiplet approach. More interesting is the change based

on the different 4f occupations, especially concerning the TZ term. The TZ term changes

from positive values for Tb and Dy to negative values for Ho and Tm. Although such a

trend is expected from early multiplet calculations [129], one could learn something about

the effect of the single-ion anisotropy, as is it closely correlated [55]. The oblate shape of

Tb and Dy leads to a positive TZ value, while the prolate shape of the Tm leads to a highly

negative TZ value, which contributes strongly to the spin moment. This has to be taken into

account when discussing Tm XMCD spectra.

Another question arising is the influence of the different 4f metals on the electronic properties

of the Gr. The DFT calculations suggest different lifting heights for the different 4f elements

due to the selective skyhook effect. The reduced interaction could affect the doping level

for example. Also, could a variation of the doping level limit the possibilities of specifically

manipulating the magnetic properties of an adsorbed system by making use of the different

favoured magnetisation directions of the graphene-covered 4f surface alloys.

Figure 4-19.: a Low energy XPS spectra of the graphene covered surface alloys and

Gr/Ir(111). Several peaks are indicated and dotted lines are given as a guide

to the eye. b Zoom-in on the C 1s and Ir 4d5/2 peak. The dotted lines indicate

the constant position of the Ir 4d5/2 peak and the shift of the C 1s peaks of

the graphene-covered surface alloys with respect to Gr/Ir(111). [74]
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The answer to these questions is provided in Fig. 4-19. It presents XPS spectra of all the

graphene-covered surface alloys presented above and compares them to clean Gr/Ir(111).

One difference between all the spectra are the highlighted 4d peaks of the 4f elements.

They shift slightly for the different graphene-covered surface alloys and are absent in the

clean Gr/Ir(111) sample. Although the 3d peaks would be far more dominant and would

provide clearer information about e.g. the oxidation state, we are limited due to our setup

with an Al Kα source. Eu and Tb 3d edges can be nicely resolved, but starting from Dy, the

peaks are in the rise of the elastic peak, while Ho and Tm cannot be measured anymore.

But concerning the Gr doping, the C 1s peak is the relevant one, which is highlighted

in Fig. 4-19 b. Indicated by the dotted lines, we see a shift at the C 1s peak, while the Ir

4d5/2 sits at the same position. Similar to the results in section 4.3, the Gr is n-doped for all

the graphene-covered surface alloys. A shift of about 0.9 eV of the C 1s peak is present for

all the samples, which can be translated to a doping level of -1.1 eV by using the relation by

Schröder et al. [159]. The similar doping level indicates, that the interaction and therefore

the charge transfer of the 4f atoms with the C atoms of the Gr is similar for all the different

species. Therefore one could expect, that the graphene-covered surface alloys display similar

electronic properties as a substrate, while only the magnetic properties are dependent on the

4f element used.

4.5. Conclusion and Outlook

In this chapter, we introduced the synthesis of new surface systems, namely the 4f surface

alloys and the graphene-covered 4f surface alloys, and investigated their growth and their

structure by LEED and STM. Complimentary ab initio calculations provided the theoretical

background and supported our experimental findings. The effect of the proposed selective

skyhook effect on the electronic and magnetic properties could be revealed by element-specific

synchrotron-based measurements and could be reproduced by our combined theoretical mul-

tiplet approach. The variation of the 4f elements allowed us to generalize this effect and

revealed systematic changes within the 4f series as well as upon graphene adsorption, which

finally provided us with a set of electronically and structural similar substrates with tuneable

magnetic properties based on the choice of the 4f species.

Our investigations showed, that 4f metals form surface alloys on Ir(111) after annealing to

1480 K. These (2x2) surface alloys differ from the (
√
3×

√
3) R30° rare-earth surface alloys

on transition metal surfaces reported so far [66, 62, 68, 71]. Analogue to this synthesis,

such surface alloy forms underneath Gr as well, leading to so-called graphene-covered sur-

face alloys. These differ from 4f intercalation layers underneath Gr [44, 45, 160] by their

incorporation of the 4f atoms into the Ir surface. The Gr structure and even the moiré

structure stay intact, indicating that the Gr properties are still intact and that the Gr layer

could act as a passivation layer that allows to utilize the 4f magnetic properties outside of

the UHV.
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DFT calculations supported our findings and proved, that the incorporation of the 4f atoms

into the surface is energetically more favourable than adsorption. It also suggests 5d4f

hybrid states at the 4f elements, enabled by the interaction with the surrounding Ir atoms

and the resulting crystal field. This statement also holds for the graphene-covered surface

alloys. The calculations propose, that the 4f atoms are particularly lifted, while the Ir atoms

are not affected by the Gr adsorption. This selective skyhook effect is mediated by the 5d4f

hybrid states, which hybridise with the pz like orbitals of the Gr and therefore lift e.g. Dy

0.16 Å out of the surface alloy. This lifting is accompanied by a massive increase in the

ferromagnetic coupling constant, which has so far only been proposed theoretically for 3d

metal surfaces [151, 153, 154, 161].

The large proposed changes in the structure, as well as the electronic and magnetic prop-

erties, have been probed by XANES, XMCD, and XLD. A massive increase of electronic

and magnetic anisotropy could be detected upon Gr adsorption. While the Dy surface alloy

displays a rather isotropic behaviour, the graphene-covered surface alloy strongly favours

in-plane magnetisation, which is accompanied by a charge anisotropy of the 4f shell. Our

ligand field multiplet approach based on the atomic positions of the DFT calculation could

reproduce these results nicely, providing us with a proper model system. Based on this

model system, we were able to extract the lifting of the 4f metal out of our XLD measure-

ments. The experimental value was slightly above the theoretical one, but fits the DFT

results within the experimental error, proving the selective lifting of the 4f metal. The pro-

posed ferromagnetic coupling could not be measured directly. Due to the negligible in-plane

anisotropy, coercive fields of a few mT are expected, as reported for similar systems [62, 64].

This was far below our experimental error. Besides a few features in our data, which hint at

the ferromagnetic coupling for the graphene-covered sample further measurements need to

be done, to reveal this property. MOKE measurement would fit this system perfectly, espe-

cially as they are sensitive to in-plane magnetisation, but also XMCD measurements with

precise electromagnets would allow revealing this property. The ferromagnetic order could

be of special interest, if one uses this system as a substrate, e.g. for spintronic application.

By introducing further 4f elements into this system, a systematic study could be performed.

By comparing the synthesis, structure, electronic, and magnetic properties of surface alloys

and graphene-covered surface alloys based on Tb, Dy, Ho, and Tm, general trends could

be revealed. The synthesis and structural analysis indicated, that the different 4f species

behave quite similar, and similar structures form, which allows a direct comparison. The

DFT calculations proposed a reduction of the lifting due to the selective skyhook effect for in-

creased 4f occupation, which does not influence the general trend of a decreased out-of-plane

projected moment and increased in-plane projected moment upon Gr adsorption. Another

trend based on the 4f occupation showed up during the magnetisation measurements. While

Tb favours in-plane magnetisation in the surface alloy, Tm shows an out-of-plane easy axis.

This change is also represented in the electronic anisotropy. While Gr adsorption increases

the anisotropy of the 4f shell for Dy, it decreases the XLD signal for Tm. This is closely
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related to the single-ion anisotropy [55, 61] but has not been reported for surface systems

so far. Our combined theoretical multiplet approach could represent all of the experimen-

tal spectra fairly well, verifying our approach. They also highlight the importance and the

influence of the dipolar term TZ , that we provided for the whole sample set.

XPS measurements of graphene-covered surface alloys revealed an n-doping of the Gr, which

does not depend on the 4f species used. Combined with the finding, that the structural

properties of Gr are still intact, these systems could be an ideal substrate for any kind of

nano-sized spintronic applications, as the magnetic properties of the substrate are tunable

by the choice of the 4f species. Interactions with a magnetic substrate have shown to be a

versatile tool to manipulate the properties of adsorbed systems [13, 14, 162]. This lays the

ground for future experiments, in which one can make use of the tunable magnetic anisotropy

of the substrate and the interaction with adsorbed nanosized devices. The first preliminary

experiments are presented in section 5.2.



5. Nanowires and Organometallic

Compounds

The work presented in this chapter consists of data and measurements partly

published as S. Kraus, A. Herman, F. Huttmann, M. Bianchi, R. Stan, A. Holt,

S. Tsukamoto, J. Dreiser, K. Bischof, H. Wende, P. Hofmann, N. Atodiresei,

and T. Michely. Uniaxially aligned 1D sandwich-molecular wires: electronic

structure and magnetism [163] and S. Kraus, A. Herman, F. Huttmann, C.

Krämer, S. Tsukamoto, H. Wende, N. Atodiresei, and T. Michely. Selecting the

Reaction Path in On-Surface Synthesis Through the Electron Chemical Potential

in Graphene [164]. For clarity, figures taken out of these papers are tagged

as ”adapted from” or ”provided for” in the following. A complete list of all

beamtimes and the contributors is given in Appendix B.

In this chapter, we will focus on the element-specific investigation of the electronic and

magnetic properties of 4f -elements in organometallic compounds. In order to put these

measurements into context, a brief introduction to the synthesis and the structure is given.

In section 5.1 we will describe EuCot nanowires on Gr/Ir(110), in 5.2 the influence of the

substrate and the ligands will be investigated, and in 5.3 we will focus on thulium-based

compounds.

5.1. EuCot Nanowires on Gr/Ir(110)

As introduced in section 2.4, EuCot nanowires are of great interest and order ferromagnet-

ically at low temperatures. A limitation of EuCot nanowires on Gr/Ir(111) is the random

orientation of the wires on the substrate. In order to orient the nanowires on a compatible

substrate, the synthesis of Gr/Ir(110) was developed [37]. A more detailed description of

this substrate, as well as the synthesis, is provided in Appendix A.1.

Fig. 5-1 presents a structural investigation of EuCot nanowires on Gr/Ir(110). The STM to-

pograph in Fig. 5-1 a displays an overview image of globally-ordered nanowires

along [001]. The Gr/Ir(110) appears dark as the contrast is focused on the nanowire islands.

The vast majority of the wires are well oriented, only a few differently oriented domains are

observed, preferably at step edges. The LEED pattern in Fig. 5-1 b also supports the global

orientation. The relevant reflections and the unit cell are highlighted.
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Figure 5-1.: a STM topograph of a full layer of EuCot nanowires on Gr/Ir(110)

(150nm× 150nm). b Contrast-inverted LEED pattern of the sample presented

in a at 40 eV primary electron energy. The unit cell of the EuCot nanowires is

indicated by the green lines, with the first order reflexes encircled. The arrows

indicate the (3 × 1) superstructure. c STM topograph of EuCot/Gr/Ir(110)

showing the (3 × 1) intensity variation represented in b. The inset displays a

molecular resolution STM topograph with a ball model and the unit cell of the

nanowires indicated (2.5 nm× 2.5 nm). Adapted from [163].

The unit cell is also indicated in the real space STM topograph presented in Fig. 5-1 c.

In this close-up, the molecular resolution points out the interlocking of the nanowire carpet,

as also visible in the inset. By synthesizing these well-oriented wires, one can hope to

increase TC as well as the coercivity field of the system, compared to the random oriented

nanowire islands on Gr/Ir(111), as one expect the magnetic order along the wire. It also

enables directional dependent measurements like ARPES, which allows one to reveal the

band structure of these sandwich-molecular nanowires.

In order to probe the magnetic properties of this new system, XANES and XMCD mea-

surements have been conducted at the X-Treme beamline at the SLS. Fig. 5-2 a displays

the XANES spectra of the M4,5 edge of Eu for normal and grazing incidence. The XANES

shows a clear 4f 7 electron configuration [138]. By directly comparing the two spectra we

see only neglectable variations, indicating negligible linear dichroism. This is expected for a

4f 7 electron configuration as it represents a half-filled 4f -shell. The red line represents the

integral over the XANES spectrum, which will be used in the evaluation of the sum rules.
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Figure 5-2.: a XANES of EuCot nanowires on Gr/Ir(110) for normal (0°) and grazing in-

cidence (60°) at a temperature of 3 K and a magnetic field of 6.8 T. The red

line represents the integral r for grazing incidence utilized for the sum rules.

b Respective magnetisation curves at 3 K for normal (0°) and grazing (60°) inci-
dence normalised to the magnetisation at 6.8 T. The inset displays the raw data

for grazing incidence consisting of up and down measurements, clearly showing

no opening of a hysteresis loop. c Respective XMCD spectra with the sum-rule

integral q. d Magnetisation curve of EuCot/Gr/Ir(111) at 3 K for grazing (60°)
incidence normalised to the magnetisation at 6.8 T. Provided for [163].

Fig. 5-2 c shows the XMCD spectra for grazing and normal incidence. Similar to the XANES

spectra, no anisotropy is present at a magnetic field of 6.8 T, which can be explained by the

fact, that the Eu is saturated at this field. The evaluation of the sum rules, which lead to

a spin moment µS = (7.2 ± 0.6)µB and an orbital moment µL = (0.0 ± 0.4)µB for grazing

incidence, supports the idea of full saturation. For normal incidence, the evaluation lead to

µS = (7.0±0.8)µB and µL = (0.1±0.4)µB. The dipolar term ⟨TZ⟩ is hereby approximated by

zero, as the dipolar term of a half-filled 4f -shell is negligible [165]. The magnetisation curves

presented in Fig. 5-2 b correspond to the maximum of the XMCD signal. The curves for

the field sweeping up and down are averaged for better visibility. The raw data for grazing

incidence is given in the inset. In the range of the error, there is no opening of a hysteresis

loop at a temperature of 3 K, differing from the magnetisation curve of EuCot nanowires

on Gr/Ir(111) shown in Fig. 5-2 d. There is also a difference in susceptibility between

normal and grazing incidence. The susceptibility of 60° is hereby larger by a factor of 1.6
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compared to 0°, stating that the easy axis of the magnetisation lays along the wire direction,

i.e. [001]. We will have a closer look at this topic below. It is important to mention,

that the magnetisation curve shown in Fig. 5-2 d confirmed the finding in Ref. [18].

We contribute the slightly higher coercive field and the opening of the hysteresis at higher

fields to the lower measurement temperature.

A closer look at the magnetic properties of the wires and the different susceptibilities is

provided in Fig. 5-3. Two questions arise from the missing hysteresis of EuCot nanowires

on Gr/Ir(110), which we want to answer by investigating two different samples. Is the direct

interaction with the substrate quenching the magnetism? And may it be possible that the

magnetic order lies in-plane perpendicular to the wire axis? We synthesised a multilayer

EuCot/Gr/Ir(110) sample, for which is known, that the wires are still well oriented [149]

and we measured a EuCot/Gr/Ir(110) monolayer sample along the [010] direction.

Figure 5-3.: a XANES and XMCD of EuCot nanowire multilayer on Gr/Ir(110) and Eu-

Cot nanowires measured perpendicular to the dominant wire axis (rotated 90°)
for grazing incidence at a temperature of 3 K and a magnetic field of 6.8 T.

b Respective magnetisation curves at 3 K for normal (0°) and grazing (60°)
incidence normalised to the magnetisation at 6.8 T.

The XANES and XMCD spectra presented in Fig. 5-3 a are similar to the ones presented

in Fig. 5-2, indicating that there are neither changes in the electronic properties, nor in

the saturation magnetisation. More interesting are the magnetisation curves displayed in

Fig. 5-3 b. Again there is no opening of a hysteresis loop for both samples. In the case of

the multilayer, this means, that the nanowires still do not show a ferromagnetic behaviour

in the upper layers, leading to the question, if the intra-wire interaction is the reason for this

suppression of the ferromagnetism, or if the interaction with the Gr/Ir(111) itself leads to

the ferromagnetic ordering. Another possible explanation could be the increased quantum

magnetic tunneling due to the changed electronic properties, which would lead to a fast decay

time of the magnetic order [166]. While Gr/Ir(111) has proved to strongly decouple adsorbed
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systems from electronic and phononic interactions with the substrate (comp. section 2.4),

Gr/Ir(110) may not provide such strong decoupling. This could lead to a decay of the

global ferromagnetic order within a time scale which is below the one of our measurement.

For the rotated sample, we can state, that the wires also do not show a magnetic ordering

perpendicular to the wires. Focussing on the susceptibility, the multilayer sample displays

similar behaviour to the monolayer, indicating that this magnetic anisotropy arises only due

to the orientation of the nanowires, rather than the interaction with the surface. For the

rotated monolayer, the susceptibility is only slightly higher for grazing incidence. For an

ideal sample, one would expect to have no variation for rotation around the wire axis, but

due to defects at step edges, which leads to wire orientations along [010], the slight increase

for grazing incidence measurements can be explained.
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Electronic properties

In order to reveal further electronic properties, ARPES and XPS measurements have been

performed. Of special interest are the 4f bands of the EuCot nanowires. Theoretical DFT

calculations presented in Fig. 5-4 a predict dispersion along the wire direction (Γ−N). If

experiments could approve this prediction, it would be the first confirmation of dispersion

of bands in 1D organometallic compounds. In Fig. 5-4 b, the experimental ARPES spectra

of EuCot nanowires on Gr/Ir(110) are presented. One broad dominant flat band is visible

at -1.85 eV with a full width at half-maximum of (1.0± 0.2) eV. No dispersion could be de-

tected. One big problem of these measurements is radiation damage. The STM topograph in

Fig. 5-4 c displays the partly destroyed nanowires after scanning the sample for the mea-

surement shown in Fig. 5-4 b, which already significantly reduced the amount of photons

per area. X-ray induced oxidation of 4f metals is also discussed in detail in Appendix A.2.

Figure 5-4.: a DFT band structure of 1 ML of EuCot nanowires along X − Γ−N using an

effective Hubbard U of 3.5 eV. b Angle-resolved photo emission spectrum along

X − Γ−N for 1 ML of EuCot nanowires on Gr/Ir(110) at a photon energy of

110 eV while scanning the sample. c Respective STM topograph after scanning

the sample to limit the photon dose to ≈ 6 ·103 ph
nm2 (150nm×150nm). Adapted

from [163].

Although radiation damage is detected, a vast majority of the wires is still intact, just with

reduced lengths. The flat band can be attributed to the 4f atoms of the Eu. The angle-

integrated ARPES spectrum in Fig. 5-5 a shows a maximum at the flat band position.

By comparing this to the spin-polarized projected density of states of the EuCot nanowires

presented in Fig. 5-5 b we see a good agreement. The comparison of the experimental data

with the DFT calculations also allows extracting the effective Hubbard U that should be

used for DFT calculations of organometallic europium compounds. The best fit is given for

an effective Hubbard U of 3.5 eV.
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Figure 5-5.: a Angle-integrated ARPES spectrum of 4 ML EuCot nanowires on Gr/Ir(110).

b, c Calculated spin-polarized PDOS for 1 ML of b EuCot andc BaCot

nanowires using an effective Hubbard U of 3.5 eV. d XPS spectra of ≈ 10 ML of

EuCot and BaCot nanowires on Gr/Ir(110). a-c adapted, d provided for [163].

To prove experimentally that the origin of the flat band are the 4f electrons of the Eu,

we compared them to BaCot nanowires on Gr/Ir(110). BaCot nanowires have a similar

structure to the EuCot nanowires, but in variation to Eu, Ba has no 4f electrons. The

projected density of states of BaCot nanowires presented in Fig. 5-5 c implies, that no

peak would be expected at around -2 eV. The XPS measurements we performed on EuCot

and BaCot nanowires on Gr/Ir(110) demonstrate that this contribution correlates to the 4f

electrons. The difference is clearly visible in the low energy XPS spectra in Fig. 5-5 d.

While there is a distinct peak in the XPS spectra of the EuCot nanowires on Gr/Ir(110) at

- 2 eV, similar to angle-integrated ARPES data, BaCot nanowires have a rather flat curve

at low energies.

5.2. Variation of Substrate and Ligand for EuCot

Nanowires

As described in section 5.1, changing the substrate and templating a global orientation can

have significant influence on the magnetic properties of EuCot nanowires. In this section,

we will present different approaches to manipulate the magnetic properties of the EuCot

nanowires, from chemical doping and global orientation to magnetically anisotropic sub-

strates and the variation of the organic ligands.
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Variation of the substrate

As mentioned above, the variation of the substrate is one opportunity to manipulate the

magnetic properties of EuCot nanowires. By doping Gr, the electronic potential can be

shifted, which directly influences the nanowire properties. For Gr/Ir(111) Eu doping has

been intensively studied and leads to an n-doping of -1.4 eV [45]. But due to our element-

specific approach, additional Eu in the system would distort our measurement. Therefore a

different approach is used, namely Yb-intercalation. The synthesis of Yb-doped Gr/Ir(111)

works similar to Eu intercalation [149].

Figure 5-6.: a STM topograph of the moiré of Gr with Ir(111) an the (
√
3 ×

√
3)R30° in-

tercalated Yb latice (15 nm× 15 nm). b Contrast-inverted LEED pattern cor-

responding to a at 146 eV primary electron energy. Indicated are Gr, Ir, and

the (
√
3 ×

√
3)R30° superstructure by the guide to the eye. Both adapted

from [149].

Fig. 5-6 a shows an STM topograph of Yb-intercalated Gr/Ir(111). In combination with the

LEED representation provided in Fig. 5-6 b, one can state, that Yb-intercalated Gr/Ir(111)

is a well-ordered template for nanowire growth. The doping level of the graphene has not been

measured but could be roughly estimated by the comparison to Eu-intercalation, which has

a similar intercalation process, differing from the graphene-covered surface alloys presented

in chapter 4. Negative doping of the Gr in the same order can be expected.
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Another intriguing template that allows global orientation of EuCot nanowires with smaller

impact on the electronic structure is Gr/Ir(332) [167]. While a bare Ir(332) surface consist

of small regular terraces along the [1̄10] direction, the situation changes upon Gr adsorption.

Due to the energetically favoured adsorption of Gr on Ir(111), large terraces Gr/Ir(111) form

along the [1̄10] direction, accompanied with (331) facets. In Fig. 5-7 this transition can be

observed. While Fig. 5-7 a-c display the experimental STM data, Fig. 5-7 d visualizes the

transition with a ball model.

Figure 5-7.: Two differentiated STM images of the Ir(332) surface partially covered with

Gr. The top part shows the bare Ir(332) surface, whereas the bottom part

displays graphene-covered part. b STM topograph of a graphene-covered region.

c Respective differentiated image. The lines indicate the dominant (111) and

(331) facets. d Ball model indicating the restructuring of the surface after Gr

growth. Adapted from [167].

It has been observed that EuCot nanowires on Gr/Ir(110) preferably orient along step edge

bundles. Making use of this, growing EuCot nanowires on Gr/Ir(332) could combine the

properties of large Gr/Ir(111) terraces with the globally-oriented wires of the growth on

Gr/Ir(110). Of course, large areas of the sample are also covered with the Ir(331) facets, on

which the growth behaviour of the EuCot nanowires is not known.

To reveal the influence on the magnetic properties of these substrates on EuCot nanowires,

XANES and XMCD measurements have been performed. The sample on Gr/Ir(332) was

mounted in that way, that grazing incidence measurements would be conducted along the

expected wire direction.
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Figure 5-8.: a XANES and XMCD of EuCot nanowires on Gr/Ir(332) and Yb-intercalated

Gr/Ir(111) for grazing incidence at a temperature of 3 K and a magnetic

field of 6.8 T. b Respective magnetisation curves at 3 K for normal (0°) and

grazing (60°) incidence normalised to the magnetisation at 6.8 T.

Fig. 5-8 a presents the XANES and XMCD spectra of the EuM4,5 edges of EuCot nanowires

on Gr/Ir(332) and Yb-intercalated Gr/Ir(111). Similar to the spectra shown above, there

is neither a significant difference in the XANES, nor in the XMCD. Both samples display

no significant change in their electronic structure and are fully saturated. More interesting

are the magnetisation curves displayed in Fig. 5-8 b. Again, both samples do not show

an opening of the hysteresis curve at 3 K. The Yb-intercalated sample shows no significant

difference between normal and grazing incidence. The susceptibility is equal to the one of

EuCot nanwires on Gr/Ir(111). One can state, that doping the Gr substrate suppresses the

ferromagnetic order while having no influence on the susceptibility.

In the case of EuCot on Gr/Ir(332), we see a difference between normal and grazing incidence

similar to the ordered nanowires on Gr/Ir(110). Therefore we can assign this behaviour to

the global orientation of the nanowires. But again, no opening of the hysteresis curve could

be detected. One may think, that the ordered nanowires on the large terraces should behave

similar to the ones on Gr/Ir(111), but the exact behaviour of the nanowires on Gr/Ir(332)

has not been investigated yet. In addition, it could be plausible, that additional charge is

present at these (111) terraces, due to the interaction with the neighbouring (331) facets. In

order to get a deeper understanding of this system, further investigations are needed.
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We have also studied different graphene-covered 4f -surface alloys as substrate for nanowire

growth. The graphene-covered Dy surface alloy has been studied intensively and provides a

magnetic strongly anisotropic substrate. An open question is if we see an interaction between

this magnetically anisotropic substrate with the magnetic properties of the EuCot nanowires,

as it has been shown for comparable systems, in which a magnetic substrate could induce

magnetic order and drive a transition in single-molecule magnets [14]. In our case the easy

axis of the substrate lays in-plain, which is similar to the ferromagnetic ordering of EuCot

nanowires on Gr/Ir(111).

Fig. 5-9 a displays the LEED pattern of the graphene-covered Dy surface-alloy. This

system has been described in detail in section 4.3. EuCot nanowires are grown on top of this

substrate, represented by the EuCot specific ring pattern highlighted in Fig. 5-9 b. These

LEED measurements have been taken directly prior to the XMCD measurements.

The STM topograph in Fig. 5-9 c displays the random orientation of EuCot nanowire islands

on Gr/Dy/Ir(111). Also on this substrate, the well ordered wire-carpets form preferably

monolayer islands with a small fraction of double layers, as visible in this overview image.

Figure 5-9.: a Contrast inverted LEED pattern of a graphene-covered Dy surface alloy on

Ir(111) at 100 eV primary electron energy taken at the VEKMAG endstation.

b Contrast inverted LEED pattern at 35 eV primary electron energy after the

growth of EuCot nanowires on the sample represented in a. The arrow points at

the ring representing the EuCot nanowires on Gr/Dy/Ir(111). c STM topograph

of EuCot nanowire islands on Gr/Dy/Ir(111) (200nm×200nm). The tunneling

parameters are UB = -2.60 V, IT = 2.6 · 10−11 A.

The results of the synchrotron-based measurements are presented in Fig. 5-10. It is impor-

tant to mention, that these measurements have been performed at the VEKMAG endstation

at BESSY II. A lower energetic resolution compared to the measurements at the X-Treme

Beamline at the SLS is given by the experimental setup. In addition, a reduced degree of

polarisation is caused by the bending magnet, which is the source of the X-rays at that

beamline [146]. This is relevant for the XMCD signal, which reduces the overall XMCD
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intensity. And at last, measurements of magnetisation curves of Eu show major problems

at the VEKMAG endstation. The origin of this behaviour is not clear. Interestingly, this

complication is also present at the DEIMOS endstation at SOLEIL.

Figure 5-10.: XANES and XMCD of the M4,5 edges of Eu a and Dy b of EuCot nanowires

on a graphene-covered Dy surface alloy for normal (0°) and grazing (60°) inci-
dence at a temperature of 3 K and a magnetic field of 6.8 T. (c,d) Respective

magnetisation curves at 3 K for normal (0°) and grazing (60°) incidence nor-

malised to the magnetisation of the respective sample at 6.8 T.

Fig. 5-10 presents the XANES and XMCD (a, b), as well as the magnetisation curves

(c, d) of EuCot nanowires on graphene-covered Dy surface alloy. The XANES of the Eu

M5 edge for grazing incidence in Fig. 5-10 a displays a small shoulder at higher binding

energies. This is an indication for slight oxidation of the EuCot nanowires, as this shoulder

belongs to the Eu 4f 6 configuration [168]. One should mention, that the base pressure of

the measurement chamber was in the order of 10−9 mbar, which is much worse compared

to our other experimental setups. Nevertheless, the influence is neglectable and due to the

non-magnetic 4f 6 state, there is no relevant influence on the magnetic properties. In contrast
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to this, the Dy presented in Fig. 5-10 b shows a strongly anisotropic behaviour. Although

explained in detail in section 4.3, the Dy seems to exhibit an even stronger anisotropic

behaviour, compared to Gr/Dy/Ir(111). That could be explained by the additional layer

of EuCot nanowires on top of the Gr. A deeper understanding of this question could be

provided by the magnetisation curves of Eu and Dy.

The issues of Eu measurements at this beamline have been mentioned above. Nevertheless,

reliable data for grazing incidence measurements could be presented in Fig. 5-10 c. There is

no opening of a hysteresis loop visible. By comparing the susceptibility χ60 = α(1.15±0.13)

with the situation on Gr/Ir(111), we see a drastic increase. The EuCot nanowires on the

graphene-covered surface alloy have even a higher susceptibility than the ordered wires on

Gr/Ir(110) (there is an overlap of the errors), although the wires are not globally oriented

on this substrate. The change in susceptibility can not be explained by the doping level,

as shown by the Yb-intercalation, which induces no change in the magnetic susceptibility

and therefore this is a strong indication of a magnetic interaction of the EuCot nanowires

with the graphene-covered Dy surface alloy. For normal incidence, an interpretation is not

possible due to the data quality.

Having a look at the Dy magnetisation curves in Fig. 5-10 d we see similar behaviour to the

graphene-covered Dy surface alloy. While there is a large magnetisation in the surface plane,

the magnetisation normal to the surface is even smaller than for the case without EuCot

nanowires on top. This increase in anisotropy could also be attributed to the magnetic

interaction between the Dy atoms and the EuCot nanowires.
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Variation of the molecule

Another approach to manipulate the magnetic properties of the Eu-based nanowires is the

variation of the ligand. By adding methyl groups to Cot molecules, one can not only change

the separation between the different wires. It also changes the charge distribution within

the molecule, due to carbon bonds of the methyl group, that replaces a hydrogen atom. It is

also important to check the aromaticity, as it is crucial for nanowire growth. But of course,

one can think of stronger changes, e.g. by adding chlorine atoms, but the limits of chemistry

have to be taken into account.

One available molecule is, as described above, 1,3,5,7-tetramethyl cyclooctatetraene, short

TM-Cot. It consists of four evenly distributed methyl groups at the corners of the Cot

molecule. How these changes influence the wire growth is depicted in Fig. 5-11.

Figure 5-11.: a STM topograph of Eu-TM-Cot wire islands on Gr/Ir(111) (65 nm× 65 nm).

b Molecular-resolution STM topograph of a Eu-TM-Cot wire island on

Gr/Ir(111) (12 nm × 20 nm). c STM topograph of Eu-TM-Cot wires on

Gr/Ir(110) with oxidised Eu piles, taken at the X-Treme endstation (SLS)

(82 nm× 24 nm). a and b adapted from [149].

Fig. 5-11 a displays an overview STM topograph of Eu-TM-Cot nanowire islands on

Gr/Ir(111). Similar to EuCot nanowires on Gr/Ir(111), they form randomly oriented mono-

layer wire islands. The molecular resolution STM topograph in Fig. 5-11 b reveals differ-

ences, caused by the different ligands. The apparent height of the wires exhibits an intensity

variation along the wire, which could be caused by different orientations of the methyl groups

of the ligand. The inter-wire distance is significantly increased to (10±1) Å, compared to Eu-

Cot nanowires on Gr/Ir(111). The apparent island height is also increased, which indicates
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a larger separation of the Eu atoms from the substrate. In order to understand the change

induced by the new ligands, XANES and XMCD measurements have been performed. The

STM topograph in Fig. 5-11 c displays the sample, grown at the X-Treme endstation. Two

structures are visible. On the one hand, mostly well-oriented wires that cover a large fraction

of the surface, and on the other hand piles of oxidised Eu. The reason for the oxidation is

not clear, but we will explain below, how we are still able to extract the magnetic properties

of the nanowires.

To understand how we analysed the spectra presented in Fig. 5-12, it is important to

mention, that oxidised Eu (Eu2O3) has an electron configuration of 4f 6, which is a completely

non-magnetic state, as spin and orbital moment cancel each other. We measured the M4,5-

edge of Eu oxide on Ir(111) before, which enabled us to separate the 4f 6 and 4f 7 contributions

in our spectra.

Figure 5-12.: XANES and XMCD of the Eu-TM-Cot on Gr/Ir(110) sample measured at

the SLS compared to a sum of Eu2O3/Ir(111) and an EuCot/Gr/Ir(110) in

order to disentangle their contributions. The summands are indicated with

thin lines.

To do so, a fit consisting of the spectra of EuCot nanowires on Gr/Ir(110) and the Eu oxide

on Gr/Ir(111) is applied, in which the weight of the components is chosen that way, that

the difference between the experimental spectra of the Eu-TM-Cot nanowires on Gr/Ir(111)

and the fit is minimal. On the one side, this allows us to separate the oxide contribution and

allows us to analyse the XANES and XMCD of the nanowires. The fit indicated as dotted

lines fits very well for XANES and XMCD. That leads to the conclusion, that there are no

significant differences in the XANES of EuCot and Eu-TM-Cot nanowires. In addition, we

can state that the Eu-TM-Cot nanowires are also fully saturated at 6.8 T and 3 K.
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Figure 5-13.: Magnetisation curves of the Eu-TM-Cot sample on Gr/Ir(110) for normal (0°)
and grazing (60°) at a temperature of 3 K. The dotted grey lines indicate the

magnetisation curves of EuCot on Gr/Ir(110) as a comparison.

The magnetisation curves presented in Fig. 5-13 describe the magnetic properties of the Eu-

TM-Cot nanowires only, as Eu 4f 6 has no contribution to the XMCD signal. In comparison,

the curves of EuCot nanowires on Gr/Ir(110) are added. The comparison shows immediately

that there is no significant difference between both curves. This states, that the separation of

the wires, as well as the different charge distribution in the ligand, do not have a significant

influence on the magnetic properties. Also, they do not lead to an opening of a hysteresis

loop.

Changing the ligand from Cot to TM-Cot may lead to a structural change, but to significantly

improve the magnetic properties, nanowires with different molecules have to be evaluated.

One interesting molecule would be Borata-Cot, which is theoretically proposed to introduce

half-metallicity and a stronger ferromagnetic coupling into the EuCot system [105].
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5.3. Thulium-Cyclooctatetraene Compounds

After the discussion of Eu-based nanowires in the previous sections, a new 4f -metal is

introduced in these organometallic compounds. Tm forms a number of different structures

with Cot. In this chapter, we will describe TmCot dots, TmCot double deckers, TmCot coffee

beans, and TmCot nanowires. The synthesis and the structure of these systems are described

in detail in Ref. [164]. As a relevant background to the element-specific measurements

presented in this section, these systems are introduced briefly in the following.

Fig. 5-14 displays two of these systems, TmCot dots and TmCot double deckers. A

schematic sketch of them is presented in Fig. 5-14 a. On the left-hand side, TmCot double

deckers are presented. The name is given by the two Cot molecules, which bind to the Tm

atom in between, leading to a formula unit of Tm1Cot2. As indicated these molecules do

not bind to the substrate chemically. This statement will be discussed in more detail below.

On the right-hand side, TmCot dots are sketched. In this case, the Tm sits between the Gr

and the Cot atom sits on top of this Tm atom. The adsorption energy of this structure is

much larger compared to the double deckers. Nevertheless, the imaging of the dot phase is

only possible at very low temperatures.

Such an STM topograph is presented in Fig. 5-14 b. The dots appear as bright protrusions.

The separation is rather regular and matches the Gr/Ir(111) moiré lattice. The separation

indicates, that the dots are charged and repel each other. In the close-up scan presented in

the inset, a ring-like feature can be obtained, which is attributed to the Cot ring. The line

profile in Fig. 5-14 f shows the dip central above the dot.

In contrast to the dots, the double decker molecules can not be prepared and studied at

room temperature, as they desorb at these temperatures. Therefore double deckers can

only be prepared by evaporating Tm in a thick layer of adsorbed Cot molecules on a sub-

strate cooled below the desoption temperature. Such preparation is shown schematically

in Fig. 5-14 c. The random oriented Tm double deckers are embedded in the thick layer of

Cot adsorbed on Gr/Ir(111).

The desorption mentioned above has been studied by thermal desorption spectroscopy (TDS).

The TDS spectra for two different amounts of Tm evaporated into a thick layer of adsorbed

Cot molecules in Gr/Ir(111) is presented in Fig. 5-14 d. Independent of the amount, a des-

orption peak arises for the mass of the TmCot double deckers (377 amu) at a temperature of

(157± 2) K, which represents the desorption of TmCot double deckers. In contrast to this,

a similar TDS measurement of TmCot dots on Gr/Ir(111) for the masses of the TmCot dots

and the TmCot double deckers (273 amu and 377 amu) do not exhibit any desorption peak,

as presented in Fig. 5-14 e. With this, we can conclude that TmCot dots do not desorb at

temperatures up to 1000 K. This supports the idea of the van-der-Waals type of binding for

the TmCot double deckers, whereas the dots are chemically bound to the substrate.
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Figure 5-14.: a Schematic side view sketch of TmCot double decker (left) and TmCot dot

(right) on a Gr/Ir(111) substrate. b STM topograph of TmCot dots after

deposition of 0.08 ML Tm in Cot vapor on a Gr/Ir(111) substrate at 20 K

(25nm×25nm). The inset shows a magnified view of the dots (3.6nm×3.6nm).

The blue line indicates the height profile displayed in f. c Schematic side

view sketch of TmCot double decker formation after deposition of Tm into a

thick layer of adsorbed Cot molecules on Gr/Ir(111) at 20 K. d Temperature-

programmed desorption of sample created in c. A mass of 377 amu charac-

teristic for TmCot double deckers is detected with a heating rate of 10 K/s

for two different amounts of Tm. e Temperature-programmed desorption of a

TmCot dot sample after the deposition of 0.18 ML Tm with a rate of 10 K/s

for the masses 273 amu and 377 amu corresponding to dots and double decker.

f STM height profile over TmCot dot indicated in the inset in b. All adapted

from [164].
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Fig. 5-15 a presents XANES and XMCD spectra of TmCot dots on Gr/Ir(111). The M4,5-

edges of Tm, measured at low temperatures and a magnetic field of 6.8 T, indicate a 4f 12

electron configuration and show an anisotropic behaviour. The XANES for normal incidence

reflects a narrow peak, whereas the grazing incidence measurement has a strong shoulder at

lower energies, indicating strong linear dichroism. The M4-edge is very small and cannot be

distinguished from the noise. The noise level can be explained by the wide separation of the

dots, leading to a Tm coverage of the surface of around 1% of a MLIr.

Figure 5-15.: a XANES and XMCD spectra of the M4,5-edges of Tm of TmCot dots on

Gr/Ir(111) for normal (0°) and grazing (60°) incidence at a temperature of

3 K and a magnetic field of 6.8 T. b Respective magnetisation curves at 3 K

for normal (0°) and grazing (60°) incidence, normalised to the normal magneti-

sation at 6.8 T. c Respective XANES and XLD spectra of the TmCot dots on

Gr/Ir(111) for normal (0°) and grazing (60°) incidence at a temperature of 3 K

and a magnetic field of 6.8 T. d XANES, XLD, and XMCD spectra of TmCot

double decker on Gr/Ir(111) for normal (0°) and grazing (60°) incidence at a

temperature of 3 K and a magnetic field of 6.8 T (0.05 T for the XLD).

The XMCD signal displays also a strong magnetic anisotropy. The easy axis sits out-of-

plane along the Tm-Cot binding axis, similar to the anisotropy in the EuCot wires, which
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has their easy axis along the Eu-Cot binding as well. Evaluating the sum-rules results in

µS−6⟨TZ⟩ = −3.82 µB and µL = −3.82 µB for normal incidence and µS−6⟨TZ⟩ = −2.52 µB

and µL = −2.52 µB for grazing incidence. The similar values are caused by the indistinguish-

able M4-edge. Nevertheless, the dipolar term ⟨TZ⟩ is very relevant for Tm, as also discussed

in chapter 4.4. Including ⟨TZ⟩, which have been calculated by multiplet calculations to be

⟨TZ⟩ = −0.303 for normal incidence and ⟨TZ⟩ = −0.199 for grazing incidence, the moments

change to µS = −2.01 µB and µL = −3.82 µB for normal incidence and µS = −1.32 µB and

µL = −2.52 µB for grazing incidence.

This large anisotropy is also represented in the magnetisation curves in Fig. 5-15 b. Both

curves display a paramagnetic behaviour and no opening of a hysteresis loop can be identified

outside the noise level. The curve saturates between 2 T and 3 T. An insight on the electronic

properties is given by the XLD measurements, presented in Fig. 5-15 c. A higher photon

flux allowed a much better signal to noise ratio. By comparing the XANES for normal and

grazing incidence, a similar behaviour to the XANES depicted in Fig. 5-15 a is present.

The extremely large XLD signal for grazing incidence implies a really strong out-of-plane

charge anisotropy, while the signal is neglectable in-plane. The strong charge anisotropy of

the 4f -shell is in line with the binding of the Tm atoms to the surface and the molecule. This

is a clear indication, that there is a relatively strong interaction between the binding and

the 4f -electrons. This contributes to the discussion if the 4f -electrons are so localised, that

there is no significant interaction with the surrounding of the atoms. In line with the results

presented in chapter 4, we can state, that there is a significant influence of the surrounding

on the 4f -electrons, e.g. by hybridising with the 5d-states [164].

Fig. 5-15 d presents the experimental spectra of TmCot double deckers. The preparation

at the beamline was tricky, as the sample needed to be below 150 K for the whole transfer

process between the preparation chamber and the cryostat. The XANES indicates a clear

4f 12 state and is isotropic, also represented in the neglectable XLD signal. It is important

to mention, that this is not clear information about the single molecule itself but rather

attributed to the random orientation of the TmCot double decker within the thick Cot

layer (compare Fig. 5-14 c). The averaged magnetisation determined by the sum-rules is

µS −6⟨TZ⟩ = −2.10 µB and µL = −2.33 µB and including ⟨TZ⟩ = −0.184 from the multiplet

calculation, the moments are given as µS = −1.00 µB and µL = −2.33 µB.

Besides the TmCot dots and TmCot double deckers described above, there are additional

TmCot compounds. Further increasing the TmCot density by evaporating larger amounts

of Tm in Cot background pressure on Gr/Ir(111) leads to the nucleation of so-called coffee-

bean island, which are named after their apparent structure. The STM topograph in

Fig. 5-16 a depicts the two coexisting phases. The inset presents the molecular resolu-

tion. Such a coffee bean consist of 12 Tm atoms, but the exact structure could not be

determined.
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Figure 5-16.: a STM topograph of TmCot dots in coexistence with coffee-bean phase islands

after deposition of 0.14 ML Tm in Cot vapor (80 nm × 80 nm). The inset

displays the molecular resolution of the coffee-beans (7.5nm×7.5nm). b STM

topograph of TmCot nanowires after deposition of 0.12 ML Tm in Cot vapour

on Gr/Eu/Ir(111) at a temperature of 300 K (35nm×35nm). c STM topograph

of a sample similar to b, but synthesized at 350 K (35 nm × 35 nm). The

inset presents the molecular resolution of the sandwich-molecular nanowires

(4.2nm×1.5nm). The intra- and interwire repeat distances are indicated and

a ball model is overlayed indicating the unit cell. All adapted from [164].

More interesting are the structures presented in Fig. 5-16 b and c: TmCot nanowires. As

mentioned in section 5.1, Cot molecules need to accept two electrons to be aromatic and

therefore allow wire growth. In the structures presented above, Tm exhibits a 3+ oxidation

state, which is the favoured configuration of Tm [107]. In order to allow wire growth, Tm

has to be in a 2+ oxidation state. By n-doping the substrate, the reaction path of Tm

can be changed. While there are coffee beans forming on Gr/Ir(111), exclusively nanowires

are formed on Eu-intercalated Gr/Ir(111), because the initial formation of TmCot dots is

prevented. This intriguing change of the reaction path is also backed by DFT calculations,

which imply that the adsorption energy of the dots is increased from -2.16 eV to -1.51 eV by

the additional charge of the Gr provided by Eu intercalation [164]. With a wire formation

energy gain of -2.11 eV per formula unit, this change in adsorption energy allows the wire

growth [164].

The STM topograph in Fig. 5-16 b presents a wire island after the growth of nanowire

islands on Gr/Eu/Ir(111) at room temperature. Wires with random orientation and partial

double-layer island are present. Increasing the growth temperature to 350 K and optimising

Tm/Cot flux ration leads to islands with larger domains, as depicted in Fig. 5-16 b. The

inset shows the molecular resolution of the nanowires.

It would be of special interest, to experimental proof the transition from the 3+ to the 2+

oxidation state of Tm. One option would be XPS measurements, but Tm 3d5/2,3/2 edges are
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just above the excitation energy of a standard Al Kα cathodes. Obviously, XANES would be

a perfect method to analyse changes in the electronic structure. The limitation is hereby the

very sensitive nature of the TmCot nanowires. As the doping of the graphene forces the Tm

into the 2+ oxidation state, any interaction with oxygen immediately oxidises the wires into

their favoured 3+ state. Such a transition can be caused by non-perfect UHV conditions.

Figure 5-17.: a Contrast inverted LEED pattern of TmCot nanowires on Gr/Ir(111) at 40 eV

primary electron energy and a temperature of 30 K. b Contrast inverted LEED

pattern of the sample shown in a after exposure to 1 ·10−7 mbar air for 15 min

at 40 eV primary electron energy and a temperature of 30 K. c Contrast

inverted LEED pattern of TmCot nanowires on Gr/Ir(111) at 30 eV primary

electron energy at a temperature of 100 K taken at the preparation chamber

of the VEKMAG beamline. The black arrows indicate the ring-like features

of the TmCot nanowires. a and b taken from [169].

The experiments presented in Fig. 5-17 a and b visualizes the effect of non-perfect UHV

conditions on the TmCot nanowires. The LEED pattern in Fig. 5-17 a displays a ring

structure, which indicates well ordered TmCot nanowires. After the exposure to 1·10−7 mbar

air for 15 min, the rings vanished and therefore the wires oxidised and measurement would

result in a 3+ oxidation state of Tm.

Fig. 5-17 c represents a sample that was grown at the preparation chamber of the VEKMAG

beamline at BESSY II. The clear ring indicates a successful wire growth. The measurement

showed an 4f 12 electronic state, but there were no indications for intact nanowires after the

measurement. Transfers in the order of 20 min are necessary at all beamlines with separate

preparation chambers. But there is one exclusion. The preparation chamber at VEKMAG

has the option, to measure XANES spectra right in the preparation chamber without needing

a transfer. But sadly, this option was broken and therefore not available at our beamtime,

so we were not able to measure intact TmCot nanowires.
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5.4. Conclusion and Outlook

In this chapter, we investigated and manipulated the element-specific magnetic and electronic

properties of EuCot nanowires by inducing global order, shifting the chemical potential,

interaction with a magnetic anisotropic substrate, and by varying the organic ligand.

By ordering EuCot nanowires globally by utilising the anisotropic substrate Gr/Ir(110), the

magnetic easy axis of the wires could be revealed, which lies along the wires. Although

the wires display a similar electronic structure and are also magnetically saturated at high

fields and low temperatures, an opening of the hysteresis curve as presented in Ref. [18] for

EuCot nanowires on Gr/Ir(111), could not be detected, whereas the opening of the hysteresis

on Gr/Ir(111) could be confirmed. Even for ordered multilayers of EuCot nanowires on

Gr/Ir(110) no ferromagnetic order could be observed.

The globally ordered sample allowed first APRES measurements on EuCot nanowires and

therefore 1D organometallic compounds in general, which revealed a broad flat band at

−1.85 eV, but no dispersion of this band. XPS measurements of EuCot nanowires and BaCot

nanowires proved experimentally, that this flat band can be assigned to the 4f -electrons.

The influence of the Gr doping level on the ferromagnetic order of EuCot nanowires is

addressed by the measurement of EuCot nanowires on Yb-intercalated Gr/Ir(111). While

there is no change in the electronic properties or the magnetic susceptibility compared to

EuCot nanowires on Gr/Ir(111), there is no ferromagnetic order at 3 K. This indicates,

that the ferromagnetic order is suppressed by the additional charge available. This could be

either caused by the doping level of the graphene, for which DFT calculations suggest an

increased ferromagnetic coupling for p-doping [170]. Or the increased interaction with the

substrate due to the additional charge carriers would lead to a fast decay of the ferromagnetic

state [5], which could also explain the missing ferromagnetic order on Gr/Ir(110). A simple

experiment to answer this question would be XMCD measurements of EuCot nanowires on

p-doped Gr/Ir(111), e.g. by chlorine doping [171].

The investigation of EuCot nanowires on Gr/Ir(332) tried to combine the order of Gr/Ir(110)

with small terraces of Gr/Ir(111). The measured susceptibility indicates, that aligning along

the step edges is possible. But again, no ferromagnetic order has been detected. In order to

get a better understanding of this system, structural investigations should be performed.

By combining the magnetically strongly anisotropic substrate of a graphene-covered Dy

surface alloy with EuCot nanowires grown on top, the magnetic interactions of the nanowires

with a magnetic substrate could be studied. The interaction leads to the highest measured

susceptibility along the wires of all samples measured, indicating a coupling constant J > 0

between the Eu and the Dy, which also has its easy axis in-plane. This shows the potential

of such surface alloys, to manipulate the magnetic properties of any structure grown on top,

which may be useful for spintronic applications.

The variation of the ligand, namely replacing Cot by TM-Cot has some influence on the

structure, e.g. an increased inter-wire distance, but the influence on the electronic and



92 5 Nanowires and Organometallic Compounds

magnetic properties of the Eu is negligible. This proves that the inter-wire interaction in

EuCot nanowire carpets does not play a significant role, at least for the probed molecules.

Nevertheless, the influence on the Eu could significantly change, if stronger changes are

applied to the molecule, e.g. by adding chlorine instead of hydrogen. But of course, the

availability of such molecules, as well as the ability to form nanowires, limit possible future

experiments.

From the Tm compound discussed in this chapter, TmCot dots are of special interest. First

of all, they exhibit a very strong out-of-plane anisotropy. When looking for high-density

storage devices, such out-of-plane anisotropy is favoured. Next, the 4f shell of Tm displays

a very strong anisotropy in the binding axis, expressed by the large XLD signal. This in-

dicates a strong interaction between the 4f states and the local surrounding of the atom.

While textbooks describe 4f states as strongly localised and therefore shielded by the outer

electrons, the discussion about interaction and hybridisation has gathered more attention

lately [172]. DFT calculations already indicate 4f − 5d hybridisation for the TmCot dots

on Gr/Ir(111) [164], but these XLD results are a strong experimental indicator for such

interaction. At last, such systems are just in the gap between single-molecular magnets [59]

and single-atom magnets on Gr/Ir(111) [155], which could lead to very interesting proper-

ties. Therefore investigating other lanthanide-Cot dots on Gr/Ir(111) could introduce a new

window for high-density data storage applications, but also introducing Cot molecules on

more stable structures like the 4f surface alloys could lead to extremely interesting magnetic

properties, that are worth exploring.

The change of the reaction path of TmCot on Gr/Ir(111) by doping, leading to TmCot

nanowires on n-doped Gr is interesting. It would be desirable, to explore the magnetic

properties and experimentally prove the change of the oxidation state. This could be realised

by using a Cu Kα anode at an in-situ XPS set-up or having access to a properly working

VEKMAG endstation.
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In this work, we explored a variety of different low-dimensional 4f systems, reaching from

the 4f surface alloys in chapter 4 to the metalloorganic systems in chapter 5. We investi-

gated the synthesis and the structure of these systems and focused on the element-specific

investigation of the electronic and magnetic properties of the relevant 4f elements. By com-

bining this experimental approach with ab initio and ligand field multiplet theory, we gained

a comprehensive understanding of these systems.

In chapter 4, we established the synthesis of 4f Ir surface alloys and graphene-covered 4f

surface alloys. Our LEED and STM measurements revealed the structure of these systems,

including the surface alloy formation at high temperatures. Ab initio calculations supported

the experimental finding and proposed a graphene-induced selective skyhook effect, i.e. a

selective lifting of the 4f metals out of the surface alloy. It also proposes a massive increase of

the coupling constant upon Gr adsorption, which has so far only been reported theoretically

for 3d metals. Using synchrotron-based XANES and XMCD measurements, we revealed a

massive increase of electronic and magnetic anisotropy in the 4f shell, due to the selective

skyhook effect. A ferromagnetic order could not be shown, but due to the negligible in-plane

anisotropy, a coercive field far below our experimental error is expected. Future MOKE

measurements are planned and will show if a ferromagnetic order arises upon Gr adsorption.

Based on our DFT based crystal field model employed for our multiplet calculation, we

provided experimental proof of the proposed skyhook effect, by utilizing XLD measurements.

Extending the variety of systems by including other 4f elements allowed us to generalize the

selective skyhook effect, as all the probed systems showed a lifting of the 4f metals. We also

see a general trend of Gr adsorption favouring in-plane magnetisation of the 4f elements,

while increasing 4f occupancy changes the easy-axis systematically from in-plane for Tb

(4f 8) to out-of-plane for Tm (4f 12). Our multiplet approach also allowed us to determine the

dipolar term TZ systematically. XPS measurements of these systems displayed an n-doping

of the adsorbed graphene, which is independent of the 4f species used. In combination

with the structural intact graphene, this system provides a platform with tunable magnetic

anisotropy for possible spintronic applications.

Such possible building blocks for spintronic application have been investigated in chapter 5.

EuCot nanowires, which have been proved to be ferromagnetic insulators on Gr/Ir(111),

may be used as spin filters. In our work, we studied the influence of different substrates on

these systems. While inducing global orientation by utilizing the newly introduced substrate

Gr/Ir(110) (comp. A.1) increases the susceptibility due to the alignment and therefore proves,



94 6 Summary

that the easy axis lies along the wires, no ferromagnetic order could be measured. By

doping the Gr/Ir(111) substrate, we could show, that the ferromagnetic order is lost upon

changes in the electronic structure of Gr. We attribute this change to the loss of the close

to free-standing Gr properties on Ir(111) and therefore the loss of its insulating properties.

Similar behaviour could be seen for Gr/Ir(332) and Gr/Dy/Ir(110). The interaction with the

anisotropic graphene-covered Dy surface alloy revealed a strong increase of the susceptibility,

providing the first proof of our concept of magnetically manipulating adsorbed systems,

relevant for future spintronic applications. It also proved that the on-surface synthesis is

not hindered by the underlying surface alloy. However, a change of the reaction path by Eu

intercalation could be shown for TmCot compounds. On the one hand, TmCot dots which

form on pristine Gr/Ir(111) display a massive electronic and magnetic anisotropy which is

of special interest for the understanding of 4f magnetism and in combination with its out-

of-plane easy axis, provides a very promising system, to be investigated in further studies.

On the other hand, TmCot nanowires form on Eu doped Gr/Ir(111), similar to the EuCot

nanowires. Sadly, we were not able to study TmCot nanowires by the means of XANES and

XMCD.

Concerning future projects, the main focus lies on the 4f surface alloys. Besides the use

as a substrate with tunable magnetic properties, adsorption of different systems onto the

bare surface alloy could lead to promising systems, e.g. Cot adsorption could introduce a

regular array of slightly coupled moments with similar properties as the dot phase. But the

dot-phase itself could show intriguing properties upon the variation of the 4f element. One

could think of single-molecular magnets, ordered with respect to the Gr moiré. In general,

the understanding of 4f magnetism combined with the establishment of new nanosized

organometallic systems paves the road for future energy-efficient spintronic devices.



A. Scientific Appendix

A.1. Graphene on Ir(110)

The work presented in this section is based on S. Kraus, F. Huttmann, J. Fischer,

T. Knispel, K. Bischof, A. Herman, M. Bianchi, R. Stan, A. Holt, V. Caciuc,

S. Tsukamoto, H. Wende, P. Hofmann, N. Atodiresei, and T. Michely. Single-

crystal graphene on Ir(110) [37]. Although my contribution to this publication

was limited to beam time support, Gr/Ir(110) has been intensively used in this

work (compare section 5.1 and 5.2). Therefore, the growth process will be de-

scribed briefly and additional XPS measurements are presented.

The Ir(110) surface is energetically less stable than e.g. the Ir(111) surface, which leads to a

surface reconstruction. Surface reconstructions have already been introduced in section 5.2.

The clean Ir(110) surface is faceted, consisting of (331) and (331̄) facets. Due to the faceting,

besides the reactivity of the bare metal, this surface is not favourable for on-surface synthesis.

The faceting can be suppressed by oxygen adsorption during the cool-down process. Another

option to prevent faceting is the growth of Gr.

Fig. A-1 a presents an overview STM topograph of Gr/Ir(110). It displays large terraces

of Gr/Ir(110) with step-edges bundles between them, as indicated in the height profile.

Fig. A-1 b shows an atomic scale STM topograph. The Gr is well ordered and has no

other domains. To obtain single-domain Gr, growth temperatures as high as T = 1500 K are

necessary. The lower growth temperature T = 1300 K leads to the formation of two-domain

Gr. The high order of Gr/Ir(110) is also represented in the LEED pattern in Fig. A-1 c.

The reflections of Gr and Ir(110) are indicated by circles, as well as the primitive moiré

translations. There are no rotated domains visible in this pattern.

The well-ordered substrate in combination with its two-fold symmetry makes Gr/Ir(110)

an ideal template for globally ordered structures, as thoroughly discussed in section 5.1. A

question which arises is, how the strong interaction of the substrate with Gr, in contrast to

Gr/Ir(111), influences the properties of the Gr and adsorbed species. This can be answered

by theoretical DFT calculations, as well as experimental photoelectron spectroscopy.
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Figure A-1.: a Large scale STM topograph on Gr/Ir(110) (700nm×700nm). The [11̄0] and

[001] directions are indicated in the corner. The green line indicates the height

profile displayed below. b Atomic resolution STM topograph (10 nm× 10 nm).

The commensurate superstructure cell is presented in blue, the moiré unit cell

in black. The inset shows the Gr and Ir(110) unit cell (3 nm × 3 nm). These

indications are also represented in c LEED pattern of Gr/Ir(110) at 76 eV

primary electron energy. Adapted from [37].

Fig. A-2 represents the results of the DFT calculations. The charge-density difference

(CDD) plots indicate the changes throughout the unit cell. Without going into detail, a

strong interaction of the Gr with the Ir(110) is visible, at least for trough t1 and the average.

Figure A-2.: a, b CDD plots in the a trough and b crest locations. c CCD average over the

entire superstructure unit cell projected onto a plane along the [11̄0] direction.

d Ball model representation of the DFT supercell of Gr/Ir(110). The red lines

indicate the charge density difference cuts. Adapted from [37].
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t and c belongs to the troughs and crest of the wave pattern of Gr/Ir(110). This is in strong

contrast to Gr/Ir(111). Having a detailed look at the average in Fig. A-2 c, additional

charge is present just above the C atoms, which indicates a non-negligible sp3 character of

the bonding. The influence of this significant change in the carbon properties can be further

analysed by electron photoemission experiments.

Figure A-3.: a DFT partial Gr density of states (DOS) on Ir(110) (black line and grey

shade). The blue line indicates the Gr partial DOS projected on the Gr π

system and as a comparison the DOS of freestanding Gr. b Angle-resolved

photoemission spectrum along Γ−K of Gr/Ir(110). Adapted from [37].

The DFT-calculated DOS presented in A-3 a highlights the significant difference of the Gr

partial DOS on Ir(110) to freestanding Gr, which can be explained by the strong interaction

with the substrate. The ARPES measurement presented in Fig. A-3 b supports this inter-

pretation, as there is no Dirac cone at the K point and no feature, that could be related to Gr

π bands expected from the DFT calculation. Such a big change in the electronic properties

may explain the changes, which have been observed in section 5.1.

Although the doping level of the Gr may not be well defined due to the strong changes in

the electronic structure and the absence of a Dirac cone, XPS measurements could indicate

additional charge on the C atoms due to a shift of the C K-edge.

The experimental overview XPS spectra presented in Fig. A-4 a display no significant

difference between Gr/Ir(110) and Gr/Ir(111). The spectra of Gr/Ir(111) exhibits slightly

sharper peaks, which is attributed to the increased measurement time, leading to a lower

noise level. Only the detailed analysis of the C 1s peak, presented in Fig. A-4 b reveals

differences between the two spectra. While the C 1s peak of Gr/Ir(111) lays at 284.1 eV,

which is in line with the literature [159], the C 1s peak of Gr/Ir(110) is shifted by about

0.4 eV to 284.5 eV indicating a negative doping of the Gr. This is in line with the additional

charge present in Fig. A-2 c, but is much smaller then the shift for Eu doping [45] and the

graphene-covered surface alloys presented in chapter 4.
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Figure A-4.: a Experimental XPS binding energies for Gr/Ir(110) and Gr/Ir(111) for

Epass = 44 eV and a step size of 0.25 eV. The peaks are assigned to their

respective core levels and the Gr/Ir(110) spectra is shifted for better visibility.

b Detailed scan of C 1s peak of Gr/Ir(110) and Gr/Ir(111) for Epass = 44 eV

and a step size of 0.1 eV.

Summarizing, one can state that Gr/Ir(110) is an interesting substrate with two-fold symme-

try allowing global orientation of e.g. EuCot nanowires, but the strong interaction between

the Ir(110) and Gr changes the Gr properties so significantly, that one may not view it

as ”quasi-freestanding” graphene anymore, which may explain the changes of the magnetic

properties described in section 5.1.

A.2. X-ray Induced Oxidation of 4f Elements

The oxidation of 4f elements is a relevant issue in this work, as it always has to be taken

into account when discussing the electronic and magnetic properties of structures including

4f elements. While all lanthanides favour the 3+ oxidation state [107], Eu is also present in

the 2+ state, which is attributed to the half-filled 4f -shell of Eu2+. This is also the reason,

why Eu is more prone to oxidation than most of the other lanthanides. While regular UHV

conditions are sufficient for most of the systems shown in this work, Eu based samples and

TmCot nanowires, in which Tm is forced in the 2+ state are critical concerning the UHV

conditions. Especially the oxidation under permanent X-ray radiation is from special interest

for us, as X-ray induced oxidation could be a relevant factor in our measurements [173].

To visualize and quantify the oxidation, we conducted XPS measurements on a simple model

system of 4 ML Eu evaporated on a clean Ir(111) surface and watch the time evolution of the

Eu 3d3/2,5/2 peak in a background pressure of 1 ·10−9 mbar. The results of this measurement

is presented in Fig. A-5.
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Figure A-5.: Time evolution of the Eu 3d3/2,5/2 XPS binding energies of 4 ML Eu on Ir(111)

at a chamber background pressure of 1·10−9 mbar. The edges and the oxidation

states are indicated. Epass = 80 eV and step size is 1 eV for 1h and 2 h,

Epass = 44 eV and step size is 0.25 eV for 10h, 15h, and 20h.

The measurements for one and two hours after the preparation show a clear 2+ state of the

Eu on the sample. Even after 10 h of measurement, there is no significant 3+ contribution in

the presented spectrum. The much better signal-to-noise ratio is contributed to the increased

measurement time for this spectrum.

The situation changes for the measurement after 15 h. Here, a significant proportion of the

spectra weight belongs to the 3+ state. After 20h, more than 75% of the spectral weight

lies on the 3+ state, indicating a widely oxidised surface. The non-linear behaviour could

be attributed to the properties of Eu. The first oxidation step of Eu is EuO, which still

exhibits a 2+ oxidation state [174]. Further oxidation then leads to the energetically more

favourable Eu2O3 exhibiting a 3+ oxidation state. Independent of this peculiarity of Eu,

oxidation is a relevant factor for especially Eu-based samples. For other systems, like the

Dy surface alloy, no change of the spectrum can be detected after even 24 h at similar

conditions. It can be stated, that pressures below 1 · 10−10 mbar allow measurements of

up to 100 h without significant oxidation, which is more than enough for XPS and XANES

measurements. These conditions have been present at all beamlines, besides VEKMAG, but

the issues of the VEKMAG beamline have already been discussed in detail in section 5.3.
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A.3. XPS Examination of the Chemical Structure of

PEGMUA Coated Gold Nanoparticles

The work presented in this section is based on P. Hepperle,A. Herman, B. Khan-

babaee, W. Baek, H. Nettelbeck, H. Rabus. XPS Examination of the Chemical

Composition of PEGMUA-Coated Gold Nanoparticles [175]. I contributed the

XPS measurements presented in this work.

Au nanoparticles (AuNPs) gathered wide interest as radiosensitizing agents in oncology, due

to their physical properties and their biocompatibility [176, 177]. The local dose enhance-

ment is based on their comparable greater interaction cross-section, compared to organic

tissue [178]. In order to assure biocompatibility and prevent direct reactions with the metal,

AuNPs are usually coated. In our case, the AuNPs are coated in PEGUMA. The thickness

and structure of this coating are of high relevance, as it has to be thin enough, to allow

electrons to pass through and thick enough to sufficiently cover the AuNPs. In order to

study this system, we performed XPS measurements of spin-coated and drop-casted AuNPs

samples and systematically sputtered the sample.

Figure A-6.: Experimental spectra and fitted components attributed to the a Au 4f core-

level and b C 1s core level. Adapted from [175].

Fig. A-6 a presents the experimental spectra of the Au 4f7/2,5/2 edge as well as the fitted

components. It is visible, that Au(0) is the most dominant peak, which is expected for

metallic Au. The Au(I) contribution can be contributed to the Au surface atoms, which

bind to the thiol-group of the coating molecule. The C 1s peak in Fig. A-6 b consist

of various carbon contributions. The most dominant correlates to C-C bonding, whereas

a significant amount of other bonds contribute to this spectrum. The overall distribution

fits the expectations, besides the increased oxygen contribution. In order to get rid of
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unfavourable oxygen contamination, the sample was sputtered by 3 keV Ar+. The resulting

atomic percentages are presented in table A-1.

Peak C 1s O 1s Au 4f Cu 2p S 2p

before spttering 86.1 12.4 1.1 0.3 0.1

after the 1st sputtering cycle (t=10 s) 93.3 3.3 3.0 0.3

after the 2nd sputtering cycle (t =15 s) 94.4 2.3 3.0 0.3

after the 3rd sputtering cycle (t = 60 s) 97.2 1.0 1.5 0.3

Table A-1.: Atomic percentages of the main elements in the sample were determined from

XPS peak areas. Adapted from [175].

While there is significant oxygen contamination in the initial sample, mild sputtering already

reduces its proportion significantly. Further sputtering leads to a reduction of the coating

molecules, which can be seen in the changes of the C 1s peak after sputtering [175], but

does not affect the AuNPs yet. Increasing the fluence even further leads to sputtering of the

AuNPs itself, as indicated by the decreasing Au proportion.

Another scope of the experiment was the evaluation of different deposition techniques,

namely spin-coating and drop-casting. The analysis of the spectra revealed no differences in

the chemical composition, but slightly lower oxygen contamination could be detected in the

spin-coated sample.

In this work, we characterised AuNPs with PEGMUA coating for different deposition tech-

niques. We could reveal the chemical composition as well as the oxygen contamination. By

systematic sputtering, we were able to analyse the different contributions of this system.
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A.4. Spin Crossover in a Cobalt Complex on Ag(111)

The work presented in this section is based on S. Johannsen, S. Ossinger, J. Grun-

wald, A. Herman, H. Wende, F. Tuczek, M. Gruber, and R. Berndt. Spin

Crossover in a Cobalt Complex on Ag(111) [179]. I contributed the XPS mea-

surements to investigate the chemical composition of the molecules on the surface

and their layer dependence.

Spin-crossover (SCO) compounds may change their spin state depending on parameters like

temperature, light, and current. In the most studied Fe-based compounds, the low-spin (LS)

to high-spin (HS) transition includes two electrons, whereas Co-based complexes just transfer

a single electron from a t2g to an eg orbital. This results in much smaller changes in the

structure. On metal surfaces, so far only Fe-based compounds have shown SCO properties.

The interaction usually deviates from those of the bulk material.

In this work, the Co-based SCO compound [Co(H2B(pz)(pypz))2] has been synthesized and

evaporated on an Ag(111) surface and its SCO properties have been investigated.

Figure A-7.: a Structure of [Co(H2B(pz)(pypz))2]. b Ball model of tetramer predominantly

forming at the surface. Co is indicated in blue, N in grey, C in brown, H in

rose, and B in green. c Current-voltage data recorded from a molecule in a

tetramer. The HS curve is given in purple, the LS in green. d STM topograph

of a tetramer in the pristine LS state. e STM topograph of the tetramer after

current injection to the molecule marked with L in b, leading to a HS state.

Adapted from [179].
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Fig. A-7 a displays the chemical structure of the SCO complex. On Ag(111), the prefer-

ably form tetramers, as indicated by the ball model in Fig. A-7 b. The current-voltage

curve in Fig. A-7 c presents the switching behaviour. While there is no switching at

small voltages, an abrupt transition between the two states is observed at |V | > 1V,

which leads to a hysteresis. The effect of the current injection of the molecules is depicted

in Fig. A-7 d, e. While the LS state (S = 1/2) is present in all four molecules in Fig. A-7 d,

the situation changes after the current injection. As depicted in Fig. A-7 e, the spin of the

affected molecule switches into the HS state (S = 3/2), which changes the appearance of

the molecule in the STM topograph. This behaviour could be observed in Co compounds

although the change in structure and therefore the expected lifetime of the excited states is

very small. We attribute this to electron-induced spin state trapping (ELIESST), which is

enabled by the tetramer formation.

Figure A-8.: XPS overview spectra of [Co(H2B(pz)(pypz))2] on Ag(111) for three different

thicknesses at room temperature. The relevant peaks are assigned. The left

inset displays the Co 2p1/2,3/2 edges of the 3 ML sample at room temperature

and at 100 K. The zoom-in on the right shows the low energy area of 3 ML.

The experimental atomic ratios are compared to the theoretical composition

of the molecules. Provided for [179].
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As discussed above, the substrate may have a strong influence on the spin-switching mecha-

nism and the molecules. XPS measurements have been performed to answer two questions.

Are the molecules present at the surface still intact and is there a layer dependence on the

spin state of these molecules?

The spectra in Fig. A-8may answer those questions. First of all, the overview spectra do not

show a significant change with the layer thickness, just the Ag edge intensity decreases with

increasing layer thickness. The different signal to noise ratio is attributed to the different

pass energy, 80 eV for 1 ML and 2 ML, 44 eV for 3 ML. Evaluating the atomic ratios shows,

that the composition is as expected for the adsorption of [Co(H2B(pz)(pypz))2]. There is

neither a change of composition nor the electronic state for different layer thicknesses. The

temperature dependence of the multilayer sample is presented in the inset. Within the error,

there is no difference visible. These molecules are in the LS state for both temperatures, in

line with the powder measurements.

Summarizing, these XPS measurements support the findings of the STM results and prove,

that the temperature and thickness dependence is negligible for this system.
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