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Abstract
The present thesis is concerned with the growth of nanostructures on well-defined
metal substrates. Four experimental chapters address various effects, which occur
upon deposition of molecules and/or single metal atoms on atomically clean surfaces.
Two main objectives are pursued. (i) The investigation of the building mechanism
of low dimensional structures and (ii) the magnetic characterization of the interaction of single atoms and small clusters. The main experimental tool to analyse the
realized structures is the scanning tunnelling microscope (STM). To reveal the magnetic properties of the samples standard x-ray based techniques like x-ray magnetic
circular dichroism (XMCD) are used.
The first part of the thesis deals with the architecture of one-dimensional organometallic polymers. A precursor molecule 2,7-dibromobenzothieno[3,2-b]benzothiophene (BrBTBT) is sublimed on an Ag(111) surface. Combining STM and
density functional theory (DFT) the intermediate step of the Ullmann coupling
reaction is revealed. The results show, that the organometallic polymers can be
ordered in a side by side manner by annealing the molecules in distinct steps, while
the polymers can be grown with length of several tens of nanometers.
In the second part of the thesis, molecular and metal-ligand interactions were used
to build two-dimensional (2D) supramolecular structures on an Ag(111) surface. The
structural properties of a precursor molecule [1]Benzothieno[3,2-b][1]benzothiophene2,7-dicarbonitrile (CyanoBTBT) are examined by means of STM, Auger electron
spectroscopy (AES) and DFT. The study of the pure molecular phase revealed the
appearance of two different phases of CyanoBTBT on the surface, which is attributed
to the prochiral structure of the molecule. The formation of metalorganic networks
is shown for the deposition of Iron atoms and precursor molecules at room temperature. A temperature dependent study reveals different steps of an irreversible phase
separation and addresses the distinct structures of molecules and Iron atoms and
clusters.
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The third part of the thesis addresses the unique properties of a single layer of
hexagonal Boron Nitride (h-BN) and graphene. Chemical-vapour-deposition (CVD)
is used to grow atomically thin layers of each h-BN and graphene on Rh(111) and
Ni(111). All substrates are studied by means of STM, AFM, AES and for the
case of Ni(111) by means of magnetic force microscopy (MFM) and XMCD. The
h-BN layer served as substrate for two different approaches to obtain free-standing
graphene. (i) Commercially available graphene was transferred using standard wetetching techniques. (ii) CVD was used to grow graphene in-situ under ultra clean
conditions. The results show that depending on the growth parameters graphene
can be grown on top of an insulating material. Furthermore the structural properties
of the graphene for both approaches are intensively studied, in particular multilayer,
folding, Moiré pattern and wrinkles are addressed. In a final step the magnetic interaction between Cobalt adatoms and clusters and the underlying Ni(111) substrate
via the graphene/h-BN heterojunction are examined using XMCD. The results show,
that both metals are magnetically decoupled, which opens the door for interesting
spin valve experiments.
The last part of the thesis combines STM and XMCD experiments to reveal the
magnetic interaction between Iron atoms on two different metal substrates. Iron
atoms were deposited both at room temperature and at low temperature of T = 8 K
on Ru(0001) and Rh(111). The evolution of the magnetic signal is studied with
increasing Iron coverage ranging from impurities up to a coverage of 0.35 % of
a monolayer by means of XMCD. The results show, that the nearest-neighbour
exchange interaction is very small for both substrates and show an opposite sign for
Ru(0001) and Rh(111). A complex magnetic order is revealed for higher coverages,
which is due to the competition between nearest-neighbour exchange interaction
and indirect exchange interaction. The development of a Monte Carlo simulation
for these particular systems and the combination with DFT calculations, reveal
the preferred magnetic ground state of Iron monomers and clusters of sizes up to
tetramers for different adsorption sites and both substrates. It is shown that the
evolution of the magnetic ground state is mainly driven by the Rudermann-KittelKasuya-Yosida interaction for the case of Rh(111), while for the case of Ru(0001)
the long-range order interaction is rather small.
Keywords: STM, XAS, XMCD, graphene, h-BN, self-assembly, molecular nanostructures, magnetic nanostructures, magnetic impurities, Monte Carlo simulation
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Chapter 1.
Introduction
Physics is the science, which is studying nature in order to understand how energy,
matter and forces are interacting. Hereby, length scales ranging from astronomical
distances of 1018 m down to the size of an electron of 10−15 m [1, 2] are probed.
Especially for the latter interesting phenomena arise due to the transition from classical to quantum mechanics. Since, physical quantities like magnetization, electrical
transport and heat conductivity occur on the atomic length scale the study of quantum mechanical effects is inalienable in order to reveal the macroscopic behaviour of
matter. The rise of quantum mechanics started at the beginning of the last century
and is driven by the combination of theoretical predictions and the development of
new experimental tools. These tools enable us to reveal quantum mechanical effects,
which results in an enormous playground for fundamental research. Thus, the famous quotation of Richard Feynman in the year 1960 stating, that ”there’s plenty
of room at the bottom” [3] is still valid.
However, it is not just basic research that benefits from a better understanding
of quantum mechanical effects, it is application oriented research as well. One of
the best examples for the fruitful combination of both fundamental and application
oriented research is the field of semiconductor research and the tremendous output
that was achieved over the last decades [4]. Furthermore, this example shows that
quantum mechanical effects can be (and need to be) addressed by different disciplines
like Physics, Chemistry and Material Science. Interdisciplinary research that is
dealing with objects, which exhibit at least one dimension in the nanoscale (e.g.
lateral expansion of ≤ 100 nm) is summarized under the term ”nanoscience”.
One of the most prominent examples in the recent years for science on the nanoscale
is graphene [5]. It is a two-dimensional (2D) honeycomb lattice of Carbon rings,
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which exhibits a just one atom high thickness and shows impressively electronic and
mechanic properties. At present day graphene has its biggest ambition to grow into
the new Silicon for the semicondutor industry [6]. The European Union is supporting
graphene based research under the so called ”graphene flagship initiative1 ”, with 1
Billion e over the next ten years. The initiative is divided into 11 workgroups, which
address a whole bunch of interesting fields, e.g. spintronics, optoelectroincs, sensors,
energy, materials and health and environment. In fundamental based research different approaches towards a clean and defect-free graphene layer are conducted to
study both graphene itself and adatoms or molecules on graphene to tune various
properties.
However, prerequisites to tailor objects on the nanoscale are experimental tools,
which allow to probe effects in reduced dimensions. One of the main experimental
tools to study surfaces on the atomic scale is the scanning tunneling microscope
(STM), which was invented in the early 1980s [7]. A STM enables researchers to
reveal topographic, magnetic and electric properties of surfaces and atoms. Furthermore, this technique can even be used to manipulate atoms and molecules [8–11].
Hence, STM is a perfect tool to address effects that take place on the atomic and
molecular length scale.
In nanoscale science the fabrication of nanostructures can be realized by two different approaches. (i) Top-down method means that an existing structure is tailored
by the help of external tools (e.g. photolithography). (ii) In contrast the bottom-up
approach starts with the smallest units (atoms and/or molecules) of the system and
uses their intrinsic properties and interactions to form larger nanostructures. While
forming these nanostructures the interaction of the building blocks with each other
can be studied and controlled. The latter approach is conducted throughout this
thesis.
Think, what you never have thought before, connect what you have never connected before and combine what you have never combined before. This is the spirit,
which should be our motivation and which is independent from the length scales we
are probing.
This thesis presents the results of the investigation of nanostructures on welldefined surfaces. In the first part, the building mechanism of supramolecular ar1
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chitectures is probed by STM in order to reveal self-assembly of organic molecules
on metal surfaces. In the second part, heterostructures of graphene and hexagonal
Boron Nitride are studied by means of the local STM technique and the interaction of magnetic atoms with the underlying substrate via the heterostructures by
integrating x-ray absorption based techniques. In the last experimental chapter the
combination of STM and x-ray techniques is used to probe the magnetic coupling
between single Fe impurities on two different metal substrates.
The thesis is organized in the following manner:
Chapter 2 gives an introduction to the theoretical and experimental techniques
used throughout this thesis. STM and x-ray absorption spectroscopy will be discussed from both a theoretical and experimental point of view. The different magnetic coupling reactions, which play an important role in the interpretation of magnetic impurities on surfaces will be addressed. At the end of this chapter information
about the evaporation temperatures of molecules and atoms used in this thesis is
given.
Chapter 3 is devoted to the growth of one-dimensional (1D) nanostructures on
Ag(111). Therefore organic building blocks are deposited on an Ag(111) surface
under ultra high vacuum (UHV) conditions and intensively studied by means of STM
and Auger electron spectroscopy (AES). Different molecular phases, which depend
on the coverage are hereby revealed and attributed to the intermediate of the surface
supported Ullmann coupling reaction [12]. The formation of long and ordered 1D
organometallic polymers on the surface is thermally activated and studied by STM
measurements. Density functional theory studies about the polymers finalize this
chapter.
Chapter 4 describes the formation of 2D nanostructures. Organic building blocks
are evaporated on an Ag(111) crystal, which results in the formation of two different
phases at room temperature. These phases are attributed to the prochirality of the
molecule and the occurrence is studied by STM. Under the presence of molecules and
Iron atoms a 2D metalorganic network is formed. The consequence of a thermally
activated phase separation of molecules and Iron atoms is discussed.
Chapter 5 is dedicated to Van der Waals heterostructures [6]. The combination
of graphene and hexagonal Boron Nitride (h-BN) on different metal substrates is
studied. In the first part of this chapter, either graphene or h-BN are grown on
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either Ni(111) or Rh(111). In the second part two different approaches to obtain
graphene on top of h-BN/Rh(111) are addressed. Commercially available graphene is
transferred on top of a h-BN monolayer. Moreover, the exploration of the intrinsic
properties of the transferred graphene by STM and Raman is conducted in this
chapter. To obtain pristine graphene on h-BN, we synthesized in-situ graphene by
chemical vapour deposition (CVD) of a precursor molecule and revealed a set of
parameters to control the graphene growth in a size selective manner. The last
experiment shown in this chapter is conducted at a x-ray synchrotron radiation
facility. We used this photon source to reveal the magnetic coupling reaction between
a Nickel substrate and Cobalt adatoms that are separated by a graphene/h-BN
heterostructure.
Chapter 6 takes a look at the magnetic coupling mechanism of Fe atoms on transition metals. We used x-ray based techniques to probe Fe impurities and small clusters on either Ru(0001) or Rh(111). We combine a first-principle density functional
theory study, which was carried out by theoreticians with Monte Carlo simulations
to reveal the magnetic ground state of the given ensemble.
Chapter 7 shortly summarizes the presented results and gives an outlook for future
developments and experiments.

4

Chapter 2.
Experimental and Theoretical
Foundations

This chapter gives an introduction to the experimental and theoretical methods used
in this thesis. The first Section 2.1 deals with scanning tunneling microscopy (STM)
and the basic theoretical concepts concerning STM. Fundamental rules of magnetic
interactions will be discussed in Section 2.2. Section 2.3 shines light on x-ray based
techniques used in this thesis, namely x-ray absorption spectroscopy (XAS) and xray circular dichroism (XMCD). In Section 2.4 the UHV chambers that were used
throughout this thesis will be explained in detail.

I
V
Figure 2.1.: Tentative model of a tip sample system.
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2.1. Scanning Tunneling Microscopy
In 1981 Gerd Binnig and Heinrich Rohrer invented the STM [7] for which they
received the Nobel Prize for Physics together with Ernst Ruska in 1986. The basic
idea of an STM is that a tunneling current I between two electrodes biased at a
certain voltage V can be measured. This current depends strongly on the local
density of states (LDOS) in both electrodes. Hence, the tunneling current carries
information about the LDOS of the measured sample. In Figure 2.1 a tentative
model of the tip-sample system is shown. A tip made of a metallic wire (e.g. etched
W, cutted Pt-Ir or Au) is brought close to a conductive sample. At a certain distance
which is typically in the range of 5 - 10 Å a current starts to flow between tip and
sample and by scanning the surface and recording the tunneling current at the
same time a greyscale image showing a convolution of the LDOS and the sample
topography is obtained.
To enable electrons to tunnel from one electrode to the other an insulating medium
between both electrodes has to be realized. In UHV experiments the vacuum gap
between tip and sample serves as an insulator whereas in e.g. liquid STMs an
insulating liquid is used. The vacuum gap between tip and sample allows a tunneling
of electrons between the electrodes without bringing sample and tip in direct contact.
Moreover, to obtain a tunneling current the sample must be atomically flat and
clean over several hundreds of nanometers therefore samples are cleaned with different techniques e.g. repeated cycles of Ar-bombardment and subsequent annealing,
or cleaving the first layers of the sample with a scotch tape, and a subsequent annealing as well. After the preparation of a sample, the tip is brought close to the surface
by the so called ”coarse approach”, most of the STMs are build up that way that
piezo ceramics are used to realize the coarse approach. If the tip sample distance (s)
is small enough that the wavefunctions of tip and sample overlap a tunneling current
can be measured. The tunneling current flows through the whole tip but the bulk
area of the tip does not greatly influence the tunneling current. This is due to the
exponential decay of the tunneling current with increasing the tip sample distance.
Hence, the current will always flow through the very last atoms of the apex of the
tip, which leads to a strong localization of the tunneling current at the tip apex and
finally to the high (atomic) resolution of STM.
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Figure 2.2.: Energy diagram of a sample tip system.

2.1.1. Tunneling Theory
To understand and interpret the data measured with our STMs we start with
Bardeen’s tunneling theory in three dimensions developed in the early 60s [13]. The
tunneling current I is given by [14]:

I (V ) = 2e

X 2π
µ,υ

h̄

|Mµ,υ |2 δ (Eµ − eV − Eυ ) ×
(2.1)

(f (Eµ − eV, T ) [1 − f (Eυ , T ]) − f (E υ , T ) [1 − f (Eµ − eV, T ]))
where f is the Fermi-Dirac distribution function, T the temperature of the tip
sample system, V the Voltage applied between sample and tip and µ, ν all quantum
states of the unperturbed sample and unperturbed tip, respectively. The expression
for the transfer Matrix Mµ,υ is given by [15]:
Mµ,ν

h̄2
=−
2me

Z

(φµ ∇χ∗ν − χ∗ν ∇φµ ) · dS

(2.2)

Σ

with the wave functions φµ and χν of the unperturbed sample and tip and the
separation surface Σ between tip and sample (s : tip - sample distance, cf. Figure
2.2). In the region between tip and sample the matrix element Mµ,ν decays roughly
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exponentially with s. Furthermore the matrix element depends on the electron
momentum parallel to the surface, pp . Electrons with a higher momentum in zdirection will tunnel with a higher probability than electrons with a momentum
along the surface plane. Thus, the contribution of electrons with a total energy E
with little parallel momentum to the surface current is enhanced.
The matrix element Mµ,ν has to be understood quantitatively to get access to the
tunneling current. This was done by Tersoff and Hamann, who invented the s-wave
approximation for tip-wave functions [16, 17]. The tunneling current is then given
by,

Z∞
I (V, T, x, y, s) ∝

(ρS (E, x, y) ρT (E − eV ) ×
(2.3)

−∞

Γ (E, V, s) [f (E − eV, T ) − f (E, T )]) · dE
where ρT is the DOS of the tip. x and y reflect the lateral position of the tip with
respect to the surface plane. s is the distance between the the uppermost atom of
the tip and the surface plane and ρS reflects the LDOS of the sample at this specific
site. The tunneling transmission factor Γ (E, V, s) is given by [18]:
r


me p
WS + WT − 2E + eV ,
Γ (E, V, s) = exp −2s
h̄2

(2.4)

where WS and WT are the work functions of the sample and tip, respectively. In
the case of low bias voltages (i.e. eV << WS + WT ) the expressions for bias and
energy dependence in equation 2.4 become small. Hence, the tunneling current in
equation 2.3 can be simplified as follows,

r
I (V, T, x, y, s) ∝ exp −2s
Z∞

!
2me
(WS + WT ) ×
h̄2
(2.5)

(ρS (E, x, y) ρT (E − eV ) g (E, V, T )) · dE

−∞

with g(E, V, T ) = f (E − eV, T ) − f (E, T ). The integration limits depend on the
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temperature of the tip sample system. Therefore the interval of equation 2.5 will
range from EF to EF + eV for low temperatures. Since the LDOS of the tip and the
sample are assumed to be constant in this energy range equation 2.5 can be written
as:

r
I (V, x, y, s) ∝ exp −2s

!
2me
(WS + WT ) V ρS (EF , x, y) ρT (EF ) .
h̄2

(2.6)

This expression is known as Tersoff-Hamann equation. We have to take into
account that 2.6 is only valid for low temperatures and a weak coupling between tip
and sample. The Tersoff-Hamann equation shows that STM images can be in a first
approximation interpreted as contours of constant LDOS of the sample surface at
the Fermi energy.

2.1.2. STM modes
In the scanning mode a STM can be run in two different ways either in constantheight or constant-current mode [15]. For the first one the distance between sample
and tip is kept constant while the current is recorded. This mode is used for flat
and clean surfaces. For the constant current mode the current is set to a certain
value I0 normally in the range of 10 pA - 3 nA. The recorded tunneling current I
is now compared to I0 and the differential signal is minimized by changing the tip
sample distance by applying a voltage to the z-piezo. While scanning in x-y direction
the voltage applied to the z-piezo is recorded and translated into a greyscale image
which is in a first approximation the sample topography.
The interpretation of STM data is not straight forward because the recorded image
is a convolution of the topography and the LDOS at the Fermi energy (EF ) of the
sample.
All images taken throughout this thesis are taken in constant-current mode. Besides the imaging modes a STM can be driven in a spectroscopic mode. To run a
STM in spectroscopic mode the tip is positioned above a point of interest and the
feedback loop is opened. Hence, the tip remains at constant height with respect
to the sample surface. For dI/dV spectroscopy a lock-in amplifier is needed. This
can be either an external instrument or an internal one provided by the STM soft-
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ware. The amplifier adds an additional AC modulation (typically in the range of 10
mV) to the bias voltage. The bias is then swept while the current and the dI/dV signal is recorded at the same time. A closer look at Equation 2.6 reveals that the
dI/dV -signal is proportional to the local density of states of tip and sample,
dI
∝ ρS (eV ) ρT (0) .
dV

(2.7)

2.2. Magnetism on the atomic scale
This section shines light on the main magnetic interactions that play a role in understanding the experiments presented in this thesis. The derivation of the Heisenberg
equation in Subsection 2.2.1 as well as the Rudermann-Kittel-Kasuya-Yosida interaction in Subsection 2.2.2 will be discussed.

2.2.1. The Heisenberg model
Starting with a simple model of two electrons which are located at the spatial positions given by r1 and r2 , respectively. The wave functions for the electrons are
ψa (r1 ) and ψb (r2 ) and since electrons are fermions the overall wave function has to
be antisymmetric. Hence, the spin part of the combined wave function has to be an
antisymmetric singlet state ΨS for a spatial symmetric state or a symmetric triplet
state ΨT for the antisymmetric spatial state, which are given by [19, 20],

1
ΨS = √ [ψa (r1 ) ψb (r2 ) + ψa (r2 ) ψb (r1 )] χS
2
1
ΨT = √ [ψa (r1 ) ψb (r2 ) − ψa (r2 ) ψb (r1 )] χT .
2

(2.8)

The corresponding energies of the two possible states can be written as,

Z

ES = Ψ∗S ĤΨS dr1 dr2
Z
ET = Ψ∗T ĤΨT dr1 dr2 .
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Are the spin parts of the wavefunctions 2.8 normalized, the difference of the
energies is given by,
Z
ES − ET = 2

ψa∗ (r1 ) ψb∗ (r2 ) Ĥψa (r2 ) ψb (r1 ) dr1 dr2 .

(2.10)

The spatial wave function is defining the spin and vice versa. Hence, the energy
can be written in terms of the spin. Assuming that the quantum number of the
total spin Ŝ must be either 0 or 1 and the eigenvalue (S(S+1)) is either 0 or 2, the
Hamiltonian operator can be written as,
Ĥ = ES −

1
(ES − ET ) Ŝ 2 .
2

(2.11)


2
Applying Ŝ = Ŝa + Ŝb = Ŝa2 + 2Ŝa Ŝb + Ŝb2 and the corresponding eigenvalue of
Ŝa2 = Ŝb2 = 3/4, Ĥ becomes,
Ĥ =

1
(ES + 3ET ) − (ES − ET ) Ŝa Ŝb .
4

(2.12)

Equation 2.12 has a constant term and a spin-dependent term. For a first approximation of the exchange interaction the first term is not important but the second
one carries the crucial information. With the definition of the exchange constant J :
ES − ET
=
J=
2

Z

ψa∗ (r1 ) ψb∗ (r2 ) Ĥψa (r2 ) ψb (r1 ) dr1 dr2

(2.13)

the effective Hamiltonian for the spin-dependent term of 2.13 becomes,
Ĥ spin = −2J Ŝa Ŝb .

(2.14)

The exchange constant shows if the two electrons are ferromagnetically (FM) or
antiferromagnetically (AFM) coupled, for

J > 0, ES > ET => S = 1, the triplet state is favoured
J < 0, ES < ET => S = 0, the singlet state is favoured.

(2.15)

Equation 2.14 describes a two particle system. But to go one step further to understand a many-body system every single particle and its interaction with adjacent
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particles in the system has to be taken into account. This is done with the so called
”Heisenberg model”:
Ĥ = −

X

Jij Si Sj ,

(2.16)

i,j

where Ji,j is the exchange constant between the indicated spins. For a qualitative interpretation of the exchange integral two simple examples are given in the
following.
Two electrons in the same system (for example in an atom) are preferably ferromagnetically coupled. This is due to the Coulomb repulsion, which forces the
electrons to be apart. This finding is in accordance with Hund’s first rule that says
that the term with the highest multiplicity has the lowest energy and is therefore
favoured.
For two electrons further apart (for example in a molecule) the preferred coupling
is antiferromagnetically because bonding orbitals (i.e. spatially symmetric) are energetically less costly1 than antibonding (i.e. spatially antisymmetric) orbitals.
In this section we have calculated the interaction between two neighbouring magnetic atoms without an intermediary, hence this interaction is called ”direct exchange”. In the next section we will derive a formula for the long range interaction
of two localized magnetic moments, the so called ”indirect exchange interaction”.

2.2.2. Indirect exchange interaction
Direct exchange is not always the key for the interpretation of the interaction of
magnetic moments. Two major issues need to be taken into account:
First, localized magnetic moments that do not show sufficient overlap of neighbouring magnetic orbitals can not be explained by applying the direct exchange
interaction.
Second, the contribution of strong delocalized electrons in materials with a band
structure (e.g transition metals (TM) will be of importance in the experimental
section) can not be neglected in explaining the magnetic interaction of localized
magnetic moments.
1

Bonding orbitals allow the two particles to share a ”bigger box”, therefore their kinetic energy
is reduced.
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2.2. Magnetism on the atomic scale
The interaction derived in this section is known as RKKY interaction it is named
after the four inventors Rudermann and Kittel [21] in 1954, Kasuya [22] in 1956 and
Yosida in 1957 [23]. RKKY interaction describes the effect that a conduction electron is spin polarized by a localized magnetic moment and then couples to another
localized magnetic moment at distance r. Interestingly the long range interaction
shows an oscillatory behaviour that scales with cos (r). Hence AFM or FM coupling
can occur, depending on the distance of the two magnetic moments.
Starting with the real space susceptibility that is given by [19]:
1
χ (r) =
(2π)3

Z

χq eiq · r d3 q

(2.17)

and the expression for the wave vector-dependent susceptibility χq ,

χq = χP f

q
2kF


(2.18)

and the function f (x), which is given by,
1
f (x) =
2



1 − x2
x+1
log
1+
2x
x−1

(2.19)

Equation 2.17 becomes



Z
χP
4kF2 − q 2
q + 2kF
1
log
1+
eiq · r d3 q
χ (r) =
2
4kF q
q − 2kF
(2π)3
2k 3 χP
= F F (2kF r) .
π

(2.20)

The function F (x) that is given by:
F (x) =

−xcosx + sinx
x4

(2.21)

describes the behaviour of the RKKY interaction. The function F (x) is plotted in
Figure 2.3. The term sin (x) can be neglected for larger distances r  kF , Equation
2.21 then can be written as,
χ (r) ∝

cos (2kF r)
.
r3

(2.22)
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Figure 2.3.: RKKY interaction over distance.

The most interesting findings of 2.22 are that the susceptibility is oscillatory while
it is decreasing with 1/r3 (see Figure 2.3).
The RKKY interaction plays an important role for the discussion of Chapter 6.
For non-spherical Fermi surfaces and a detailed discussion of RKKY interaction see
Ref. [24, 25].
The theoretical predictions are in good agreement with the experimental results for
localized magnetic impurities on metals but for example for graphene, with its unique
properties the RKKY interaction shows a different behaviour. Recent theoretical
studies show that RKKY interaction in graphene can be significantly changed by
adsorbing TM impurities [26]. A fast decaying of RKKY interaction as well as no
oscillatory behaviour are predicted by Power et al. [27] for this system.

2.3. Synchrotron X-ray techniques
This section gives an overview about the x-ray based techniques used in this thesis.
XAS and XMCD give access to information about the chemical composition, the
ordering of the surface and about the magnetization of the sample. While STM is a
technique that is used to probe a sample locally, XAS is a integral technique. Thus,
the beam size (typically in the order of hundreds of µm2 ) determines the area that
is probed.
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2.3.1. X-ray absorption spectroscopy
XAS is an element specific technique that is used in many different fields e.g. Condensed Matter Physics, Chemistry, Biology and Material Science.
Unoccupied electronic states are probed by excitation of core electrons of the sample into unoccupied states. In XAS the x-ray energy is scanned and the absorbed
x-ray intensity is measured. Hence, a tunable light source is needed which is provided by several synchrotron facilities (e.g.: the European Synchrotron Radiation
Facility in Grenoble (ESRF), the Berliner Elektronenspeicherring-Gesellschaft für
Synchrotronstrahlung (Bessy) in Berlin, the Diamond light source (Diamond) in
UK) around the world. The advantage of a synchrotron like the ESRF is that the
beam has a high intensity and brilliance over a wide range of energy. This gives
access to absorption experiments with even submonolayer sensitivity.
The submonolayer sensitivity is shown in Figure 2.4. A set of 6 XAS spectra of Co
that was evaporated on a Cs intercalated graphite sample is obtained by scanning
over the L3,2 edge of the Cobalt energy. The highest coverage (black spectrum)
represents a coverage of ∼ 14% of a monolayer (ML), whereas the khaki coloured
curve shows the spectrum for a coverage of slightly below 1% of a ML. The intensity
even at low coverages reflects the suitability of XAS as an experimental tool, which
enables researches to study even coverages in the impurity limit.
The main beamline facilities provide the users with two different measuring methods. The first one is the total electron yield mode (TEY), this method is mainly
used for conventional samples. The TEY signal is obtained by measuring the drain
current of the sample. The probing depth for TEY is in the range of few nanometers.
In contrast, the often called fluorescence electron yield mode (FEY), or also known
as Auger electron yield mode (AEY), needs thin samples, since the probing depth
is often less than 1 nm. The emitted electrons in AEY mode are measured with a
photodiode.
Both methods have in common that the x-rays excite core electrons into empty
states above the Fermi level. The holes in the core levels are than filled up by
an Auger process which leads to an emission of an Auger electron. The emitted
Auger electrons are measured with AEY. Hence, the absorbed x-ray intensity is
directly proportional to the primary Auger electrons emitted and therefore to AEY.
In contrast to AEY, TEY is not a direct measure of the absorbed x-ray intensity.
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Figure 2.4.: XAS spectra of Co on Cs intercalated graphite.
The Auger electrons are scattered as they leave the sample, this scattering creates
secondary electrons, which are the measure for the TEY. Typically the current that
is measured is in the range of 1 pA ≤ I ≤ 5 nA. Especially for sample systems that
contain an insulating layer, the TEY mode can be challenging, which is due to the
drain current which needs to be measured to obtain the TEY signal. Depending
on the sample an additional conductive connection between sample surface and the
detector has to be realized.
To obtain XAS spectra both linearly and circularly polarized light can be used.
In the next section circularly polarized light as a probe of surface magnetism will be
discussed.

2.3.2. X-ray magnetic circular dichroism
Magnetic properties of rare-earth compounds and transition metals are of great interest for both fundamental and application oriented research. Using polarized light
in absorption experiments magnetic states of the probed sample can be revealed.
This can be explained by a differential absorption process of polarized light in these
materials.
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The light can be linearly, left (L) or right (R) polarized. The nomenclature for the
corresponding helicity is µ0 for linear, µ+ for R and µ− for L circularly polarized light.
The first experimental results obtained by van der Laan et. al [28] in 1986 showed
the potential of this technique. In the following years many theoretical [29–35] and
experimental [36–41] results have turned XMCD and the linear counterpart x-ray
magnetic linear dichroism (XMLD) into a powerful magnetometry tool.
Figure 2.5 shows on the left the typical spectra for µ+ and µ− that were obtained
on a thin Cobalt layer of ∼ 0.7 ML on Cs intercalated graphite. The resulting
XMCD spectra on the right is obtained by taking the difference of µ− and µ+ .
To understand the origin of the spectra one has to consider the different transitions
that can occur within the scanned energy range. In principal three different dipole
selection rules result in the following three transitions for 3d transition metals:
K : 1s
−→ 4p1/2
L2 : 2p1/2 −→ 3d3/2 , 4s
L3 : 2p3/2 −→ 3d3/2,5/2 , 4s
The indices give the total quantum number j (j = s + l, where s is the spin
quantum number and l is the azimuthal quantum number), which carries the information about the total angular momentum. Since, the magnetic behaviour of
transition metals is mainly determined by the electrons in the 3d shell, the empty
3d states are probed by excitement of 2p electrons into these states.
The peak energies for L3 and L2 for Cobalt are 778,1 eV and 793.2 eV [42], respectively. The spectra in Figure 2.5 are background and step function subtracted. The
latter subtraction is necessary since the transition 1s → 4p1/2 , results in an additional background contribution. Although the exact contribution of this transition
to the total spectrum is not known a subtraction with a smoothed step function is
reported in literature [43]. The step function that is normally used is approximated
by,

EStepf (Eph ) = c ·

((2 + 2 · tanh (Eph − EL3 )) + (1 + tanh (Eph − EL2 )))
,
6

(2.23)

where c is a constant that has to be adjusted according to the coverage. The peak
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Co on Cs intercalated graphite, Normal incidence, B = 5 T

XAS (arb. units)
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Figure 2.5.: Spectra for ∼ 0.7 ML of Co on Cs intercalated graphite taken at 8 K. The
Co was deposited on the cold substrate (T = 8 K). Left: Absorption
spectra for left (µ− ) and right (µ+ ) handed circularly polarized light (µ−
in black and µ+ in red). Right: The resulting XMCD spectra obtained
by taking the difference of µ− and µ+ .
position energies at L3 and L2 depend on the probed material and can be found in
literature (e.g. [42]). E ph is the photon energy that is scanned over a certain energy
range.
However, the main contribution of the spectra is due to the p → d transition. Furthermore, the sum over the background subtracted L3 and L2 peaks is proportional
to the amounf of the probed material2 .
A qualitative interpretation of the obtained XMCD spectra can be conducted in
a two step model, according to Stöhr et al. [44].
(i) 2p core electrons are excited by either R or L circularly polarized photons.
During the absorption process the photons transfer their angular momentum to the
excited core electrons. The angular momentum of the photon is either +h̄ or −h̄
and the excited photoelectrons will carry the transferred angular momentum either
as spin, or angular momentum or both. The latter can occur for spin-orbit-split
levels (i.e. p 3/2 ), this is due to the spin orbit coupling, which allows the angular
2

This is important for experiments in which a consecutive deposition of atoms is performed,
because the calibration of the evaporator with a quartz microbalance or a STM has to be done
just once.
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momentum to be partly transferred to the spin of the photoelectron.
However, L3 and L2 show different spin polarization, which is due to the opposite
spin-orbit coupling for p 3/2 and p 1/2 , which is given by l + s and l − s, respectively.
This results in photoelectrons with opposite spin polarization (”spin-up”, or ”spindown”). In a 2nd step these spin polarized electrons are used to reveal the magnetic
properties of the sample.
(ii) Spin flips are forbidden in electric dipole transition. Hence, only e.g. spin-up
electrons can be excited into empty 3d spin-up states. The same counts for spindown electrons, which only can be excited into empty 3d spin-down states. In other
words, the empty 3d hole states act as perfect spin filter. The quantity of absorbed
polarized photoelectrons is directly proportional to the number of empty d states
for a specific spin.
The differential absorption of excited photoelectrons at L3 and L2 are quantitatively related by the so called ”sum rules”. These sum rules [30, 32, 33, 45] allow the
extraction of both the spin and orbital magnetic moments and the anisotropies of
the spin density and the orbital moment.

2.3.3. Sum rules
Throughout the development of XMCD as an experimental tool several sum rules
were derived, which relate the XMCD signal to hLP i , hSP i and hTP i. These values
will be explained within the two most common sum rules in the following.
The first one relates hLP i, which is the shell-specific ground state expectation
value of the orbital angular momentum to the integral over the whole XMCD signal
(i.e. L3 + L2 ) [30, 32], which is normalized to the unpolarized absorption spectrum.
For L3 and L2 transitions the d -shell orbital momentum expectation is then given
by,
R
1
hLP i =
2nh

dE (µ+ − µ− )

RL3 +L2
dE (µ+ + µ− + µ0 )

(2.24)

L3 +L2

where P indicates the direction of the incident photon beam and nh the number
of holes in the d -shell.
The second sum rule relates hSP i, which is the shell-specific ground state expec-

19

Chapter 2. Experimental and Theoretical Foundations
tation value of the total spin operator and hTP i, which is the expectation value of
the intra-atomic magnetic dipole operator to the XMCD signal [33]:
R
R
dE (µ+ − µ− ) − dE (µ+ − µ− )


2
7
L
L2
R
,
hSP i + hTP i = 3
3nh
2
dE (µ+ + µ− + µ0 )

(2.25)

L3 +L2

The intra-atomic dipole operator hTP i arises from the multipole expansion of
the spin density. The isotropic magnetic spin moment corresponds to the largest
(monopole) term being integrated over the atomic volume, the next higher term
(quadrupole) gives the lowest order anisotropic spin distribution in the atomic cell
[46, 47]. The latter gives access to the intra atomic magnetic dipole moment, which
is given by,
µD = −7µB · hTP i ,

(2.26)

where µB = 9.274 · 10−24 JT-1 is the Bohr magneton. For cubic symmetries hTP i
can be neglected according to first-principal electronic studies by Wu et al. [48],
whereas hTP i can become up to 10% of hSP i for atoms on surfaces and on interfaces.
One has to take into account that for both sum rules the sample magnetization is
assumed to be completely saturated, which might not always be the case. Assuming
that hTP i can be neglected with respect to hSP i, the evaluation of the ratio of orbital
and spin magnetic moment (µL /µS ) can be carried out by relating the expectation
values of the Lz and Sz operators, which are given by µL = −µB hLz i and µS =
−2µB hSz i, where z is the spin quantization axis.
In conclusion, XMCD in combination with the sum rules is a powerful experimental tool, which allows to probe and estimate the sizes, the directions and the
anisotropies of the atomic magnetic moments.

2.4. Experimental Set-up
This section explains the experimental setups that were used during this thesis.
In Section 2.4.1 a detailed description of the home built VT-STM and the UHV
chamber that was used for the growth and self organization experiments of molecules
and graphene is given. Section 2.4.2 gives an overview of the experimental setup
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(a)

(b)

30 nm

30 nm

Figure 2.6.: STM topographs of (a) Au(111), U = -0.67 V , I = 91 pA and (b)
Ag(111), linescan of full image width and the zoom in, in blue and red,
respectively, U = -0.92 V, I = 1 nA.
that was used at the beamline ID08 at the ESRF in Grenoble for the experiments
concerning magnetic materials. The last two Sections 2.4.5 and 2.4.3 deal with the
different samples, sample cleaning and preparation methods.

2.4.1. Home built UHV chamber
The present thesis was instrument wise focused on optimizing the current UHV
chamber from a noise and stability point of view.
Throughout the last years many minor and major changes at the chamber, the
STM itself and the surrounding infrastructure have been conducted. The first version
of this UHV chamber was built by former PhD students Peterka [49], [50] and
Repetto [51] and then further developed by Sessi [52].
For the sample cleaning procedure a sputtergun (Omicron ISE 10) points inside
the chamber, which runs with Argon ions. To smoothen the surface after sputtering
the samples can be annealed up to temperatures of T = 1250 K. Furthermore the
sample can be cooled in the manipulator down to 35 K and transferred to the cold
STM within less than 30 s so that the sample stays below 100 K. The chamber is
equipped with two single metal evaporators and one double molecular evaporator
that can be removed, filled or a maintenance measure can be performed without
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breaking the vacuum of the main chamber. The deposition rate can be calibrated
with a quartz micro-balance. Samples and tips can be transferred into the chamber
out of an independently pumped and fully bakeable load-lock which offers a five slot
magazine.
Surface analysis tools like Low Electron Energy Diffraction (LEED), Auger Electron Spectrometry (AES) and a VT-STM are attached to the chamber and the
sample can be transferred in-situ between these instruments within a couple of minutes by means of a long (2 m) and fully rotatable (360◦ ) manipulator and a wobble
stick. The temperature of the sample and the manipulator head can be measured
with two thermocouples and checked with a pyrometer.
Two equivalent pump sets each consisting of a membrane pump and a small
turbo pump are used to pump different parts of the chamber. One set pumps the
manipulator differentially all the time additionally it can be used to clean the gas
inlet system for Argon, Oxygen, Ethylene and Borazine as well. The other set is
backing the main turbo pump and the turbo pump for the loadlock. An ion getter
pump, a Titanium sublimation pump and a H2 getter pump are attached as well.
The usual UHV that can be obtained directly after the bake-out is about 1 · 10−10
mbar, in operational mode the pressure is in the range of 1 · 10−10 − 5 · 10−10 mbar
depending on the materials, gases etc. used. Two leak valves allow the gas inlet
either for sputtering and cleaning of the samples or for adsorption experiments. For
the latter one the leak valve is extended by a special doser that can be brought close
to the sample surface (< 0.5 cm) to trigger growth processes that need a relatively
high partial pressure.
The main surface analysis tool of the chamber is the VT-STM (see Figure: 2.8) it
is a so called beetle type or Besocke STM [53] named after the inventor in 1987. A
Besocke type STM is build up rather simple and compact, four identical piezoelectric
tube scanners that are mounted on the same plate are arranged in the way that three
piezos build up a equilateral triangle; the fourth one is placed in the middle of the
triangle. The three outer piezos that are capped with metal or sapphire balls serve as
coarse approach piezos while the inner one is used as scan piezo. Finally the sample
is placed on the metall balls just held down by gravity. To obtain a tunneling current
a voltage is applied between one of the capping balls of the coarse approach piezos,
that is connected to the sample via the sample holder and the tip. Hence, all STM
topographs shown in this thesis are obtained with a voltage applied to the sample.
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Moreover, the compactness of the Besocke design leads to high resonance frequencies
and therefore to a high stability of the system.
The original design of our VT-STM is taken from Wilson Ho [54]. One big advantage of this instrument is that the tip can be exchanged in-situ. In operational
mode the STM is hanging on three CuBe springs that are directly connected to
the Helium flow cryostat. The residual movement of the STM is damped by an
eddy current damping system that can be seen in the bottom part of Figure 2.8
(a). Three soft copper braids used to connect the STM base plate with the inner
shield but because of the transmission of mechanical vibrations to the tunneling
current these connections were removed. The cryostat can be used to cool the STM
down to 18 K and keep it at a certain (18 K < T < RT) temperature. Three
diodes measure the temperature at the cryostat, the frame and the STM plate. A
resistively driven heater that is located close to the cryostat and controlled by a
proportional-integral-derivative (PID) controller stabilizes the tip-sample temperature. To transfer samples in and out of the STM or exchange tips the STM can be
pulled down. This minimizes the risk of damaging wire connections or the piezos
during the transfer. Heating of the STM by thermal radiation is reduced by a gold
coated Oxygen free Cu radiation shield.
A crucial part of STM measurements is the stability of the system against electrical and mechanical noise. To reduce mechanical vibrations a combination of three
different damping stages is used. A set of four avtive dampers (see Figure 2.7) decouples the ground and the optical table. On top of the optical table four passive
dampers decouple the frame that holds the UHV chamber and the optical table.
The final damping stage is realized by the combination of the already mentioned
eddy current damping system of the STM itself and the CuBe springs. All backing
pumps have been attached to the frame to avoid any kind of mechanical connection
between ground and UHV chamber. A switch that stops the ventilation of the fume
hoods present in the laboratory has been installed to reduce vibrations that are
transmitted via the air.
As important as the mechanical decoupling of the system is the prevention of
electrical noise that couples to the tunneling current. Therefore the whole measurement electronic is decoupled from the power supply system by two separation
transformers. The network cable of the computer has to be unplugged or the switch
that distributes the internet connection in the laboratory has to be separated by a
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Figure 2.7.: UHV Chamber with VT-STM in Stuttgart.

transformer as well. All connections for water cooling have to be unmounted because
these connections do not just transmit mechanical vibrations but connect the UHV
chamber with a resistance of R ≈ 2 MΩ to ground. The grounding of the chamber
is realized by a cable, which connects the current amplifier directly with a so called
”clean ground”. All racks that contain electronics for different instruments like AES,
LEED, etc. are built up that way that they can be separated from the chamber by
unplugging three plugs.
In the final stage the STM shows a high stability and reproducibility in the measurements. Atomic and molecular resolution can be achieved with a noise on the
z-piezo that is below 7 pm.
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Figure 2.8.: Detailed schematic description of th VT-STM, taken from [52].
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2.4.2. Beamline set up

All XAS and XMCD measurements shown in this thesis have been performed at ID08
at the ESRF in Grenoble. The set-up consists of three vacuum chambers, namely:
Magnet chamber, preperation chamber and STM chamber (see Figure 2.9). The
latter one is equipped with standard tools for surface science experiments. Samples
can be sputtered and annealed up to either 1200 K with current driven direct heating
or 2100 K with electron bombardment (two different manipulators are available).
Two metal evaporators and one organic molecular beam evaporator (OMBE) as
well as a combined LEED/AES and a commercial available VT-STM from Omicron
are attached at the STM chamber.
The preparation chamber is equipped with a load-lock, a magazine, an Alkali
dispenser and an OMBE. At the same time it connects the STM chamber with the
magnet chamber via a relatively long (≈ 3 m) transfer mechanism. The magnet
itself is a fast ramping ±7 Tesla cryomagnet operable in the temperature range of
8 ≤ T ≤ 360 K. The field is applied collinear with the incident photon beam. The
sample is mounted on an insert that can be rotated over ϑ = 360◦ to allow normal
and grazing beam incidence experiments.
ID08 provides the users with x-rays in the soft x-ray regime (400 - 2000 eV).
Using two Apple II undulators the beam can be either circularly with positive or
negative helicity or linearly and thereby vertically or horizontally polarized. All
three chambers are independently pumped and have a base pressure in the order of
p ≈ 1 · 10−10 mbar.
The XAS spectra can be recorded in AEY mode or in TEY mode. For TEY
mode the drain current of the photoexposed sample is measured. All experiments
shown in this thesis are measured in TEY mode. Beam instabilities caused by the
storage ring itself can cause measuring artefacts. Therefore all spectra have been
normalized by a photocurrent (I0 ) which is measured at a gold mesh positioned ≈ 2
m in front of the sample. One set of measurement consists at least of 6 spectra taken
with reversed helicity and magnetic field orientation for XMCD and 12 spectra for
XMLD. It takes 60 - 100 s to obtain one single spectrum.
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Figure 2.9.: Showing the rather compact but fully equipped STM chamber at beamline ID08 in Grenoble.

2.4.3. Boron Nitride / Hexagonal Boron Nitride
Boron Nitride (BN) acts with a band gap of ∼ 5 eV as an insulator [55, 56]. Also
known as ”’white graphite”’ it shows interesting properties that are partly comparable to those of graphite [57]. With an equal amount of Boron and Nitrogen atoms it
consists in its most common crystal structure, the hexagonal boron nitride (h-BN)
of hexagonally arranged layers that are atomically thin. Comparable to graphite
these layers are only weakly bond and can be cleaved off [58, 59]. These monolayers
of h-BN act as a defect-free insulating barrier exhibiting a high breakdown field [60]
and are therefore a perfect candidate for tunnel devices.
It has been shown that many metals can act as substrates for the growth of
monolayers of h-BN. Dosing Borazine (HBNH)3 under UHV conditions while the
substrate is hold above a certain threshold temperature h-BN grows e.g. on: Ni(111)
[61–65], Cu(111) [66], Ru(0001) [67], Rh(111) [68], Pd(111) [62, 65] and Pt(111)
[62, 65].
If the underlying metal and the h-BN are not lattice matched (e.g. for the case of
Rh(111)) the combination of both materials will result in the formation of a periodic
pattern. For Rh(111) this pattern is called ”nanomesh” and it is due to the lattice
mismatch of 13 Boron/Nitrogen atoms sitting on top of 12 Rhodium atoms. The
pattern exhibits a periodicity of 3.2 nm and a inner pore diameter of 2 nm while it
is hexagonally arranged. The nanomesh can be used to trap and/or decouple atoms
or molecules within the pores at the same time [69–71].
The system of h-BN on Rh(111) and on Ni(111) will be discussed in more detail
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in the experimental Section (cf. Chapter 5).

2.4.4. Crystal cleaning
All experiments shown in the present thesis have been performed on Ni(111), Ru(0001),
Rh(111), Ag(111) and Au(111). The single crystals are provided by MaTeck GmbH
and are hat shaped exhibiting an orientational misfit of below 0.1◦ .
Ag(111) and Au(111) crystals are cleaned by sputtering with Ar+ ions and subsequent annealing with electron bombardment in UHV conditions up to 810 K. The
sputtering angle3 is set to be in the range of 55◦ - 85◦ . The Ar+ flux measured on
the sample is typically in the range of 3-7 µA. For Ni(111), Ru(0001) and Rh(111)
slightly higher annealing temperatures are chosen (970 K for Ni(111), 1050 K for
Ru(0001) and 1020 K for Rh(111), respectively). Each annealing step is finished by
cooling the crystal slowly down to room temperature (RT) with a rate of ≈ 0.5 K/s.
One set of cleaning (that is 3-5 cycles of sputtering and annealing) is performed
with decreasing Ar+ ion energies (1500 eV - 700 eV). The annealing duration for
Rh(111) is with 30 min higher than for the other crystals (10 min). Depending on
the cleanliness of the crystals an additional annealing in Oxygen atmosphere can be
performed.
Besides the single crystals from Mateck we used a second type of samples. A layer
of Yttria-stabilized Zirconia (YSZ) is grown with pulsed laser deposition (PLD) on
top of a commercially available single crystalline Si wafer in UHV (see Figure 2.10).
The first 2 nm are grown without Oxygen to remove natural Si oxide while the
remaining thickness of 10 nm is grown with an Oxygen pressure of p = 1 · 10−4
mbar. In a final step the metal of interest (we used Rhodium and Nickel) is grown
by e-beam evaporation. The first 20 nm are grown at a very low deposition rate of
0.004 nm/s for the remaining thickness a higher rate of 0.02 nm/s is chosen. We used
thicknesses of 150 nm and 500 nm for our experiments. These samples are grown
by Dr. Stefan Gsell from the University Augsburg. We used this type of samples
because the original wafer could be cut in many different shapes and sizes and this
enabled us to work in different UHV chambers (with different sample holders) on
the same sample system. The cleaning of Metal/YSZ/Si is done by following the
same routines as for the single crystals but with lower sputtering energies of 800 eV
3
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Metal
YSZ
Si(111)

Figure 2.10.: Tentative model of a layered system consisting of (from bottom to
top), a single crystalline Silicon substrate, a stabilizing layer of Yttriastabilized zirconia (YSZ) and a layer with a thickness of 150 - 500 nm
of either Rh(111) or Ni(111).
for Rhodium and 700 ev for Nickel, respectively: The reduced sputtering energies
avoid a fast decrease of the layer thickness.
Prior to the actual experiment, the cleanliness of all crystals was checked by STM,
Auger spectroscopy and/or LEED.

2.4.5. Sample preparation
A monolayer of h-BN is grown in-situ by exposing the hot sample to Borazine
(HBNH)3 for 1-4 min at a pressure of p = 1 · 10−6 mbar.
Graphene that has been used for the transfer onto h-BN is commercially available
from the company Graphene Supermarket4 . The graphene is grown by chemical
vapour deposition (CVD) onto a copper foil and transferred onto our samples following this procedure:
1. Spin coat Polymethylmethacrylat (PMMA) onto the graphene.
2. Anneal the substrate at 320 K in an etch solution of 1 mol FeCl3 and diluted
HCl to remove the Co foil.
3. Clean the PMMA/Graphene in a 3 step process in deionized water first, diluted
HCl afterwards and deionized water again.
4. Scoop up PMMA/Graphene with the substrate and let it dry.
4

https://graphene-supermarket.com/
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5. Anneal the substrate for 1 h in acetone, rinse it with Isopropanol afterwards
and blow it dry.
A temperature and pressure controlled growth is used to grow graphene and
graphene flakes on top of a h-BN layer. To trigger the growth process the substrate is hold at a constant temperature between 1120 K and 1160 K and exposed
to a pressure of 5 · 10−6 ≤ p ≤ 5 · 10−4 mbar of Ethylene or Acetylene for 15 - 30
min followed by a post annealing at the same temperature for 30 min.

2.4.6. Metal Evaporation
Iron and Cobalt are evaporated in a standard e-beam evaporator from Omicron
NanoTechnology GmbH with one (EFM 3) or three (Triple EFM) slots for evaporants. Fe, Co and Ni are evaporated from a rod. The flux was calibrated using the
combination of STM and a quartz microbalance for sub-monolayer deposition.
The deposition rate for the experiments at the synchrotron was estimated using
STM in the STM chamber for RT deposition and a quartz microbalance in the
magnet chamber as well as the normalized edge jump height at the L3 edge for the
particular metal for the low temperature deposition.

2.4.7. Evaporation of molecules
The molecules that were deposited during this thesis are shown in Figure 2.11
(a) and Figure 2.11 (b). Both molecules are evaporated in a home-made, resistively driven two pocket evaporator. The evaporation temperature of the particular molecule was estimated before the actual experiment took place. Therefore
a special UHV chamber equipped with a quadrupole mass spectrometer that can
measure masses up to 500 amu was used. We estimated a sublimation temperature for 2,7-dibromobenzothieno[3,2-b]benzothiophene (BrBTBT) of 440.5 K and
480 K for [1]Benzothieno[3,2-b][1]benzothiophene-2,7-dicarbonitrile (CyanoBTBT).
The molecules were synthesized by Dr. Vijay Vyas5 .

5

Department of Nanochemistry Prof. Lotsch at the Max Planck institute for solid state research
Stuttgart.
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(a)

BrBTBT

(b)

CyanoBTBT

Figure 2.11.: (a) shows 2,7-dibromobenzothieno[3,2-b]benzothiophene, (b) shows
[1]Benzothieno[3,2-b][1]benzothiophene-2,7-dicarbonitrile, Hydrogen is
shown in white, Carbon in grey, Nitrogen in blue, Sulfur in yellow and
Bromine in red.
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Insight must precede
application
(Max Planck)

Following the trend of Moore’s law [4], stating that the number of components
per integrated circuit will double every year1 , means that we have to understand
and control electronic transport phenomena at the single-molecule scale. An ideal
theoretical system for such studies would be a wire with controllable length consisting of single atoms. The synthesis of molecules that can be linked to a chain [73–75]
comes quite close to the ideal case.
To create molecular wires the so called Ullmann reaction can be used. This
reaction was investigated by the German chemist Fritz Ullmann in the year 1901 [12]
it describes in a two step process the coupling between aromatic halogenides. (i)
A dehalogination of an aromatic halogenide is achieved by a metal (e.g. Copper,
Silver) which then acts as linker between the aromatic units and (ii) the metal center
is removed by an aromatic unit and the two aromates are linked by a covalent bond.
Two different explanations of the intermediate of the Ullmann reaction were under
discussion. One possible explanation is that the radicals after the dehalogenation
are linked by molecule-molecule and surface-mediated interaction [76, 77]. A second
approach is the interpretation that metal atoms are linked intermediate between two
molecules [74, 78]. Recent studies of Wang et al. have shown that the intermediate
1

Moore’s law was predicted in 1965, in 1975 he slowed the future rate to a doubling every two
years [72]
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step can be explained by a C-metal-C linking (see. Figure 3.1 (a)). Another example
for the Ullmann reaction of 1,4-diiodobenzene on Cu(110) is shown in Figure 3.1
(c), the corresponding reactions can be found in Figure 3.1 (b) and Figure 3.1 (d),
respectively.
In this chapter we study the synthesis of self-assembled organometallic structures
and well-defined long 1D organometallic polymers on an Ag(111) surface by the
surface-supported Ullmann reaction. We present a brominated semiconducting precursor molecule that is sublimed on the crystalline surface under UHV conditions,
where a dehalogenation step is induced already at room temperature. STM reveals
that in a first step self-assembly of the dehalogenated ditopic molecule results in
short organometallic coordination polymers that arrange in a lamellar-like monolayer. Through annealing up to 420 K the lamellar structure is dissolved and longer
organometallic polymers are formed. At this temperature the newly formed 1D
polymers align in a side-by-side manner.

3.1. Structural analysis of BrBTBT deposited at RT
The deposition of BrBTBT at RT leads to different structures on the Ag(111) surface. Figure 3.2 (a) shows an area of a dense packed layer of BrBTBT, the molecules
are arranged in a side by side manner with an interlamellar spacing of ≈ 1.1 nm (see
Fig. 3.2 (b)). The Fast Fourier Transform (FFT) of Fig. 3.2 (a) shown in plot (c)
reveals a second periodicity that is with ≈ 0.55 nm half the size of the interlamellar spacing. It belongs to the regions with three different oligomers being as close
as possible to each other (highlighted in transparent green in (a)). In this region
a rather short oligomer length that consists of 3 or 4 molecules is observed. The
number of oligomers can change within a ribbon. Therefore the oligomer length of
the neighbouring ribbon is following the opposite trend, that means it is decreasing
if the neighbouring oligomer length is increasing and vice versa.
The average length of a molecule within an oligomer is l ≈ 1.3 nm. This is longer
than one would expect for a polymer that shows C-C coupling (the normalized
length for a covalently bond molecule is calculated as lCovP oly = 1.05 nm). Our
Density Functional Theory (DFT) calculations reveal that this state belongs to an
organometallic polymer with an Ag-molecule-Ag coupling with a total length of l =
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(a)

(b)

(c)

(d)

(d)

Figure 3.1.: (a) 4,4”-dibromo-p-terphenyl annealed at 473 K (40*40) nm2 on
Cu(111) taken from [79]. (b) Coupling reaction for: Br-(ph)3 -Br to
Poly(para-phenylene) [79]. (c) 1,4-diiodobenzene annealed at 500 K
(19*19) nm2 on Cu(110) taken from [80]. (d) Coupling reaction for:
1,4-diiodobenzene [80].
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1.3 nm (see Figure 3.5 and for a description of the DFT calculations see Appendix
A).
Figure 3.2 (d) shows the typical Auger electron spectrum for a clean Ag(111)
surface in black and the same sample after the deposition of BrBTBT in red, the
Sulfur peak and the Carbon peak are highlighted.
Due to the absence of the Bromine peak we conclude that the dehalogenation
step of the molecule is induced either during the annealing of the molecules in the
OMBE or after the deposition on the surface at RT. For the Auger process one has
to take into account that the cross-section for the Bromine transition is one order
of magnitude smaller than for the Sulfur transition but although we increased the
integration time for the Auger process no Bromine peak was observable.
Areas with a lower coverage of molecules lead to a dissipation of the lamellar
structure. Figure 3.3 (a) shows the transition from the lamellar structure towards
the disordered phase. While in the lower part most of the molecules are lamellar
ordered the ordering vanishes in the top part. A closer look at the center of the lower
part reveals that the oligomers consist of either 4 (labelled with B) or 5 (labelled
with A) molecules. The comparison to the dense packed layer (Fig. 3.2 (a)) brings
an increase of the average oligomer length by 1 to light. The closer we get to the
edge of the lamellar like structure the longer the oligomers become until the ordering
completely vanishes.
For a better understanding of the disordered phase a zoom in is shown in Figure
3.3 (b). In this area oligomers with a length of up to 10 molecules could be found.
Furthermore, a threefold binding configuration appeared where three molecules are
joined in a vortex manner (see black circles and a tentative model in Figure 3.3 (d))
which is an additional hint for the presence of organometallic polymers rather than
for covalently bond polymers. A different spot with a disordered phase is shown in
Figure 3.3 (c), in this case no ordered phase on the terrace was seen and therefore
the organometallic polymers were randomly oriented. Binding of 3 or 4 molecules
to one Ag atom occurred in this region regularly (see black circles).
In the more fuzzy areas in between the polymers the stability of the tip was reduced
while scanning, which is due to residual molecules that did not find a binding site
and are therefore mobile on the surface. This finding will be discussed in more detail
later in this chapter.
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Figure 3.2.: (a-c) STM topograph, corresponding linescan and FFT of a full layer
of BrBTBT on Ag(111), U = -0.63 V, I = 0.11 nA. The linescan reveals
a periodicity of 1.1 nm. The FFT shows two periodic structures. (d)
Auger spectrum for the clean Ag(111) surface in black and after the
deposition of molecules in red, the peaks for Sulfur and Carbon are
highlighted in blue and green, respectively.
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(a)

7.5 nm

(c)

(b)

AB B A

3.8 nm

(d)

3.8 nm

Figure 3.3.: STM topographs of BrBTBT deposited at RT on Ag(111) with scanning
parameters U = 0.8 V, I = 0.13 nA . (a) Shows the lamellar like order of
the molecules in the lower part and in the top part a partly disordered
phase. A zoom in on the top part is shown in (b). (c) Completely
disordered phase, nodes are highlighted in black. (d) Tentative model
for the nodes.
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3.2. From short oligomers to long polymers
We triggered a reorganization process by annealing the system. Image 3.4 (a) shows
the surface after a 10 min annealing at T = 350 K. The lamellar structure with
short oligomers is converted into a side-by-side order of long oligomers. Most of
the oligomers follow a preferential growth direction over several tens of nanometers.
Although very few and small areas showed a disordered phase, fuzzy areas could
still be observed especially in the areas with lower molecular coverage. That is, not
all of the molecules found a binding site and are still mobile on the surface.
The periodical feature highlighted in Figure 3.4 (b) and (c) reveals a periodicity
of 1.25 nm along the oligomers and an intra chain spacing of 0.75 nm. This feature
consists of one bright oval dot and a darker linear connection to the next dot, each
linear oligomer is finished by a bright feature on both sides. In Figure 3.4 (a) single
and double vacancies are marked in green and red, respectively. These vacancies are
often the origin for tip instabilities, meaning that even in the more dense packed
areas molecular movement can be indirectly observed.
The oligomers consist of several tens of molecules and have a length of up to 40 nm.
Wang et al. showed that for the case of 4,4”-dibromo-p-terphenyl on a copper surface
the intermediate step of the Ullmann reaction leads to organometallic chains that
are still mobile on the surface, since the intermediate Cu atom is not bond strongly
to the substrate [79]. In our measurements we observe the same behaviour for the
chains that can be found in the disordered areas. Spontaneous rearrangement of the
organometallic polymers occurs throughout all measurements, which underlines the
findings of Wang et al. [79].

3.3. Adaption to and of step edges
A crucial part of surface science is the behaviour of molecules in the interplay with
step edges. For most of the organometallic networks or polymers the terrace size
limits the actual domain size of the examined material.
For a 1D material like 2,6-naphthalenedicarboxylic acid (NDCA) it has been recently shown that it grows over hundreds of nanometers unaffected by step edges
[81, 82]. In this experiment an Ag(110) crystal with an average terrace width of 15
nm was used as substrate, the NDCA then grew perpendicular to the step edges
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Figure 3.4.: (a) STM topograph of a BrBTBT layer on Ag(111) annealed for 10
min at 350 K, U = 0.8 V, I = 0.13 nA. (b) Height profile highlighted
in image (a). (c) STM topograph of a BrBTBT layer on Ag(111)
annealed for 10 min at 350, K U = -0.7 V, I = 0.1 nA. (d) Height
profile highlighted in image (c)
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(a)

(b)

7.5 nm

3.8 nm

(c)
Periodicity:
1.3 nm

Figure 3.5.: (a) and (b) STM topographs of a BrBTBT layer on Ag(111) annealed
for 10 min at 420 K, U = -0.72, I = 0.1 nA. (c) Left: Tentative model
of an organometallic polymer consisting of three BrBTBT molecules
on a Ag(111) surface, (c) right: DFT calculation of an organometallic
polymer, the length of one molecule binding to an Ag atom is: 1.3 nm.
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(a)

(b)
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A
A
B

4.0 nm

Figure 3.6.: (a) Adaption of BrBTBT to step edges at RT. (b) Adaption of step
edges to BrBTBT after annealing at T = 420 K, U = -0.72 V, I = 0.1
nA.

over hundreds of nanometers. The adaption of networks to step edges and the continuous growth over several surface terraces have been shown by Kley et. al [83] for
4, 40 -di-(1,4-buta-1,3-diynyl)-benzoic acid (BDBA) in contrast to e.g. Fe-polyphenyl
carboxylate networks that exhibit a low flexibility and therefore do not overcome
step edges [84–88].
Figure 3.6 (a) shows the behaviour of the lamellar structure in interaction with
a step edge. Two different oligomer length can be distinguished (labelled with A
and B for an oligomer consisting of three or four molecules). Interestingly the order
of A and B runs across the step edge. That means that either the interaction
perpendicular to the oligomer growth direction is strong and even overcomes step
edges or that the oligomers adapt to the lattice constant af Ag(111).
Moreover, after annealing at 420 K and the formation of long organometallic
polymers we reveal that the step edges adapt to an integer multiple of the polymers.
Figure 3.6 (b) shows a stepped area of the Ag(111) surface with a full layer of
BrBTBT. During the cooling to RT the polymers pinned the surface Ag atoms and
therefore just discrete values for the terrace width were allowed.
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3.4. Dynamics in organometallic polymers
We already mentioned that instabilities of the tip in fuzzy areas are caused by
molecules that are mobile. This finding is not new in surface science and was reported
throughout the history [47]. An interesting question is if the tip is triggering a
process or if the dynamic is an intrinsic property of the sample.
A series of consecutive STM images taken at the same area of the sample is shown
in Figure 3.7. The capturing time for each image was 10 min and the subsequent
image was taken 10 min after the previous one had been finished. Three different
areas are pronounced in green, red and blue. It can be nicely seen that still adsorption and desorption processes take place at RT. The areas highlighted in green
and blue are shrinking with progressing experimental time whereas the red area is
getting larger within the first 40 min before it starts to get smaller as well. The dynamic behaviour of the polymer is an additional hint (besides the periodicity that is
found within one chain) towards the presence of an organometallic state. The effect
of forming and destroying bonds shows that we have an organometallic compound
rather than a covalent bond state, since a covalent bond could neither be destroyed
with the scanning parameters we used (see Ref. [89]) nor would it be formed at RT
spontaneously.

3.5. Summary
In summary we have demonstrated that BrBTBT can be used as a precursor to
create one-dimensional structures on an Ag(111) surface.
We showed that the intermediate step of the Ullmann reaction is an organometallic
polymer. At room temperature we observed a lamellar structure that consisted of
molecules linked by Ag atoms. In good agreement with our Density Functional
Theory (DFT) calculations we measured an average Ag-molecule-Ag distance of 1.3
nm. The interplay with step edges showed that the lamellar structure could overcome
step edges due to the fact that adjacent polymers share a metal center. Up to now
it is not clear if the metal atom that acts as a linker between two molecules is pulled
out of the surface or if it is provided by the present Ag gas. However, we showed
that the oligomer length is increased for the transition from the lamellar structure
to the disordered phase. The latter one exhibited oligomers consisting of up to 10
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t = 0 min

t = 80 min

t = 20 min

t = 100 min

t = 40 min

t = 120 min

t = 60 min

t = 140 min

Figure 3.7.: Series of eight images with a capturing time of 10 min for each image,
the starting time is written next to each image, U = -0.7 V, I = 0.1
nA, image size (19*19) nm2 .
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molecules pointing in random directions including kinks and voids. Whereas the
lamellar structure showed oligomers consisting of 3 to 5 molecules.
The oligomers could be arranged in a side by side manner by thermal activation,
whereby no significant structural difference could be found for annealing temperatures of 350 K and 420 K. Due to the annealing step the organometallic polymers were aligned along preferential directions with chain lengths of several tens
of nanometers. Areas with higher step densities exhibited terraces with an integer
multiple of the molecular length. Dynamic dis- and reassembly was revealed for
freestanding polymers. Hence, we concluded an organometallic binding geometry
(i.e. the intermediate step of the Ullmann reaction) for BrBTBT after annealing at
moderate temperatures.
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Linking organic molecules non-covalently by metal centers is a well known approach
to create new materials for e.g. catalysis, gas storage and sensing technology. The
automotive industry is highly interested in storage media that can host hydrogen.
Metal-organic frameworks (MOFs) could act as such a support [90–94]. Furthermore MOFs can also be used to host catalytic reactive molecules or to allow the
enantioselective inclusion of metal complexes that catalyse a transesterification reaction [95]. Controlling the exact pore size distribution and the functionality [95–98]
of the newly formed material are of great technological interest because basic knowledge about any aspect of the network allow researchers to artificially design, develop
and grow specific networks with different properties facing a huge bandwidth of requirements. Hence, it is absolutely necessary to understand the building mechanism
and the interaction on the atomic scale.
For a review of non-covalent synthesis on metal substrates see [99]. Furthermore, different cavity sizes can be created by combining Phenylenes (Tri-, Tetra,
Penta-Phenylene) with Co shown by Schlickum et al. [100], these networks can host
adsorbates or single atoms [101] and extend over several hundreds of nm. Using
para-hexaphenyl-dicarbonitrile linker molecules huge cavity sizes of 24 nm2 were
grown by Kühne et al. [102].
In this chapter we study the self-assembly of CyanoBTBT (shown in Chapter
2.4.7) in the pure molecular phase and in combination with Iron atoms as metal
centers on Ag(111). We reveal different coordination geometries at RT and intermediate steps of phase separation caused by carefully chosen annealing temperatures.
In particular we will focus on the structural properties of CyanoBTBT, the robustness of metalorganic networks against annealing and the different topologies arising
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from thermally activated transitions. Furthermore Section 4.4 will shine light on the
dynamic dis- and reassembly of molecules and organometallic networks, respectively.

4.1. Strucutural analysis of CyanoBTBT
The typical order of CyanoBTBT molecules after annealing at T = 420 K can be
found in Figure 4.1 (a) and (b). This structure is similar to what we obtained after
RT deposition with the difference that the domain sizes increase with increasing the
annealing temperature. A second ordered structure (parallel order) was measured
less often throughout the experiments and is marked with ”A” in Figure 4.1 (c),
area ”B” shows the zigzag order (similar to what we obtained in 4.1 (a)).
CyanoBTBT is a prochiral molecule [103] which means that it has a non superimposable mirror image in 2D whereas the molecules do not show chirality in 3D. The
two possible enantiomers of the chiral molecule are shown in Figure 4.1 (d). The
corresponding length scales were calculated using the DFT calculation described in
Appendix A.
A closer look at the zigzag order reveals that the molecules in this arrangement
consist of the two possible types of enantiomers whereas the parallel order consists of
just one single type of enantiomer. However, during the deposition the probability
for the occurrence of each of the enantiomers is the same therefore the enantiomers
are randomly distributed over the whole surface. Since the parallel order needs
just one type of enantiomer this structure will appear less often. This finding is in
agreement with our experimental data.
The enantiomers in the zigzag order show a tilting angle of 60◦ with respect to
the neighbouring row (see ”A” and ”B” in Figure 4.1 (b)), furthermore every second
molecular row (highlighted with ”B”) is slightly tilted with respect to the surface
plane. Assuming a completely flat lying enantiomer on the surface for the brighter
spots (highlighted with ”A”) the tilting angle for the less brighter molecules can
be calculated as 37◦ . This means that every second molecular row sticks out of
the surface with an angle of 37◦ . Since STM images always show a superposition
of topography and electronic structure of the surface one has to take into account
that we did not make any assumption for different adsorption sites on the Ag(111)
surface that could influence the electronic structure of the molecules and therefore
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the brightness in the images as well.

4.2. Metalorganic networks of CyanoBTBT and Fe
The growth of MOFs was triggered by depositing Fe atoms and CyanoBTBT at
the same time. Figure 4.2 shows on the left hand side ((a), (b) and(c)) a low
coverage sample and on the right hand side a sample with a three times higher
coverage of CyanoBTBT and Fe (see images (d), (e), (f ) and (g)). On both
samples no freestanding triangular structures were observed although Iron would
form triangularly shaped islands on an (111) surface [104–106] therefore the Fe must
be either incorporated by the network or attached to the network edges. This is what
we found especially for the high coverage samples, the residual Fe is transported to
the edges of the network and appears as brighter spots in the images. In regimes
with an even higher coverage (i.e. full monolayer of molecules) the Iron stays on top
of the molecular layer (not shown here).
To estimate the average coordination n giving the number of molecules linked
by a metal center we counted all connections in the network for 4.2 (e) n ≈ 3.57.
This results in a slightly higher preferential coordination motif of fourfold symmetry
rather than threefold symmetry. In Figure 4.2 (g) a disordered network with a combination of a threefold (black) and a fourfold (blue) binding motif is shown whereas
Figure 4.2 (f ) shows a preferential fourfold binding geometry. In total this finding
results in a broad distribution of cavity sizes. We measured the size distribution
of the cavities in the images 4.2 (e-g) for the different adsorption geometries. The
pure fourfold symmetry leads to an average cavity size of A ≈ 2 nm2 whereas the
combination of three and fourfold coordinated molecules results in larger cavities of
up to A ≈ 8 nm2 . A pure threefold binding geometry could not be observed.

4.3. Phase separation in CyanoBTBT
The previous studies revealed the suitability of Fe atoms to link CyanoBTBT in
(disordered) networks. This section will focus on the influence of annealing on the
system shown in Figure 4.2 (d).
Figure 4.3 shows 5 different annealing steps of 370 K, 420 K, 470 K, 570 K and
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3.8 nm

1.9 nm

(c)

(d)
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0.89 nm

B

1.41 nm

Figure 4.1.: (a) Zigzag order of CyanoBTBT, U = 1.5 V, I = 0.1 nA. (b) Highresolution topograph of the zigzag order, U = 1.5 V, I = 0.1 nA. (c)
CyanoBTBT showing parallel and zigzag order in A and B, respectively,
U = 1 V, I = 0.1 nA. (d) The prochiral CyanoBTBT shows two enantiomers in 2D, the lengths scales are calculated using DFT.
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Low coverage
(a)
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30 nm

(b)

(d)

30 nm

(e)

7.5 nm

(f)

3.8 nm

(g)

1.9 nm

15 nm

(c)

4.4 nm

Figure 4.2.: Deposition of CyanoBTBT and Fe, all images are taken at RT. Low
coverage of CyanoBTBT and Fe (left) and three times higher coverage
of CyanoBTBT and Fe (right). (a-c) STM topographs taken at U = 2
V, I = 0.1 nA. (d-g) STM topographs taken at U = -1 V, I = 0.1 nA.
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770 K, respectively. For each annealing step the temperature was slowly ramped up
(within 15 min) and then held at the temperature for 10 min. The cooling rate was
about 1 K/s.
The metalorganic network, which was obtained for the RT deposition was not
observed after annealing the sample. After annealing at 370 K (see Figure 4.3 (a))
a phase transition occurred. A pure molecular phase was found with two different
structures, a zigzag order and a parallel order of the molecules (see Figure 4.3 (a)
highlighted with ”A” and ”B”, respectively). The first one was the preferential order
structure and showed an occurrence of about 95% measured over 10 large scale
images. Both structures did not show any intermediate Iron atom which is in good
agreement with our experiments with pure CyanoBTBT on Ag(111) (cf. Section
4.5). Furthermore all Iron atoms were transferred to the edges of the molecular
phases and appeared as bright spots in the images. The domain size of a closed
molecular phase reached up to A ≈ 100 nm2 .
A further annealing at T = 420 K led to the images shown in Figure 4.3 (b)
and (c). Besides a clean zigzag order over hundreds of nanometers, flowers (we call
it: nanoflowers) appeared that consisted of an Iron cluster surrounded by up to 15
molecules having an average coordination of n ≈ 8.2 molecules/Fe cluster, an inner
circumference of 5.25 nm (measured at the connection points between molecules and
Fe cluster) and an outer circumference of 10.5 nm. Despite the finding for the RT
case that most of the molecules were attached on both sides to metal atoms we very
rarely observed that molecules were connected to two metal clusters at the same
time after the annealing (see black circles in (b) and (c)). The nanoflowers were
distributed all over the sample and no preferential adsorption site e.g. step edges,
dislocations could be observed unless they form at surface defects like vacancies.
After annealing at T = 470 K the zigzag order extended over hundreds of nanometers whereas the nanoflowers stayed the same size (shown in (d)). The molecules,
which were not attached to a metal cluster desorbed after a higher annealing at
T = 570 K, shown in (e) and just the nanoflowers remained on the surface. We did
not observe metal clusters without molecules being connected to it. After a final
annealing at T = 770 K the Ag(111) crystal showed the typical cleanliness that was
obtained after sputtering and annealing apart of very few contaminations that most
probably were residuals of decomposed molecules and Fe clusters (see Figure 4.3
(f )).
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(a)

370 K

(d)

470 K

A
Fe cluster

15 nm
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B
420 K
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7.5 nm
3.8 nm
(c)
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420 K

(f)

770 K
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Figure 4.3.: Different annealing steps for the same sample of CyanoBTBT and Fe.
(a) U = 0.75 V, I = 0.1 nA (b) U = 0.99 V, I = 0.1 nA (c) U = 1.5
V, I = 0.1 nA (d) U = 1 V, I = 0.1 nA (e) U = 1.06 V, I = 0.1 nA
(f ) U = -1.31 V, I = 0.1 nA
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Table 4.1.: Values of CyanoBTBT an Fe after on Ag(111) after annealing at T = 420
K. With, n = number of molecules/Fe cluster, CI = Inner circumference
of the nanoflower and CO = Outer circumeference of the nanoflower.
Number of Nanoflowers n C I (nm) C O (nm)
85
8.2
5.25
10.51

4.4. Dynamic dis and reassembly of CyanoBTBT
We already discussed the influence of the STM tip on BrBTBT and figured out
that the tip or the electric field can cause mass transport and therefore influence
the dis- and reassembly of molecules while scanning. To study the dynamic disand reassembly of CyanoBTBT and the robustness of the organometallic network
we have performed a long-term STM run.
Figure 4.4 (a-e) shows a consecutive series of images that were obtained over a
total of 8.5 hours. The sample was prepared at RT with subsequent deposition of
molecules and Fe. For each image four areas are highlighted in yellow, pink, blue and
green, respectively. Yellow and pink show the bare Ag(111) substrate whereas the
areas marked in blue and green are partly filled with the pure molecular phase (this
can be seen in the brighter areas for green and blue) that shows zigzag order while
the darker part represents the bare Ag(111) substrate. However, the metalorganic
network can be nicely distinguished on the terraces.
Following the shape of the blue highlighted area reveals that the network is partly
depressed and stretched while scanning. This means that either the organometallic
network is mobile on the surface or that dis- and reassembly at the network edges
takes place. The area highlighted in pink shows a shrinking for the first three images
(a-c) and for image (d), which was taken after 248 min, a growing.
The pure molecular phase in the blue area vanished completely between images
(b) and (c) at the same time the molecular phase in the green area became slightly
bigger and the blue area in total became smaller implying a growth of the network
around the blue area. Interestingly a few of the bright spots (accounted as Iron
atoms) that were lying exactly in the blue area vanished simultaneously meaning
that the Iron atoms were partly incorporated by the network to support the growth.
The green area exhibits a complete emptying between image (c) and (d) showing
that many molecules move at the same time. Therefore we conclude that the binding
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energy for the pure molecular phase is not as strong as for the metalorganic network. This finding is emphasised by the results that we obtained after the different
annealing steps of the network. However, the metalorganic network is more robust
than the zigzag order of the molecules but it is less durable than the nanoflowers.

4.5. Analysis of pure CyanoBTBT
In the previous sections we have studied metalorganic structures. This section will
address the analysis of CyanoBTBT without Iron atoms present to underline or
explain in more detail the findings we already obtained.
Figure 4.5 (a) shows the molecular phase as it appeared after the deposition
of CyanoBTBT at RT. The findings for the order discussed in Section 4.1 could be
verified and showed therefore that no intermediate Iron atoms were present throughout measuring the molecular phase after the heat induced phase separation of the
metalorganic network. The Auger spectra shown in 4.5 (b) were obtained after depositing the molecules at RT and annealing the sample in distinct steps. The series
consists of consecutive spectra with a sampling time of 20 min for each spectrum
followed by an annealing step for 10 min that was 10 K higher than the previous one.
Starting with T = 420 K, we reached a final annealing temperature of T = 650 K. It
can be nicely seen that throughout the whole experiment the Sulfur peak (highlighted
in transparent blue) stayed the same size, whereas the Carbon peak (highlighted in
transparent green) was reduced with higher annealing temperatures.
Image (c) was measured after annealing at T = 380 K it shows one type of
enantiomer and therefore the parallel order of the molecules. To obtain image (d)
we annealed the sample at T = 470 K, it can be seen that a decomposing of the
molecules took place. Fragments and partly bond molecules as well as a few fuzzy
areas are visible. A final annealing step at T = 570 K (shown in (e)) led to a complete decomposing of the molecules. The findings for the Auger spectra that showed
Sulfur at high temperatures and the STM measurements that showed a decomposing of the molecules at high temperatures are in a first approach contradictory. A
possible explanation for the constant Sulfur peak even at high annealing temperatures could be that the Sulfur is incorporated by the first atomic layers of the
Ag(111) crystal after the decomposition of the molecules. However, the reduction of
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(a)

(b)

15 nm
(c)

(d)

(e)

Figure 4.4.: CyanoBTBT and Fe deposited at RT. Consecutive series of images
scanned with U = -0.99 V, I = 0.1 nA, 75*75 nm2 , the images are
taken at (a) t = 0 min (b) t = 67 min (c) t = 211 min (d) t = 248
min (e) t = 502 min.
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the Carbon peak at higher annealing temperatures showed that the molecules were
thermally decomposed and the Carbon was either desorbed or deeply incorporated
in the Ag(111).

4.6. Summary
In summary we have studied the self-assembly of CyanoBTBT and Iron deposited on
an Ag(111) surface by means of STM and Auger Electron Spectroscopy in the temperature range of 300 ≤ T ≤ 770 K. We demonstrated the appearance of two phases
of CyanoBTBT with distinct topologies, namely parallel and zigzag order. Due to
the prochiral structure of the molecule we attributed a single type of enantiomer to
the parallel order whereas both types of enantiomers were attributed to the zigzag
order. Assuming random distribution of both types of the prochiral molecule all
over the surface we showed in accordance with statistic a higher probability for the
occurrence of zigzag order than for the parallel order.
We demonstrated the formation of metalorganic networks consisting of Iron atoms
and CyanoBTBT at room temperature. Furthermore we showed the robustness and
flexibility of the network in comparison to the pure molecular phase that was affected
while scanning. An irreversible phase transformation occurring with increasing temperature led to the formation of nanoflowers. The origin of the nanoflowers was allocated to the clustering of Iron atoms that were originally linked by molecules resulting in an increase of the average coordination from n network ≈ 3.57 up to n nanoflowers
≈ 8.2 and an inner circumference of 5.25 nm and an outer circumference of 10.5
nm. The preference of the molecules to build a metalorganic network with fourfold
symmetry at RT and the underlying threefold symmetry arising from the Ag(111)
substrate hinders the formation of a pure and clean metalorganic network with fourfold symmetry.
For the pure molecular phase we could show that the intactness of the molecules
could be proven by following the evolution of the Sulfur and the Carbon peak and
the STM images at the same time.
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Figure 4.5.: (a) CyanoBTBT deposited at RT, U = -0.732 V, I = 0.14 nA. (b) Top:
Auger spectrum of CyanoBTBT deposited at RT and annealed: 420 K
≤ T ≤ 650 K, each spectrum is taken after annealing 10 K higher than
the previous one, the temperature increase is highlighted with an red
arrow. Bottom: Black: Clean Ag(111) reference, Red: Annealed at T
= 420 K, Green: Annealed at T = 550 K, Blue: Annealed at T = 630
K. (c) STM image taken after annealing at T = 380 K, U = -0.687 V,
I = 0.06 nA. (d) STM image taken after annealing at T = 470 K, U
= -0.78 V, I = 0.06 nA. (e) STM image taken after annealing at T =
570, U = -0.919 V, I = 0.1 nA.
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Combination of Graphene and h-BN
Graphene and graphene based electronics have become more and more in the focus
of interest over the last decade [5, 107]. The predictions that are made for graphene
were enormous for future applications. At present-day the first applications are build
and studied (e.g. the first ring oscillator consisting of 8 transistors, which breaks the
GHz barrier in 2013 [108]. In the same year the first computer build up of Carbon
nanotubes, which is one of the Carbon allotropes was reported [109]).
Presently, the special electronic properties of single graphene sheets is one of the
most studied topic in application oriented research (see Ref. [110] for a review). Due
to the formation of a gapless, linear dispersion relation E(k) at the Fermi energy,
also called Dirac-cone, charge carriers in graphene can propagate in 2D over large
distances in the range of several hundreds of nanometers without scattering. Long
spin diffusion lengths and extraordinarily high mobilities even at RT [111,112] makes
this material an interesting candidate for spintronic devices.
While theory predicts various interesting and exotic electronic effects in perfect
graphene the question how to produce ordered high-quality samples for potential applications is still under discussion. It has been shown that graphene can be grown by
chemical vapour deposition (CVD) on catalytic heavy metals using e.g. acetylene or
ethylene as a carbon source. This is an easy way to produce graphene especially since
the catalytic reaction automatically stops after the surface is fully covered with one
monolayer of graphene. However, the strong electronic interaction between graphene
and the metal surface strongly influences the linear dispersion relation at the Fermi
energy characteristic for a perfect graphene system [113]. Thus, CVD-grown single
graphene layers are often transferred to less interactive substrates like e.g. SiO2 by
wet-etching processing. During the transfer in liquid environments, however, sheets
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of graphene can fold or stick to each other leading to non-homogeneous multilayers
of graphene on the target substrate. In the case of SiO2 , the roughness of the substrate leads to a buckling of the graphene sheet [114]. Addressing this problem it
has been shown that ultra flat graphene can be obtained by mechanical exfoliation
of graphite onto a mica substrate. This results in a roughness of just 25 pm over
micrometer lateral length scales [115].
The multilayers that occur due to the transfer of CVD-grown graphene will have
different local electronic properties dependent on the stacking. E.g. in the ordered
Bernal stacking (graphite) a gap opens and the Dirac cone disappears due to the
interaction between the graphene layers. On the other hand for rotationally disordered stacking of graphene e.g. like in few layers graphene on SiC the graphene
keeps its electronic properties [116–121].
To obtain high-quality graphene the prerequisites are twofold. Firstly, a suitable
flat substrate or a flat decoupling layer that reduces, or completely hinders the
interaction of the substrate with graphene is needed. Secondly, a careful choice of
the ”type” of graphene that is brought into contact with the substrate (e.g. graphene
on SiC, CVD-grown graphene, mechanically exfoliated graphene or in-situ grown
graphene) has to be conducted.
In the last years the ”white graphene”(h-BN) has attracted much interest due to its
special properties (described in Section 2.4.3). Many theory work has been published
about applications and possibilities for research that emerges from the combination
of (h-)BN and graphene (e.g. the prediction of perfect spin filter devices based on
several layers of h-BN and graphene in 2007 and 2008 [122, 123]). In this context,
Dean et al. showed in 2010, that graphene devices on h-BN exhibit an almost one
order of magnitude better mobility and carrier inhomogeneity than graphene devices
on SiO2 [124]. One year later Wang et al. reported about a transistor based on a
sandwich structure of BN/graphene/BN [125]. In 2013, finally, Yang et al. and Tang
et al. reported about the growth of graphene on h-BN single crystals [126, 127]. For
a review about the emerging field of van der Waals heterostructures and the artificial
design of those structures see Ref. [6].
The next two sections of this chapter will shine light on the UHV growth of either
h-BN or graphene on a metal substrate. These sections will help us to understand
and fine tune the growth procedure of both materials to pave the way to the main
experiments of this chapter. In the following section we will combine the special
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Figure 5.1.: Tentative model of ethylene molecules hovering above a metal substrate, shortly before they start to decompose at the hot surface to
form graphene.
properties of a monolayer of h-BN to form well-defined interfaces with graphene.
To realize these interfaces we will either use commercially available graphene that is
grown on a Copper foil and transfer it by a wet-etching process (described in Section
2.4.5) onto our substrate, or we will in-situ trigger the CVD-growth of high-quality
graphene on h-BN. In the latter case we will explore a set of parameters that enables
us to grow graphene with different coverages on h-BN under UHV conditions. The
last two sections will shine light on both, low-temperature STS experiments performed on in-situ grown CVD graphene/h-BN systems, and on XMCD experiments
that were conducted to understand the coupling of a magnetic substrate to magnetic
adatoms via the graphene/h-BN heterostructure.

5.1. h-BN on Rh(111) and Ni(111)
Monolayers of h-BN were either prepared on a Rh(111) single crystal or on a Ni(111)
single crystal. A detailed description of the growth and the growth parameters can
be found in Chapter 2.4.5. Figure 5.2 (a-d) shows the h-BN/Rh(111) system for
different tip conditions and scanning parameters. The lattice constant for Rhodium
in the fcc plane is a Rh = 2.69 Å, the lattice constant of h-BN is a h-BN = 2.54 Å. Due
to the lattice mismatch of h-BN and Rh(111) a superstructure consisting of 13 × 13
pairs of BN atoms on 12 × 12 Rhodium atoms is observed, which is known as the so
called ”nanomesh” [70]. Boron and Nitrogen atoms can be located at three different
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sites with respect to the underlying substrate atoms, on top of a Rhodium atom, in a
fcc-hollow site, or in a hcp-hollow site [128]. The attractive forces between Nitrogen
and Rhodium atoms are highest for the on top position of the Nitrogen atom [129].
Figure 5.2 (d) shows the cavities, which are the result of the strong hybridisation
of the Rhodium dz2 orbitals and the pz orbitals of the h-BN. The remaining fcc and
hcp position of the Nitrogen atoms mark the ridges of the nanomesh, where the
h-BN superstructure is detached from the substrate. In addition, the centers of the
cavities in the nanomesh are d CC ≈ 3.2 nm apart, and the diameter of a cavity is
about 2 nm. This periodicity can be found all over the surface.
In contrast to the h-BN/Rh(111) nanomesh system, no nanomesh is observed for
h-BN on Ni(111). The reason for the absence of the nanomesh on the Ni(111) surface
is the very small lattice mismatch of ∼ 1.3% between h-BN and Ni(111) and the
resulting commensurable growth of the h-BN on Ni(111) [130].
Figure 5.3 (a) and (b) show the Nickel surface after the exposure of the hot surface
to Borazine. The fine black lines are attributed to grain boundaries that occur within
the monolayer of h-BN. The height profile shown in Figure 5.3 (c) reveals that on
the nanometer scale no additional periodicity can be found. Figure (c) shows an
AES measurement of the Nickel sample after the h-BN monolayer formation. The
peaks for Boron and Nitrogen can be easily distinguished and are an indication for a
successful preparation of a monolayer h-BN [131, 132]. For a detailed DFT study of
h-BN on Ni(111) see [133]. Later in this chapter, the systems of h-BN/Rh(111) and
h-BN/Ni(111) will serve as substrates for the growth of graphene as well as target
surfaces of transferred graphene.

5.2. CVD-grown Graphene on Rh(111)
The CVD-growth of graphene has been extensively studied by means of theory
and experiments for many different metals e.g. Ru(0001) [134–136], Rh(111) [137],
Pd(111) [138], Cu(111) [139] and Ir(111) [140–142]. For all these metals the growth
procedure is similar, the hot metal surface acts as a catalyst and cracks hydrocarbons
triggering the graphene growth. After the whole surface is covered with graphene
the reaction rate drops immediately. Hence, at moderate temperatures and partial
pressures the formation of a second graphene layer is hindered. Throughout our
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Figure 5.2.: STM topographs of a full h-BN layer on Rh(111). Depending on the tip
conditions and on the voltage applied while scanning, different parts of
the nanomesh are pronounced. (a) U = -0.186 V, I = 0.14 nA, (b) U
= -0.44 V, I = 0.1 nA, (c) U = 1 V, I = 0.1 nA, (d) U = -0.44 V, I
= 0.1 nA.
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Figure 5.3.: STM topographs of a full layer of h-BN on Ni(111). (a) U = -0.483 V,
I = 0.12 nA, (b) U = 0.15 V, I = 0.076 nA. (c) Linescan over several
steps of a h-BN/Ni(111) substrate. Since h-BN grows commensurably
flat on Ni(111), no additional pattern is observed. (d) AES of Ni(111)
after the deposition of h-BN. The peaks for Boron and Nitrogen are
highlighted.
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experiments we tested ethylene and acetylene as hydrocarbon sources. For the results
of CVD-grown graphene shown in this work, we could not observe any difference for
the growth procedure.
The lattice constants of graphene and h-BN are quite similar with a g = 2.46
Å [143] for graphene, and a h-BN = 2.54 Å for h-BN, respectively. Hence, we expect
a similar pattern to what we observed for h-BN/Rh(111) from a topological point
of view [144].
Figure 5.4 (a-d) shows Rh(111) samples with a full layer of graphene. The pattern
in (a) and (c) arise from the lattice mismatch of graphene and Rh(111) and results
in a periodicity of 29.6 Å. The origin of this periodicity is the overlay of 12 Carbon
atoms sitting on top of 11 Rhodium atoms. Figure 5.4 (c) highlights the three
different positions for the Carbon atoms within two supercells, namely: T: ring-top,
H: ring-hollow and B: ring-bridge (the nomenclature indicates the relative position
of a Carbon ring with respect to the Rhodium substrate). The three positions occur
within a supercell with the ratio of 1:2:3 = T:H:B [145, 146]. For the ring-hollow
site we have to distinguish between the hcp and the fcc adsorption site. The three
darker areas within a supercell are attributed to the ring-bridge sites. They define a
triangle with dark edges and a bright center spot. This center spot corresponds to
the ring-hollow (hcp) position. The ring-hollow (fcc) position can be found on the
opposite side of the large bright triangle and is labelled with “F”. The large bright
triangle itself defines the ring-top position [137, 145, 146].
For the growth of graphene on Ni(111) we obtained similar results as what is
reported in literature [147]. Similar to the system of h-BN/Ni(111), graphene grows
commensurably flat on the Ni(111) surface and does not show any superstructure.

5.3. Transferred Graphene on h-BN
We revealed in the previous chapters that both h-BN and graphene can be grown
on Rh(111) as monolayers with a high degree of ordering over larger scales. To
study quasi freestanding graphene [148] this approach is not far-reaching enough
because the graphene sheet is in direct contact with the underlying metal substrate.
This results in a change of the electronic properties of the graphene. Moreover,
transport phenomena in the graphene sheet can not be studied due to the underlying
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Figure 5.4.: STM topographs of CVD-grown graphene on a Rh(111) single crystal
surface for different STM parameters. (a) U = -0.967 V, I = 0.65 nA
(b) U = 0.96 V, I = 1 nA and (d) U = -0.79 V, I = 1 nA. The zoomin (c) at parameters, U = -0.96 V, I = 0.65 nA, shows the different
adsorption sites for the Carbon atoms.
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conductive substrate. Hence, we will combine both the unique properties of h-BN
acting as an insulating layer of atomic height, and graphene with its tremendous
electronic properties. In the following two subsections we will study transferred
graphene by means of AFM and STM, respectively.

5.3.1. Transferred Graphene on h-BN/Rh(111) studied by AFM
and Raman
Figure 5.5 shows an AFM image of h-BN on a Rh/YSZ/Si substrate (for a detailed
description of the growth of this type of substrate see Chapter 2.4.4). The surface
is completely covered with h-BN as verified by STM and AES (similar to what we
obtained for h-BN/Ni(111) cf. Figure 5.3). AFM in ambient conditions reveals a
clean and defect-free surface on the µm scale (cf. Figure 5.5 (a)).
Figure 5.5 (b) shows the same sample after the transfer of commercially available
CVD-grown graphene. The graphene is delivered on a Copper foil and transferred
onto h-BN/Rh/YSZ/Si by the procedure described in Section 2.4.5. Black and blue
circles exemplary highlight bigger and smaller defects and clusters that occur due
to the transfer process and are attributed to residual Copper and PMMA that was
not completely removed during the process.
The fine white lines that are spread over the whole surface are wrinkles in the
graphene sheet. Two possible explanations for their occurrence are first, stress
that occurs due to different thermal expansion coefficients between graphene and
metal [149], and second, a folding and stacking of the graphene due to the transfer
process. The origin of the wrinkles is not yet fully understood and it has become
more and more a focus of interest over the last years [150, 151]. Wrinkles always
occur in transferred graphene and exhibit a height of ∼1-15 nm, a width of ∼5-25 nm
and lengths of up to several hundreds of nanometers [152–154].
Figure 5.5 (c) and (d) show the substrate after annealing at T = 870 K in UHV
conditions. We observe a significant reduction of the size of the wrinkles. Measuring
the total length of the wrinkles before UHV annealing (cf. Figure 5.5 (b)) and after
UHV annealing (cf. Figure 5.5 (c)) reveals that the total length of all wrinkles was
reduced by a factor of ∼ 3. Furthermore the contaminations of the substrate, which
were found after the transfer procedure vanished largely. The corresponding STM
images will be discussed in Subsection 5.3.2.

67

Chapter 5. Combination of Graphene and h-BN
To obtain information on the graphene coverage and to gain deeper insight into
the numbers of layers we used the integral Raman technique. Figure 5.6 shows
the Raman spectra for graphene on SiO2 in red (as reference) and for graphene
on h-BN/Rh/YSZ/Si in green. Graphene exhibits three optical and three acoustic
branches for the phonon dispersion. These branches are assigned to different peaks
in the Raman spectrum and their ratios are a fingerprint for the number of layers,
as we will explain in the following paragraph.
Graphene has six normal modes at the Brillouin zone center Γ due to the two Carbon atoms per unit cell [155]. These six modes are: A2u , B2g , E1u and E2g where E2g
and B2g are doubly degenerated [156, 157]. A2u and B2g originate from out-of-plane
phonons, whereas E1u and E2g are attributed to in-plane phonons [156]. To interpret
the Raman spectrum we have to attribute the different peaks to the corresponding
phonons modes. The D-peak originates from transverse-optical phonons around the
Brillouin Zone corner K and needs a defect for its activation. Hence, the height of
the D-peak gives access to the quality of the examined graphene. A perfect graphene
sheet would not show any resonance at the D-peak energy. The D´-peak is due to
double resonance, which connects two points belonging to the same cone around
K´ [158]. The corresponding overtones to D and D’ are given by the 2D-peak and
the 2D´-peak, respectively. The G-peak at ∼ 1580 cm-1 carries information about
the number of graphene layers and is due to the E2g phonon mode. By increasing
the number of graphene layers the height of the G-peak is increasing [156, 159–164],
whereas the so called C-peak at ∼ 43 cm-1 (not shwon in our spectrum) is shifting
in energy with the number of layers (it scales from ∼ 43 cm-1 in graphite down to ∼
31 cm-1 in bilayer graphene [165]). However, due to the absence of the C-peak for
single layer graphene, this peak is not used for the identification of graphene layers.
The measurements shown in Figure 5.6 were carried out with a blue laser with a
wavelength of λ = 488 nm. For both samples we used the same batch of graphene.
The G-peak at ∼ 1580 cm-1 reveals that we transferred several layers of graphene
since the relative intensity of the G-peak with respect to the 2D-peak differs for both
samples. The present D-peak reveals that the transferred graphene is not perfectly
defect-free. Since observed the Raman fingerprint for graphene all over the sample
we conclude that the whole sample is covered with at least one layer of graphene.
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Figure 5.5.: AFM images of (a) h-BN/Rh/YSZ/Si(111), (b) Gr/h-BN/Rh(111), (c)
Gr/h-BN/Rh(111) annealed at T = 870 K, (d) Gr/h-BN/Rh(111) annealed at T = 870 K.
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Figure 5.6.: Raman spectra of transferred graphene on SiO2 (red) and hBN/Rh/YSZ/Si (green). The typical peaks for graphene are labelled.

5.3.2. Transferred Graphene on h-BN/Rh(111) studied by STM
This subsection will shine light on the structure and the quality of transferred
graphene on h-BN/Rh(111). Mainly three topics will be addressed, firstly, the chemical inertness, secondly, the number of layers of graphene as well as different pattern
and finally, the occurence of two different types of wrinkles.
Figure 5.7 shows three STM topographs of a Gr/h-BN/Rh/YSZ/Si sample after
annealing in UHV at T = 870 K (images (a) and (c)) and at T = 970 K (image
(d)), respectively. The sample surface could not be resolved by means of STM for
annealing temperatures below T = 770 K. This is due to contaminations that occured during the transfer process as well as molecules that adsorbed during the time
the sample was measured and stored in ambient conditions.
The procedure of cleaning the samples just by annealing was repeated for more
than 20 different samples and always showed the same result. The same result was
observed for both a monolayer of h-BN and a monolayer of graphene on a transition metal (TM). Furthermore the chemical inertness protected the three sample
systems, (i) h-BN/TM (ii) Gr/TM, and (iii) Gr/h-BN/TM against contaminations.
Especially for a highly reactive TM like Nickel this approach saves a lot of time
that would be spent to fabricate fresh substrates. The chemical inertness of the
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investigated samples allows an easy ex-situ transport from UHV chamber to UHV
chamber to probe the same sample with different experimental tools.
In the following we will show that we have several layers for the case of transferred
graphene systems. The surface of the so treated Gr/h-BN/Rh/YSZ/Si samples show
a meandering structure. Moreover, the different patches of the topmost layer are
not interconnected. The incomplete topmost layer (see the highest value with ∼ 7
Å in the linescan of Figure 5.7 (b)) is below the percolation limit whereas already
the second layer is interconnected almost everywhere on the sample. This can be
seen in the overview images 5.7 (c) and (d). The height of the different layers was
measured as h ≈ (300 ± 18) pm. The measurement of the height was carried out for
3 samples evaluating 15 large scale images on different spots. This result is slightly
smaller than one would expect from the distance of two Bernal stacked layers in
graphite (h graphite ≈ 335 pm) but still within the range that is reported in literature.
Seyller et al. revealed a height of h ≈ 500 [166], which corresponds a bilayer on SiC.
AFM measurements of graphene on SiO2 showed a height variation between 0.35 1.6 nm for a single layer of graphene [107, 167–170].
Regarding transport and charge carrier mobility the actual number of layers plays
an important role. Koh et al. revealed that the mobility µ = 2000 cm2 V-1 s-1 is
independent of the number of layers n of few layer graphene (FLG) on SiO2 for
n > 4 [170]. This is explained by the fact that the undermost graphene layer is
mainly responsible for the electric transport process. This is in agreement with our
findings that the layers (from top to bottom) exhibit an increasing interconnection,
which will most probably result in a better conductance for the lower graphene
sheets.
In the following we would like to focus on different pattern that occur within the
graphene layers. In the lower part of image 5.8 (a) two different pattern with a
periodicity of p A ≈ 3.44 nm for the region A and p B ≈ 2.84 nm for region B are
visible. Image 5.8 (b) shows a contrast inversion for the topmost layer, where the
graphene hollow sites now appear bright. Changing Moiré superstructures as visible
in the regions A and B give local information about the relative orientation of two
stacked graphene layers, which can be studied e.g. by STM [171] or by Raman [172].
This opens the door for interesting experiments. Li et al. described that the position
of Van Hove singularities (VHS) [173] can be tuned by controlling the relative angle
between two layers [174]. For single layer graphene the VHS is far from the Fermi
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energy and can hardly be reached by gating [107] or doping. However, by twisting
graphene layers with respect to each other, VHS can be brought close to the Fermi
energy [110]. Finally, a VHS in the density of states are expected to result in
new phases of matter (e.g. density waves [175], magnetism and superconductivity
[176, 177]).
Our AFM measurements already revealed that the total length of wrinkles in the
graphene can be significantly reduced by annealing the sample system in UHV at
T = 870 K. Throughout all STM measurements we observed two different types
of wrinkles highlighted in Figure 5.9. Standing wrinkles (SW) and folded wrinkles
(FW) occurred all over the sample. The length for both types of wrinkles extend
up to a few hundreds of nanometer. The maximum height for SW and FW however
differs with 4 nm and 0.9 nm, respectively. In contrast to SW that did not show
any pattern within the wrinkles, FW showed the meandering structure in the inner
part of the wrinkles, that we already observed for the usual multilayers of graphene.
This effect is attributed to the flat stacking of the layers in the case of FW (see
sketch in Figure 5.9 (d)). The edges of the FW were measured to be higher than
the inner part of the wrinkles (see inset of Figure 5.9 (a)). It is not clear if the
FW consists of multilayers, that are not connected at the edges or if the graphene
sheet is folded but stays intact at the edges (forming one half of a Carbon nanotube).
The enhanced tunneling current supports the latter explanation, otherwise we would
expect a step-like behaviour of the tunneling current as we observed for the usual
multilayers without an increased tunneling current at the edges of different graphene
patches.

5.4. CVD-grown Graphene on h-BN
In the previous section we studied transferred graphene on h-BN/Rh(111) and revealed many different features like a meandering structure for the topmost layers,
the existence of several layers, wrinkles and a distortion between the layers. In
this section we will focus on an in-situ CVD-growth method of graphene to allow a
defect-free and clean UHV growth on passivated metal surfaces.
To trigger the growth process we used ethylene gas following the procedure for
the direct growth of graphene on Rh(111). Since the catalytic reaction of the metal
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Figure 5.7.: STM topographs of transferred Graphene on h-BN/Rh(111). (a) Annealed at T = 870 K, U = -0.436 V, I = 0.08 nA. The highlighted
linescan is shown in (b). (c) Annealed at T = 870 K, U = -1 V, I =
1 nA. (d) Annealed at T = 970 K, U = -0.3 V, I = 0.11 nA.
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Figure 5.8.: (a) STM topograph, U = -0.56 V, I = 0.06 nA, of transferred graphene
on Rh/YSZ/Si, region A shows a pattern with a periodicity of 3.44 nm
and region B a pattern with a periodicity of 2.88 nm. STM topograph,
shown in (b) reveals a contrast inversion for different layers of graphene
for U = -1 V, I = 1 nA.
drops dramatically after the metal is covered with the first full monolayer of either
h-BN or graphene we increased the dosage of ethylene. A reduction of the reaction
rate for the growth of a 2nd layer of either h-BN or graphene on a first layer of
either h-BN or graphene is reported to be in the range of a factor ∼ 100 - 1000
[130, 132, 178]. Tanaka et al. studied the development of the Carbon peak by means
of AES for h-BN/Ni(111) exposed to different dosages of Benzene at an elevated
substrate temperature of T = 970 K. They figured out that a change of the Carbon
peak was observed for a dosage starting at 1 · 105 L [132]. Finally they revealed that
the growth of monolayer graphene was completed at dosages of 5 · 105 L.
Figure 5.10 (a), (b) and (d) shows a full layer of h-BN on a Rh(111) crystal with
CVD-grown graphene flakes. To obtain the graphene flakes we exposed the hot substrate (T = 1120 K) for 15 min to ethylene at a partial pressure of p = 1 · 10−5 mbar
(this is equivalent to a dosage of ∼ 6767 L1 ). The dosage of ethylene was always followed by consecutive post annealing of 30 min at the same temperature. This post
annealing step was necessary for the pumps to reduce the pressure in the chamber
to at least p ≈ 5 · 10−9 mbar) whereby spare ethylene molecules were removed.
1

74

To obtain a full layer of either h-BN or graphene on Rh(111) we used dosages of 45 - 90 L.
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Figure 5.9.: Large scale STM topographs of transferred graphene on hBN/Rh/YSZ/Si, with scanning parameters (a) U = -0.45 V, I = 0.1
nA, and (b) U = -0.55 V, I = 1 nA. The two different types of wrinkles
are highlighted in both images. The inset shows the height profile for a
folded wrinkle. The wrinkles exceed over several hundreds of nanometers. (c) Tentative model for a standing wrinkle. (d) Tentative model
for a folded wrinkle.
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The resulting coverage, summing over all graphene flakes was measured to be ≈
0.08 ML. The height of the graphene flakes with respect to the h-BN (cf. Figure
5.10 (b) and (c)) is given as h graphene flakes = (0.9 ±0.1) Å. This is similar to what
is obtained by Sutter et al. for the height of a second layer of a system of bilayer
graphene on Ru(0001), where a height of h 2nd layer = 1 ±0.1 Å is reported [179]. The
linescan in Figure 5.10 (e) highlights the typical pattern of h-BN and the height of
a Rh(111) step in comparison to the height of the graphene flakes. Figure 5.10 (d)
reveals a periodic structure within the graphene flake.
A perfect control over the growth mechanism is a crucial part for the system of
graphene/h-BN/TM to become a playground for new physics and applications. Especially for the latter it would be important to strive for full monolayers of graphene
on h-BN. In the next Figure 5.11 (a-d) a sample is shown which was grown at
an elevated temperature of T = 1140 K with a dosage of ∼ 85000 L. The sample
exhibits a significant change in the coverage of graphene. In (a) ∼ 90% of the sample is covered with graphene islands, which extends over hundreds of nanometers.
Areas that show h-BN and graphene are indicated. Moreover, triangular defects,
which exhibit a side length of ∼ 4 nm occur in the graphene sheet. The randomly
distributed defects are indicated in (c). The linescan in (d) reveals that the height
of the graphene sheet with respect to the h-BN is similar to what we obtained for
the CVD-grown graphene flakes on h-BN (h graphene islands = (1.0 ± 0.1) Å). In addition, we found an ”unperturbed pattern” for the graphene sheet all over the sample.
Hence we conclude that the graphene grows unaffected by the metal substrate and
is therefore completely decoupled from the Rhodium crystal. In contrast to the
transferred graphene we did not observe multilayers of graphene, contaminations, or
wrinkles. As a consequence the in-situ CVD-grown graphene on h-BN seems to be
more advantageous for the study of graphene based effects.
In summary and according to literature this is the first observation of the direct
and size selective growth of graphene on a h-BN superstructure on Rh(111).

5.5. STS on CVD-grown Graphene on h-BN
In order to study the electronic structure of CVD-grown graphene on h-BN we
performed STS. Figure 5.12 shows the dI /dV data that was obtained on a graphene
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Figure 5.10.: (a), (b) and the zoom-in (d) show STM topographs of CVD-grown
graphene flakes on h-BN/Rh(111) at U = 84.7 mV, I = 80 pA. (c)
and (e) are linescans showing the height of graphene flakes as well as
a Rhodium step.
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Figure 5.11.: STM topographs of Graphene on h-BN/Rh(111). (a) and (b) show
large scale images of Gr/h-BN, where areas with Graphene and bare
h-BN are labelled. Respective STM parameters were U = 0.6 V, I =
0.11 nA, and U = 0.7 V, I = 0.26 nA. Image (c) shows a full layer of
Gr/h-BN obtained at U = 1.4 V and I = 0.11 nA. Triangular defects
are highlighted in blue. The inset gives the FFT of the whole surface
(scale bar: 0.28 nm-1 ). (d) Partly covered h-BN scanned at U = 0.7
V, I = 0.26 nA. The linescan in (e) reveals a height-difference of (1.1
± 0.2) Å between graphene and the average h-BN layer baseline.
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flake on h-BN/Rh(111) as well as on the bare h-BN on Rh(111). The black and red
curve are representing the data points collected for an area with clean h-BN on
Rh(111). Similar to what is reported in the literature no features within this energy
range occur [128]. Exemplary seven spectra that were obtained on a graphene flake
are displayed in the top part of Figure 5.12 (a) and in more detail in Figure 5.12
(b). It shows a gaplike feature with a size of ∆E = (137 ± 3) meV that is symmetric
around zero bias voltage and which does not go to absolute zero within the feature.
Previous studies revealed a gaplike feature for graphene on different substrates,
namely Graphene/Pt(111) [180], mechanically cleaved graphene flakes on SiO2 [171,
181] and monolayer and bilayer graphene on SiC(0001) [182]. For graphene on a SiO2
substrate a gap of ∆E ∼ 126 meV around the Fermi energy was reported by Decker
et al. [171], which is independent of gating voltages and therefore independent of the
charge carrier density. SiC(0001) exhibits a slightly smaller gap with a width of ∼100
meV around zero bias voltage [182]. The fact that gaps of similar energy width are
obtained for different samples and substrates implies that substrate induced effects
have minor influence on the examined samples.
The origin of the gap is still unknown and therefore presently a topic of intense
research. The gap, which we observed to be of ∆E = (137 ± 3) originates from
an excitation with an energy of h̄ω0 ≈ ±68.5 meV. Mohr et al. and Kawashima
et al. revealed that an out of plane acoustic phonon mode in graphene (graphite,
respectively) with an energy of 67 meV [183, 184] is located near the K/K´ point
in reciprocal space. This acoustic phonon mode is one possible explanation for the
observed gap. Electrons with an energy of -67 meV ≤ E electron ≤ 67 meV tunnel
elastically into the graphene around the K point. The probability for this transition
is largely suppressed due to the fact that a large wave vector for this transition is
needed [17, 185]. The effect of a reduced transition in this energy range can be seen
in our spectra. For electrons with an energy of E electron > ±67 meV a new inelastic
channel opens that allows tunneling into K point states. In a two-step process the
electron first tunnels into the σ ∗ band of the graphene and then relaxes into the π
band at the K point by emitting a K´ point-out-of plane phonon [181,183]. Ab initio
calculations of Wehling et al. in 2008 support this explanation of the opening of an
inelastic tunnel resulting in a phonon mediated tunneling process [186]. Besides the
out-of-plane acoustic phonon mode three in plane phonon modes at the K/K´ point
exist. However, due to the symmetries of the σ and π bands their contribution is
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Figure 5.12.: Low temperature spectroscopy of directly grown graphene on hBN/Rh(111), measured at T = 6 K. (a) Spectroscopic data on h-BN
in black and red (obtained on different spots on the sample). The remaining spectra are obtained for a graphene flake on top of h-BN and
are enlarged in (b).
insignificant [181, 187].

5.6. Magnetic coupling via Gr/h-BN
Many theoreticians predicted interesting properties that arise from the combination
of graphene and h-BN. In 2007 Giovanetti et al. studied the electronic structure for
a freestanding system of Gr/h-BN using DFT calculations [188]. They revealed that
a gap opens at the Dirac point with an energy width of ∆E = 53 meV due to the
two possible most stable positions for the Carbon atoms with respect to the h-BN,
arguing that this would lead the way towards graphene based field effect transistors
(FET).
However, to get closer to a device one has to understand what happens when a
metal is brought into contact with Gr/h-BN. This was first done by Bokdam et al.
in 2011 for a system of Gr/h-BN/Cu [189] and in 2013 by the same author for many
different metals (e.g. Al, Co, Ni, Cu, Pd, Ag, Pt and Au) [190].
This section will shine light on the magnetic coupling of Cobalt, which is evaporated on top of a graphene/h-BN heterostructure and an underlying Ni(111) substrate. Exactly for this interface perfect spin filtering properties are predicted by
Karpan et al. [191].
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Figure 5.13.: MFM on different Ni/YSZ/Si samples. (a) Topography of 150 nm of
Nickel. (b) Topography of 500 nm of Nickel. (c) Topography of 500
nm of h-BN/Nickel. (d-e) Magnetic contrast for the corresponding
images.
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We performed AFM and MFM measurements to reveal the magnetic properties
of such samples. Figure 5.13 (a) and (b) shows the topography of Ni/YSZ/Si
samples with two different Ni thicknesses of 150 nm and 500 nm, respectively. Image
(c) shows the topography of a sample with a Nickel thickness of 500 nm and a
monolayer of h-BN directly grown under UHV conditions. The magnetic contrast
measured by means of MFM is shown in the images (d-e). A meandering structure
consisting of darker and brighter areas is visible, that represent areas with opposite
spin orientation both oriented perpendicular to the surface plane. One can see
that the domain sizes (i.e. the width of the darker and brighter areas) increase by
increasing film thickness. The minimization of stray field energy terms in thin film
ferromagnets with polar easy axis leads to a well-known correlation between film
thickness and domain size of square root manner and, which is given by:
d∝

√
l,

(5.1)

with the domain period d = d ↑ + d ↓ and the film thickness l [192]. The measurement of the ratio of spin up and spin down areas reveals a completely compensated
system:
A↑
≈ 1.
A↓

(5.2)

As expected the monolayer of h-BN does not influence the magnetic structure of
the underlying Nickel substrate (see large scale image (f )).
To ensure a complete coverage of graphene on the h-BN/Ni/YSZ/Si sample we
transferred graphene from a Cu foil onto the substrate as described in Section 5.3.
The quality of the graphene was checked by STM and AFM. Moreover, to obtain
a sample system that could act as a perfect spin filter device according to Karpan
et al. [123, 191], we needed both to find a top electrode, which is magnetically not
interacting with the underlying Nickel substrate, and an experimental tool, which
enabled us to reveal the magnetic coupling even in the submonolayer regime.
Therefore, we performed XAS and XMCD measurements, which were carried out
at the ”Dragon” beamline ID08 at the ESRF in Grenoble. All spectra shown in this
section were obtained in the surface sensitive TEY mode (a detailed description of
the beamline setup and the measuring geometries can be found in Section 2.4.2).
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Prior to the actual experiment the h-BN/Ni/YSZ/Si samples were annealed at
T = 870 K in UHV conditions (p base = 3 · 10−11 mbar) and checked by STM for
cleanliness. Afterwards the samples were in-situ transferred to the magnet chamber
where the actual Co deposition at a temperature of T = 10 K and a pressure of
p ≈ 1 · 10−11 mbar was performed. The deposition rate of the Co evaporator was
calibrated by means of a quartz microbalance in the magnet chamber and doublechecked by the Co edge jump for the specific samples. The energy range was set
to 770.5 eV ≤ E Photon ≤ 810 eV covering the L3 and L2 edge for the Co 2p → 3d
transition (the L3 arises from the 2p3/2 → 3d transition, whereas the L2 is due to
the 2p1/2 → 3d transition [193]). We measured 791 data points equally distributed
within this energy range resulting in an energy resolution of ∆E ≈ 0.5 meV.
To obtain the Cobalt contribution to the total absorption spectra shown in this
section we subtracted the background measured prior to the Cobalt deposition.
Moreover, in order to separate non-resonant contributions in th Cobalt signal a step
function is subtracted [43] (for the origin of the step function see Section 2.3.2),
which can be approximated by:

EStepf (Eph ) = c ·

((2 + 2 · tanh (Eph − 778.4)) + (1 + tanh (Eph − 793.6)))
,
6

(5.3)

where c is a constant that is adjusted according to the Co coverage and Eph is
the photon energy of the incident beam in units eV.
We consecutively deposited Co with the resulting coverages of Θ1 = 1%, Θ2 =
20% and Θ3 = 80% of a ML. In this section we exemplary show the XAS and XMCD
spectra for the coverage of Θ2 = 20% (the spectra for the highest coverage can be
found in Appendix B).
Figure 5.14 (a) shows the Co absorption spectra at the L3,2 edges on the left and
the corresponding XMCD signal on the right for the sample with a coverage of 0.2
ML. The XAS shows no multiplet structure as expected for a non-oxidized, purely
metallic sample. A possible theoretical explanation for the metallic-like shape of the
XAS spectra is given by Uchoa et al. [194]. The authors claim that due to the unique
linear dispersion relation of Dirac fermions in graphene an efficient hybridization
of atomic impurity levels occurs and this results in a broadening of the multiplet
structure [195]. Similar effects are seen for Co on a monolayer graphene on SiC [196].
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Moreover, at coverages of 0.2 ML we expect nearest-neighbour Co-hybridization of
metallic type.
The XMCD spectra gives information on the magnetization of the 3d element
under study. All spectra shon in this work are normalized to the integral over
L3 and L2 after background and step function subtraction, which is from now on
denoted as XMCD/XAS. As described in the XMCD Section 2.3.2 the so-defined
XMCD/XAS then reflects the average magnetic moment per 3d -atom and 3d -hole
measured along the x-ray beam direction.
Figure 5.14 (b) shows the same sample conditions with the only difference that
the applied field was ramped up to B = 5 T to magnetize the substrate and than
reduced to B = 5 mT. In the latter case the sample was measured almost under
remanent conditions.
Figure 5.14 shows that the peaks for L3 and L2 in the XAS signal for differentially circular polarized light differ strongly for the case of B = 5 T, indicative of
a strong magnetization along the field direction. In contrast, for the measurement
in remanence the XAS spectra are identical, resulting in a flat XMCD/XAS signal
and indicating no remanent Cobalt magnetization (shown in the right plot).
A similar measurement for the same sample but in grazing incidence geometry is
shown in Figure 5.15 (a) and (b). The angle between the surface plane and the
incident beam was set to ϑ = 70◦ . The resulting XMCD/XAS signal is similar to
what we obtained for the previous experiment. Hence, we conclude that under the
defined remanent conditions no residual Cobalt magnetization is induced in response
to the FM Nickel substrate, neither in-plane, nor out-of plane.
To prove that the lack of remanent Co hybridization is due to a decoupling character of the Graphene/h-BN heterostructure, one has to show that the underlying
Nickel substrate indeed shows a remanent magnetization under the same conditions.
First, magnetization curves were measured using the XMCD contrast of Nickel
at the L3 absorption edge. Figure 5.16 shows the Nickel magnetization curves in
direct comparison with those measured for Cobalt on one and the same sample.
Nickel behaves like a typical ferromagnet, that is its magnetization saturates at
very low fields. Below a critical magnetic field of B = 0.49 T the magnetization
drops abruptly, which is in line with an out-of plane easy axis of the Nickel film.
The remanence in this geometry could, however, not be resolved in the XMCD
mode. Nevertheless, comparing the magnetization curves for Nickel and the s-shaped
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superparamagnetic Cobalt behaviour reveals that the Cobalt is clearly unaffected
by the sudden drop of the Nickel magnetization, which again proofs the decoupling
of the two magnetic systems.
The remanent Nickel magnetization, however, can directly be seen in the remanent
Nickel XMCD spectra shown in Figure 5.17.
In summary, considering all experiments conducted in this section we can conclude
that the remanent magnetic field of the underlying Nickel substrate does not affect
the 0.2 ML of Cobalt on top of the graphene. Thus, a top electrode of Cobalt would
be an ideal candidate for spin-valve experiments as presented at the beginning of
this section.

5.7. Summary
In summary we have studied both the growth of h-BN and graphene on single crystals
of Ni(111) and Rh(111) and on thin film substrates of Ni/YSZ/Si and Rh/YSZ/Si.
We used the systems of h-BN/metal as a playground to study two different types of
graphene. The aim of this project is to gain deeper insight into the combination of
graphene/h-BN heterostructures [6] and to experimentally prove the suitability of
magnetically decoupled electrodes for spin-filter experiments [122, 123, 191].
First, we studied commercially available CVD graphene that we transferred from
a Copper foil by a wet-etching process onto our substrates. Transferred graphene
exhibits several layers and a complete coverage of the sample as shown by Raman
measurements. AFM measurements in ambient conditions revealed wrinkles in the
graphene and residuals from the transfer process.
We intensively studied the properties of the transferred graphene on h-BN/Rh(111)
and revealed a meandering structure for the two topmost layers of graphene at which
the second layer is already completely interconnected. Furthermore we showed
the existence of up to four layers with an average height for a single layer of
h ≈ (300 ± 18) pm. The different layers were partly twisted with respect to each
other resulting in different Moiré pattern. We finally revealed that two different
types of wrinkles were present at the sample surface. These standing wrinkles (SW)
and folded wrinkles (FW) were attributed to stress that appears in the system due
to different thermal expansion coefficients of the graphene and the substrate as well
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Figure 5.14.: XAS and XMCD spectra for normal incidence beam geometry. The
sample of Gr/h-BN/Ni(111) is covered with ∼ 0.2 ML of Co. XAS
for positive and negative helicity in black and red, respectively on the
left and the corresponding XMCD signal on the right. (a) Spectra
obtained at normal incidence and B = 5 T. (b) Spectra obtained at
normal incidence and B = 5 mT.
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Figure 5.15.: XAS and XMCD spectra for grazing incidence beam geometry. The
sample ist rotated by an angle of ϑ = 70◦ with respect to the incident
beam. The sample of Gr/h-BN/Ni(111) is covered with ∼ 0.2 ML of
Co. XAS for positive and negative helicity in black and red, respectively on the left and the corresponding XMCD signal on the right.
(a) Spectra obtained at B = 5 T. (b) Spectra obtained at B = 5 mT.
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Figure 5.16.: Magnetic characterization of 0.2 ML Co on Gr/h-BN/Ni. The hysteresis loops are taken at T = 8 K. The data obtained for Nickel is shown
in blue and turquois and for Cobalt in red and green.
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Figure 5.17.: XMCD signal at the L3 and L2 edge of Nickel for grazing incidence
geometry, obtained in remanence T = 8 K. The plot shows an in-plane
remanent magnetization of the Nickel film.
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as to the transfer process. We showed that the edges of a FW appear higher in
the scanning tunneling microscopy signal than its inner part. For SW we observed
heights of up to 4 nm whereas the FW showed heights of 0.9 nm. We showed that
an annealing in UHV conditions at T = 870 K reduced both the total length of
observed wrinkles by a factor of ∼ 3 and the residuals from the transfer process.
In order to fabricate well-ordered graphene structures, we have grown graphene
in-situ on h-BN/Rh(111) in well defined UHV conditions using ethylene as a precursor molecule. Here, we discovered a set of parameters (dosage, temperature, post
annealing time) to trigger the graphene growth in a size dependent manner for this
specific sample system. We are presently able to cover the whole coverage range
from small flakes of a few nm2 up to a substrate coverage of 0.9 ML. In contrast
to the transferred graphene the directly grown graphene exhibits monolayer height
islands with few defects. Furthermore, it shows a long range order of the Moiré
pattern over several tens of nanometers and no wrinkles. Since the directly grown
graphene was not prepared in ambient conditions no contaminations were found on
the graphene, which is in contrast to the transferred one.
The electronic properties of these ordered graphene layers of h-BN are studied by
low temperature STS on graphene on h-BN/Rh(111). We reveal a gaplike feature
around zero bias energy with an energy width of ∆E = (137 ± 3) meV. We attribute
this feature to the presence of out-of-plane phonon modes with energies of E = ±
67 meV. When the bias energy reaches the threshhold value, an inelastic phonon
channel opens that allows electrons to tunnel into the π band of the graphene around
the K point by the excitement of a K´ out-of-plane phonon.
In a final step we used our knowledge on controlled fabrication of graphene and
h-BN to build magnetic heterostructures based on layered graphene/h-BN spacers,
for which exciting physics ranging from spin filtering experiments [123, 189–191] up
to the interaction of 3d metals with different types of graphene was predicted by
theory. We show through low temperature x-ray absorption spectroscopy and x-ray
magnetic circular dichroism measurements in a superconducting magnet at B = 5 T
and B = 5 mT that the Nickel substrate and the Co adatoms are not magnetically
coupled.
In conclusion, we report on the first controlled, in-situ CVD-growth of graphene
on h-BN/Rh(111), which is an ideal candidate for an emerging field of physics.
E.g. the subsequent growth of layers of graphene and h-BN resulting in a Van der
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Waals crystal with alternating layers of graphene and h-BN would be superficially
similar to superconducting Copper oxides [6]. The graphene would resemble the
CuO in such a system. Since the critical temperature of CuO strongly depends on
the interlayer spacing (which would be resembled by the h-BN layer) [197, 198], the
critical temperature T C could be tuned and studied in such systems.
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Figure 6.1.: Tentative model of Fe atoms and their magnetic ground state configurations on a triagonal lattice.
The measurements and simulations shown in this chapter are the result of a joint
project with V. Sessi, C. Tieg (from the ESRF in Grenoble) and J. Honolka (from
the MPI for solid state research in Stuttgart) who performed on the XMCD and
STM measurements, F. Otte, P. Ferriani and S. Heinze (from the University of
Kiel) who carried out the DFT calculations and M. Wasniowska from the MPI
for solid state research in Stuttgart. The following results are submitted as an
article named ”Complex trend of magnetic order in Fe clusters on 4d transitionmetal surfaces” [199] in 2013.
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Controlling the fabrication of nanomagnets at the atomic scale is a logical advancement of the well-established concepts of spintronics [200]. Much progress was
achieved in understanding direct intracluster interactions in few-atom clusters situated on metal surfaces [201–205], as well as indirect surface-mediated magnetic
RKKY interactions [206,207]. A central challenge remains the increasing importance
of thermal fluctuations in few-atom clusters, which leads to unwanted destabilization
of moments. As a consequence, in recent years the research focus has shifted towards heavy 5d TM substrates, where large spin-orbit coupling (SOC) gives hope to
enhance the magnetic anisotropy and to counteract superparamagnetic behaviour.
Indeed, for FM Co structures on Pt(111) experiments show extraordinary large magnetic anisotropies of up to 9 meV/atom [208,209]. More recently, it has been realized
that in nanostructures on surfaces SOC can also induce the Dzyaloshinskii-Moriya
(DM) interaction [210]. It favours non-collinear magnetic configurations and can
destabilize ferromagnetism even on the atomic scale [211, 212], leading to compensated magnetic structures unusable for applications.
Less attention has been given to the lighter 4d transition metal substrates [213–
218], where the relativistic DM term is expected to be much smaller. The exchange
interaction, on the other hand, can depend critically on the hybridization with the
surface and its band filling. E.g. based on first-principles calculations it has been
predicted that the nearest-neighbour (NN) exchange coupling changes from AFM to
FM for Fe monolayers on Ru(0001) and Rh(111), respectively [219].
Moreover, the NN exchange coupling is small in both cases, interactions beyond
NNs as well as higher-order terms beyond the pair-wise Heisenberg exchange, such
as the four-spin and biquadratic interactions, can play a decisive role for the magnetic order [219, 220]. Magnetic configurations that are unexpected for Fe systems
have been predicted for those substrates, namely a Néel state with angles of 120◦
between adjacent spins for Fe monolayers on Ru(0001), and a collinear double rowwise AFM uudd -state on Rh(111). These two systems are thus ideal candidates to
systematically study the formation of complex magnetic phases driven by frustrated
interactions beyond NN Heisenberg exchange.
The results presented in this chapter, which include XMCD data, DFT calculations and a Monte Carlo simulation, show the essential importance of Fe 3d state
itinerancy and hybridization with partially filled 4d substrate bands in monoatomicheight Fe clusters of different atomic size N and various geometries. Randomly po-
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sitioned single Fe atom spins in the dilute regime (N = 1) indirectly interact via
the RKKY mechanism, which shows inverted character on Ru(0001) and Rh(111).
For intermediate Fe cluster sizes (1 < N ≤ 4) we prove the AFM (Ru) to FM (Rh)
cross-over of the NN exchange coupling constant J 1 , as well as the onset of cluster
geometry dependent compensated magnetic structures predicted by first-principles
calculations. Finally, we present experimental evidence for the formation of compensated spin textures both for Ru(0001) and Rh(111) in fully ordered epitaxial Fe
islands.

6.1. Sample preparation and measurement
geometries
XMCD experiments were carried out at the ID08 beamline of the ESRF. All samples
were prepared and measured in-situ under UHV conditions with pressures in the
low 10−10 mbar range. Rh(111) and Ru(0001) single crystal surfaces were prepared
by cycles of Ar-sputtering followed by annealing at 1170 K. Fe of 99.99% purity
was deposited from a rod by electron bombardment heating and the coverage was
calibrated using STM.
Total XAS were measured at the Fe L3,2 -edges with 99% positive and negative
circularly polarized light using the surface sensitive TEY mode. The Fe L3,2 contribution to the XAS is obtained by subtraction of the background signal measured
prior to Fe deposition. Spectroscopy was done at two angles of incidence with respect to the sample surface: ϑ = 70◦ (in-plane) and ϑ = 0◦ (polar). Magnetic fields
up to B = 5 T are applied parallel to the x-ray beam direction.
Both XAS and XMCD signals scale with the Fe coverage θ under study. Thus,
all XMCD data shown in this chapter are normalized to the respective L3 peak
amplitude in the non-dichroic Fe XAS. The L3 peak value R L3 of the normalized
XMCD then is a good measure of the projection of the average magnetization < M >
on the field direction ẑ: R L3 ∼ Pẑ · < M >.
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Fe impurities on Ru(0001), Normal incidence, B = 5 T

XAS (arb. units)

L3
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RL 3



Figure 6.2.: XAS spectrum (left) for a low temperature deposition of Fe on Ru(0001)
in the impurity limit and the resulting XMCD spectrum (right) is shown.

6.2. Evolution of the magnetic signal with coverage
Using in-situ quench-condensed deposition of submonolayer amounts of Fe at low
temperatures we achieve a statistical distribution Γ(N ; g) of cluster sizes with number of atoms N and their respective geometries g on both Rh(111) and Ru(0001)
due to suppression of diffusion of surface adatoms. Figure 6.2 shows XAS (left) and
the resulting XMCD (right) spectra of impurities measured at B = 5 T and T = 8
K. A sharp, atomic-like dichroic signal corresponding to R L3 ∝ 0.25 is visible, as expected for a non-saturated, thermally fluctuating single Fe atom spin moment as we
will show in the following. For comparison, magnetically saturated Fe atoms spins
along the field on Pt(997) give enhanced values of 0.6 under similar conditions [221].
The impact of an increasing Fe coverage on the XMCD signal is shown in Figure
6.3 (a) for Ru(0001) and in Figure 6.3 (b) for Rh(111), respectively. The trend of
R L3 for Fe on Ru(0001) shows a steady decay of the average magnetization with
Fe coverage, indicating progressive magnetic compensation. Comparing R L3 values
for ϑ = 70◦ and ϑ = 0◦ , we observe an in-plane magnetic anisotropy in the range
θ < 0.1 ML. For Fe clusters on Rh(111) we also observe a rather steep initial decrease
of R L3 with coverage and at low coverages again an in-plane magnetic anisotropy.
In contrast to Ru(0001), at an intermediate coverage of θm ∝ 0.2 ML the average
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Ru(0001)
Impurities 
Impurities 
Islands 
Islands 

(b)

R (arb. units)

R (arb. units)

(a)

Rh(111)
Impurities 
Impurities 
Islands 
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Figure 6.3.: Evolution of the average magnetization versus Fe coverage for (a) Fe
on Ru(0001) and (b) Fe on Rh(111) both deposited at T = 8 K. Data
obtained for normal incidence (ϑ = 0◦ ) and grazing incidence (ϑ = 70◦ )
is plotted in black and red, respectively. Compact Fe islands, obtained
for RT deposition of Fe are plotted in green (ϑ = 0◦ ) and blue (ϑ = 70◦ ).
magnetization reaches a minimum and increases monotonously thereafter.
The R L3 value for Fe atoms that were deposited at RT and measured at T = 8 K
are shown in the lower part of both Figures 6.3 (a) and (b) in blue and green for
ϑ = 0◦ and ϑ = 70◦ , respectively. In contrast to the R L3 values that we obtained for
single Fe atoms, the islands show a strongly compensated magnetic structure already
at low coverages of θ = 0.1 ML both for Ru(0001) and Rh(111). This finding will
be discussed in detail in Section 6.10. To understand the evolution of the magnetic
behaviour of our samples and to reveal the most preferable magnetic ground state
F. Otte, P. Ferriani and S. Heinze performed DFT calculations as shown in the next
section.

6.3. DFT calculations
To reveal the observed trends of the magnetization with coverage, first-principles
calculations based on DFT for Fe clusters of different size and shape on both surfaces have been performed. The projector-augmented-wave method as implemented
in the Vienna Ab-initio Simulation Package (VASP) was applied and the generalized
gradient approximation (GGA) was used to calculate the exchange-correlation func-
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Figure 6.4.: Left: Calculated exchange coupling constants J (r ) as a function of
distance r between pairs of Fe adatoms. Black symbols show the data
points for Rh(111) and red symbols show the data points for Ru(0001).
Open symbols denote results for pure hcp adsorption sites and filled
symbols mark pure fcc sites and mixed dimers. The fitting for each
substrate of data points has been performed with a RKKY-like function.
Right: Illustration of the different pair distances between a blue atom
and possible nearest neighbour adsorption sites (green).
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tional. Different collinear magnetic configurations of the clusters are considered and
their total energies are compared to obtain the most favourable magnetic configuration. In the calculations vertical and lateral structural relaxations are taken into
account and the scalar-relativistic approximation i.e. neglecting spin-orbit coupling
is used. Computational details can be found in Ref. [222].
At low coverage there will be mostly a distribution of single adatoms which can
interact with each other via the exchange interaction mediated by the substrate.
Therefore, we first focus on the exchange interaction between two Fe adatoms as a
function of their distance. The exchange constants J (r ) obtained from total energy
calculations are presented in Figure 6.4. As expected we observe an oscillatory
behaviour of J (r ) changing from FM (J > 0) to AFM (J < 0) and a decay of its
magnitude with increasing Fe-Fe separation. Interestingly, the trend found for Fe
dimers on the Rh and Ru surface is almost perfectly inverted. In contrast to the
exchange interaction reported for substrates with a filled d-band [206, 223–225] we
find that the NN exchange constant J 1 is reduced by about one order of magnitude
and, thus, in competition with indirect exchange interactions J n with n > 1. The
latter will in the following be referred to as J RKKY .
The calculations for Fe trimers and tetramers on Rh(111), shown in Figure 6.5, reveal a complex dependence of the magnetic order on the cluster geometry. Compact
trimers and tetramers possess a FM ground state which is in accordance with the
FM NN exchange coupling from the dimer calculations (see Figure 6.4). However, Fe
clusters in an open structure show a tendency to AFM order with compensated spin
structures. This is surprising in view of the FM exchange interaction of the dimers
and is due to a modification of the exchange coupling induced by the substrate [222].
Interestingly, the open tetramers already display the uudd state predicted for the
full monolayer. The impact of the structural relaxation on the magnetic state is
evident from Figure 6.5 if one compares the energy differences obtained without
taking structural relaxations into account. For the NN dimer the exchange energy is
reduced by one order of magnitude upon relaxation leading to the very low value of
J 1 seen in Figure 6.4. A considerable reduction of the energy difference occurs also
for the compact trimers and tetramers. For the open cluster configurations, there is
even a change of sign, i.e. a compensated spin structure becomes more favourable
than the FM configuration. A similar trend of magnetic order is found for Fe trimers
and tetramers on Ru(0001).
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For open structures, compensated AFM spin structures are found, which is expected from the AFM NN exchange in dimers (see Figure 6.4). However, compact
trimers and tetramers are in a FM ground state. The origin of this unexpected
change of exchange coupling in the clusters is due to the enhanced direct FM Fe-Fe
exchange interaction and a weakened effect of the Ru substrate1 .

6.4. Monte Carlo Simulation
In order to obtain a quantitative interpretation of our experimental data based on the
magnetic configurations calculated from first-principles shown in the previous section
we have performed Monte Carlo (MC) simulations. Knowing the magnetic ground
states of all cluster configurations (N ; g) with N ≤ 4, MC simulations of Γ(N ; g)
allows us to estimate the coverage dependent average magnetization of the ensemble
in a magnetic field of B = 5 T at a temperature of T = 8 K. In our simulations we
assume each cluster to be magnetically independent and that each single adatom
interacts only with one closest single atom via the RKKY interaction as described in
Section 6.3. The magnetic contribution of a certain cluster with (N ; g) to the total
signal R L3 is then given by a Boltzmann statistics weighted according to Γ(N ; g),
where also induced substrate moments enter the Zeeman energy term.
In order to assign the magnetic contribution to each cluster type (which finally
will result in the coverage dependent average magnetization) we have to evaluate the
different cluster geometries. We, therefore randomly distribute atoms on either hcp
or fcc sites on a triagonal lattice providing 500 ∗ 500 adsorption sites for both hcp
and fcc sites. Every cycle of deposition leads to an increase of the number of atoms
of 0.02% of a full monolayer. Since in the experiment the atoms are deposited at a
temperature of T = 8 K no hopping or moving of atoms is allowed. However, we
do take into account random tip-over processes onto neighbouring free adsorption
sites, if the initial MC step chooses a site which is already occupied by an iron atom.
We estimate the validity of this approach to reach coverages of 0.3 ML. Beyond
this coverage we expect the onset of intermediate and 2nd layer formation. After
every deposition cycle the program counts the different types of clusters: an atom is
1

Note that the AFM nearest-neighbour exchange in Fe dimers on Ru(0001) is driven by the
hybridization with the substrate. This can be seen by comparing the energy differences for the Fe
dimer without structural relaxation which prefers a FM state.
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Figure 6.5.: Total energy differences between different configurations of Fe on
Rh(111). Energy differences in meV are given with respect to the FM
state. For compact geometries (1st + 2nd row), the FM state is preferred. Values in brackets are energy differences without taking structural relaxations into account.
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Figure 6.6.: (a) Distribution of the number of monomers, dimers, trimers and
tetramers. (b) Spectral weight of the clusters evaluated in (a).

evaluated as monomer if it has no direct neighbours on the same lattice, two atoms
are evaluated as a dimer if they have just themselves as direct neighbours, and so
on. Moreover, the program distinguishes between different geometries g for one and
the same cluster size N, e.g. between linear trimers and trimers with an angle.
In summary, the program gives access to the distribution Γ(N, g) of all different
cluster configurations (N, g) including monomers, dimers, trimers, and tetramers
on both hcp or fcc adsorption sites. Pentamers do not have significant influence
on our results in the coverage range of interest. Ab-initio calculations show the
importance of long-range RKKY interactions between pairs of monomers, which
become important in the lowest coverage range [226]. To capture these effects the
statistics of single atom pairs is extracted, evaluating the combination of monomer
pairs on hcp and fcc lattices from 2nd NN up to 5th NN distances for a given
MC distribution. Hereby, we only count pairs for which other monomers are found
only at larger distances. This approximation thus assumes that for these pairs at
larger distances, residual oscillating RKKY field contributions of other surrounding
monomers and pairs in average cancel each other and play a minor role.
Figure 6.6 (a) and (b) illustrate the evolution of (N, g) with coverage. Figure
6.6 (a) shows the statistics of clusters with size N versus coverage, while Figure 6.6
(b) translates this statistics into spectral weights according to quantities accessible
from the x-ray absorption experiment. The degree of saturation of a given Fe cluster
(N, g) in an applied field of B = Bz is estimated using a Zeeman energy term of the
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form:


N,g
N,g
E Mtot
, B, Θ = −B · Mtot
cos (Θ)

(6.1)

N,g
where the absolute value of the total moment vector Mtot
in units µB is defined
as the sum of total Fe moment MF e and induced substrate moments M4d :

N,g
Mtot
= MF e + M4d

(6.2)

Θ is the angle between the moment vector and the field direction z. All moments
N,g
are readily taken from the DFT results. The contribution RL3
(B, T ) of a certain
cluster with (N, g) to the total signal RL3 is then given by a Boltzmann statistics,
N,g
allowing Mtot
to point in all directions in space:

N,g
RL3

Rsat
(B, T ) =
N · 3.0µB

Z2π Zπ
0


exp 

MFN,g
e · cos (Θ) · sin (Θ) ·

0

−E





MFN,g
e , B, Θ
kB T

(6.3)

 · dΘdϕ
Z

where Z is the partition function. Fe cluster moments MFN,g
e · cos (θ) are projected
onto the z direction, which accounts for the XMCD technique measuring components along the x-ray beam direction. The calibration factor in front of the integral
contains Rsat = 0.6 as the expected RL3 value for a single Fe spin moment of 3.0 µB
in a saturating magnetic field [227]. The total expected signal RL3 is the sum of all
components RLN,g
(B, T ) of clusters with (N, g) at experimental conditions T = 8 K
3
and B = 5 T, scaled to their respective spectral weights determined by Γ (N, g).
The influence of different assumptions for the magnetic ground states for different
cluster geometries is presented in Figure 6.7 (a) and (b) for Ru(0001) and Rh(111),
respectively. The black graph shows the full MC simulation containing all firstprinciples DFT calculations that were provided by theory (see Section 6.3). For
all other graphs different assumptions have been made, red shows the expected
R L3 value for a system showing no RKKY interaction. To obtain the graph in
yellow we artificially set the contribution of all trimers to a minimum value of 3
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µB , whereas the tetramers contribute with the values obtained by DFT calculations.

The opposite is shown in green, while the trimers contribute with the DFT values
the tetramers are artificially set to 0 µB . All other assumptions that we made can
be found in the legend. For magnetic moments of the different Fe clusters and the
corresponding substrate induced moments obtained by DFT calculations entering
the MC simulation see Appendix C.
The MC simulation provides many different parameters that can be adjusted to
the special needs. In particular the parameters are:
Lattice: Atoms can be deposited on one or two triagonal lattices to allow the differentiation between hcp and fcc adsorption sites.
Matrix size: Number of adsorption sites, typically in the range of 5 · 105 − 5 · 106
sites.
Coverage: The final coverage and the step-width between each coverage can be
chosen. The program analyses the contribution of all clusters to the magnetic
ground state for each step.
Temperature: Influences the thermal fluctuation of spins but does not reflect surface diffusion of atoms.
Magnetic field: Reflects the polarisability of spins in a magnetic field.
Cluster contributions: All contributions to the magnetic signal can be switched on
and off.
Induced moments: The influence of the substrate on each type of cluster can be
randomly chosen.
Ratio of clusters with the same number of atoms: The ratio reflects the statistical appearance of the same type of cluster but with different states (e.g. a
linear trimer showing either a spin configuration of uuu or uud ).
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(b)
R (arb. units)

R (arb. units)

(a)

Full MC

JRKKY = 0

Tri: 3 µB; Tet: DFT

Tri: 9 µB; Tet: DFT

Tri: DFT; Tet: 12 µB

Tri: 9 µB; Tet: 12 µB

Tri: 3 µB; Tet: 0 µB

Tri: DFT; Tet: 0 µB

Figure 6.7.: MC simulation for different assumptions of various magnetic contributions to the R L3 value of Fe on (a) Ru(0001) and (b) Rh(111). The full
MC simulation in black represents the contribution of all values that
were obtained by DFT calculations. For all other curves different assumptions (see legend) were made. E.g. the yellow curve is obtained
by assuming a fully FM ground state of 3 µB for all trimers while all
tetramers are assumed to contribute the values that were obtained by
DFT calculations.
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Figure 6.8.: R L3 for (a) Ru(0001) and (b) Rh(111), the MC simulation containing all values obtained by DFT calculations are shown in purple. For
comparison, neglecting RKKY interactions leads to the results shown
in orange.

6.5. Combining theory and experiment
The low coverage behaviour (θ < 0.1 ML) shown in Figure 6.8 (a) and (b), can be
understood based on the RKKY interactions and the NN exchange constant J 1 . In
the simpler case of Ru(0001) the magnetization trend at low coverages is dominated
by the AFM NN exchange constant J 1 < 0 in compact dimer configurations. In
Figure 6.8 (a) the result for magnetically independent clusters is shown, which
reproduces the continuous decay of the magnetization well, considering that the
modelling contains no free parameter. At lowest coverage, R L3 corresponds to a
single spin moment of 3.0 µB in the according Zeeman field.
Turning to the case of Fe clusters on Rh(111), we find that R L3 at lowest coverages is larger compared to the values for Ru(0001), which we attribute to first,
the enhanced spin moment of 3.2 µB of a single Fe spin on Rh(111) and second, the
about ten times larger magnetic susceptibility of Rh(111) leading to larger induced
substrate moments. The latter enter the Boltzman statistics via the Zeeman term
and stabilize the Fe spin moments against thermal fluctuations.
It is evident that even a qualitative understanding of the trend R L3 (θ) based on
the NN exchange interaction is impossible in the case of Rh. The steep decrease of
R L3 (θ) at lowest coverages is surprising in view of the positive NN exchange coupling
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J 1 . Starting from single atoms the increase of θ should thus enhance the average
magnetization per Fe atom due to FM dimer formation as seen by the orange curve in
Figure 6.8 (b). However, if we take into account the RKKY coupling between single
Fe atoms on Rh(111) we observe that the AFM exchange coupling for separations
of up to 6 Å (cf. Figure 6.4) overcompensates by far the contribution of the FM
NN dimer coupling and accurately reproduces the steep decrease of the average
magnetization below θ = 0.1 ML (purple curve in 6.8 (b)).
At intermediate coverages, mostly the formation of FM dimers and compact
trimers on Rh(111) leads to a plateau in R L3 in good agreement with our experimental data. According to our MC simulations, tetramer configurations start to
play a role at coverages of θ > 0.1 ML, which again suppress the average moment
due to intrinsic compensated structures (see Figure 6.5) and results in a reduction
of R L3 . For the excellent quantitative agreement between experiment and simulation, the geometry dependent ground states of tetramers as obtained from DFT are
nevertheless important. This is visible in the simulations plotted in Figure 6.7 (a)
and (b) for comparison, in which we have assumed the extreme cases of perfect FM
or AFM trimers and tetramers.
Our simulations are valid up to coverages of about 0.3 ML. Beyond that the simulated values R L3 start to decrease due to the increasing spectral weight of clusters
with N ≥ 5, which in our simulations are assumed to have zero moment (cf. Section
6.4). On the other hand, at intermediate coverages of about 0.3 ML we in any case
expect the onset of the formation of a second layer, which is not covered by our
simulation. We attribute the rise of the experimental R L3 signal at higher coverages
to the formation of 3D FM clusters which are less coupled to the substrate and thus
will be dominated by the FM direct exchange between Fe moments.
Increasing the coverage does not only influence the R L3 value but also the XAS L3
peak position. Hence we want to comment on the importance of the average Fe-Fe
coordination, n Fe , on the spectral shape. In the experiment, increasing values of
n Fe are reflected as shifts of the XAS L3 peak photon energy as shown in Figure 6.9
(a) for Ru(0001) and in 6.9 (b) for Rh(111), respectively. This shift to higher photon energies is characteristic for enhanced hybridization of 3d states, which leads
e.g. to more efficient screening of core-hole effects during x-ray absorption. The
coordination dependent shift in free clusters is known to be highly non-linear, saturating already at cluster geometries corresponding to n Fe = 1 [228]. We obtained
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Figure 6.9.: Evolution of L3 peak energy vs. coverage in black and simulation of the
coordination number n Fe in red (a) for Ru(0001) and (b) for Rh(111).

the values for the average Fe-Fe coordination by applying formula 6.4 to our MC
simulation. The formula is exemplary for clusters containing up to three Fe atoms.
The final calculation of n Fe that can be found in Figure 6.9 includes every geometry
for tetramers as well.

nF e =

0 · NM on + 2 · 1 · NDim + 3 · 2 · NT ri60◦ + 3 · 34 · NT ri120◦ + 3 · 43 · NT ri180◦
(6.4)
1 · NM on + 2 · NDim + 3 · NT ri

with N Mon , the number of monomers, N Dim , the number of dimers, N Tri180◦ , the
number of chain like trimers, N Tri120◦ , the number of trimers with an angle of 120◦
and N Tri60◦ the number of trimers showing three angles of 60◦ .
Finally, we present experimental evidence for compensated magnetic ground states
of Fe MLs on the hexagonal surfaces Ru(0001) and Rh(111). From the data discussed
so far only the measurements on Ru(0001) are compatible with such a compensated
ground state, since the values for R L3 reach very low values at high coverages θ ≥ 0.5
ML (see Figure 6.8 (b)). For Rh(111) it is evident that such a state cannot be
reached by quench-condensed deposition. This is not really surprising since the
structure is expected to be disordered, and beyond NN corrections are strongly
hindered in a random fashion. We therefore test our systems in the presence of the
already mentioned structural order by depositing Fe atoms at RT.
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(a)

73 nm

(b)

77 nm

Figure 6.10.: Large scale STM topographs of Fe islands on (a) Rh(111), U = 1 V,
I = 1 nA and (b) Ru(0001), U = 1 V, I = 1 nA.

6.6. Room temperature deposition of Fe atoms
We grew Fe islands epitaxially on Ru(0001) and Rh(111) at deposition temperatures
of T = 300 K. In Figure 6.10 (a) and (b) STM topographies of monatomic-height Fe
islands on Rh(111) and Ru(0001) are shown, respectively. Fe islands on Ru(0001)
typically show triangular shaped islands which are 5-10 nm in diameter on the
terraces and smaller islands decorating the terrace step edges. On Rh(111), islands
of mostly truncated triangular shape are randomly distributed. At T = 8 K only
a small Fe dichroic signal of R L3 = 0.07 and R L3 = 0.09 is present for θ = 0.1 ML
on Ru(0001) and Rh(111), indicative of intrinsically compensated magnetic ground
states in both cases. As in the quench-condensed samples a faint in-plane magnetic
easy direction is observed for both substrates (see Figure 6.3 (a) and (b), where
blue and green squares correspond to ϑ = 0◦ and ϑ = 70◦ , respectively).
The difference of the island results compared to those obtained by quench-condensed
deposition underlines the importance of the structure on the magnetic state. The
stabilization of a compensated magnetic configuration on Rh(111) against a FM
exchange term J 1 > 0 is only possible for ordered compact clusters, which allow
effective hybridization of Fe 3d states over larger distances. Increased hybridization
in the ordered case is also directly visible in the measured XAS L3 peak photon
energy, which remains ∼ 0.4 eV above the value of quench-condensed structures at
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largest coverages.

6.7. Summary
In summary, we have grown Fe impurities and nanostrucutures on Ru(0001) and
Rh(111) at T = 8 K in the coverage regime 0.03 ML ≤ θ ≤ 0.6 ML and revealed
the magnetic ground state for those samples. The evolution of a complex magnetic order was examined by a combination of x-ray absorption methods, density
functional theory first-principles calculations, STM measurements and Monte Carlo
simulations.
The trend of magnetic order on both surfaces is driven by the hybridization of Fe
3d -states with the partly filled substrates 4d -bands. For the low coverage regime
(i.e. θ ≤ 0.05 ML) the nearest-neighbour exchange interaction is very small and
shows an opposite sign on Ru(0001) and Rh(111). For higher coverages the direct
ferromagnetic exchange between Fe atoms competes with the indirect exchange interaction mediated by the substrates which results in a complex magnetic order.
We furthermore deposited Fe atoms at room temperature leading to a coverage of
θ = 0.1 ML on both surface and obtained a significantly lower average magnetization for Ru(0001) and Rh(111) than for the low temperature deposition. This is due
to the formation of larger islands containing several tens of atoms. The absence of
single atoms, which would significantly increase the average magnetization (as we
obtained for the low temperature deposition) leads to compensated structures and
therefore to a reduced average magnetization as can be seen for R L3 in the XMCD
measurements.
In order to gain deeper insight into the contribution and interactions of Fe atoms
and small clusters of up to four Fe atoms to the magnetic ground state, we developed
and performed MC simulations. These simulations show that the evolution of the
magnetic ground state is mainly driven by the RKKY interaction in the case of
Rh(111), whereas the contribution of the RKKY interaction in the case of Ru(0001)
is rather small.
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Chapter 7.
Conclusion and Perspectives
In the present thesis nanostructures on well-defined surfaces are studied. Divided
into four experimental chapters, various effects (e.g. order, thermal effects and
interactions) that occur due to the interplay of single atoms and molecules on the
nanoscale are probed. A short summary of the experiments is given in the first part
of this chapter followed by an outlook for further experiments in the second part of
this chapter.
The first experimental part is concerned with the self-assembly of one-dimensional
(1D) organometallic polymers on an Ag(111) surface. In combination with density
functional calculations and scanning tunneling microscopy (STM) experiments we
reveal that the intermediate step of the Ullmann coupling reaction is an organometallic polymer. We show, that the organometallic polymers can be ordered in a side by
side manner over several tens of nanometers.
The transition from 1D to two-dimensional (2D) nanostructures is conducted in
the second experimental part of this thesis. We show that a 2D metalorganic framework consisting of CyanoBTBT molecules and Fe can be grown on an Ag(111)
crystal. We furthermore reveal an irreversible phase separation of molecules and Fe,
which can be thermally activated. The formation of nanoflowers consisting of Iron
atoms surrounded by molecules is studied within distinct temperature steps.
The third experimental part is concerned with the suitability of transferred graphene
and CVD-grown graphene on h-BN/metal samples. We report here for the first
time according to literature about the chemical-vapour-deposition (CVD) growth of
graphene on h-BN/Rh(111) under ultra clean conditions. A set of parameters is presented to trigger and control the CVD-growth of graphene on h-BN. The CVD-grown
graphene is then further investigated by means of scanning tunneling spectroscopy
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at low temperatures. A gaplike feature around zero bias energy is revealed and
attributed to out-of-plane phonon modes in the graphene.
Furthermore, we study transferred graphene, which was brought into contact with
the h-BN by a wet-etching transfer process. For this ”type” of graphene we intensively study different effects (e.g. multilayers, defects, Moiré pattern and wrinkles).
We, hereby could show, that the quality of commercially available graphene can be
increased (in terms of a reduction of the size of wrinkles and contaminations) by
annealing the samples in UHV conditions.
In the final part of this chapter we pave the way for spin transport experiments.
We study suitable electrodes that are brought into contact with the graphene/h-BN
heterostructure and reveal by means of x-ray magnetic circular dichroism (XMCD)
experiments that no magnetic interaction between both electrodes exists. Hence, we
show a perfect candidate for further experiments.
A combined XMCD and theory study addressing the most preferable magnetic
ground state configuration of single Fe atoms and small Fe clusters on Rh(111) and
Ru(0001) is presented in the last experimental part of this thesis. We deposited Iron
impurities at low temperatures on both substrates and studied the evolution of the
magnetic signal with increasing Iron coverage. We reveal that the nearest-neighbour
exchange interaction is very small for both substrates and shows an opposite sign
on Ru(0001) and Rh(111). Increasing the coverage leads to a competition between
nearest-neighbour exchange and indirect exchange interaction, which results in a
complex magnetic order. Room temperature deposition of Iron atoms results in a
significantly lower magnetic signal than for the low temperature deposition. This
is due to the mobility of the Iron atoms on the surface and the resulting formation
of larger clusters containing several tens of atoms. The larger clusters exhibit a
magnetically rather compensated structure, which results in a reduced XMCD signal.
We developed a Monte Carlo simulation, which enables us to reveal the contribution of distinct atoms and clusters to the total magnetic moment. For the
case of Rh(111) we could show in combination with density functional theory calculations that the evolution of the magnetic ground state is mainly driven by the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. For the case of Ru(0001) the
contribution of the long-range order interaction was revealed to be rather small.
The presented results in this thesis allow to develop ideas for future experiments
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and investigations, which are shown in the second part of this chapter.

Perspectives for one-dimensional organometallic polymers:
For future experiments it would be interesting to obtain a covalently bond polymer. This one would allow unidirectional charge transport which is not only interesting for basic research but also for industrial applications. Band gap calculations
shown in Figure 7.1 predict a small band gap of ∼ 2.8 eV for a covalently bond
polymer. For transport measurements it is necessary to grow or transfer the polymers on insulating substrates. A very good candidate for this is h-BN/Ni, since the
hexagonal Boron Nitride grows commensurably flat on Ni. Up to now the Ullmann
coupling reaction was never reported in literature to be conducted on a h-BN surface. This reaction could be triggered by evaporating the brominated molecules and
a metal on a h-BN surface. A covalently bond polymer could be obtained in a two
step process. Firstly, a thermally activated dehalogenation of the molecule at moderate temperatures would result in the formation of an organometallic polymer and
secondly a higher annealing step could release the metal atoms linking the molecules
and finalize the Ullmann coupling reaction [79].
However, for a better understanding of substrate effects on the coordination of
the molecule an intensive DFT analysis would be necessary.
Addressing the robustness of the molecules one could try to transfer the polymer
onto other substrates using a scotch tape technique. Especially for transport measurements along the polymers the decoupling from a conductive substrate would be
absolutely necessary.
And finally, since the organometallic polymers showed a high order on the surface the dispersion relation could be revealed by angle-resolved photoemission spectroscopy to gain deeper insight about the band structure of both organometallic and
covalently bond polymers.

Perspectives for metalorganic two-dimensional nanostructures:
For further studies it would be interesting if the nanoflowers could be saturated
by e.g. gas dosage of O2 and if hereby the coordination motif could be artificially
changed.
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The effect of other transition metals like Ni or Co in combination with the precursor molecule would be interesting from a binding geometry point of view. E.g.
Co leads to a preferential threefold binding geometry for different Phenylenes on
Ag(111) [100]. Another approach to obtain a metalorganic network with fourfold
symmetry would be to use a substrate with cubic symmetry and support hereby the
growth of the metalorganic network e.g. Cu(100) or Ag(100).
Addressing the orientation of the molecules in the zigzag order near edge x-ray
absorption fine structure spectroscopy would give access to gain deeper insight about
the orientation of the prochiral molecule on the surface.

Perspectives for graphene/h-BN heterostructures:
Graphene shows an enormous potential for future developments, especially heterostructures consisting of graphene and h-BN are an ideal candidate to study and
reveal the intrinsic properties of graphene [6]. To gain deeper insight into the properties of graphene it is inalienable to have a high quality (i.e. clean and defectfree surface and a homogeneous number of layers all over the surface) of graphene.
Addressing the inhomogeneities in the number of layers of commercially available
graphene we could try to ”heal” the incomplete layers by exploiting the hot surface
to a hydrocarbon source in UHV conditions using the parameters we revealed for
the CVD-growth of graphene on h-BN.
Our experiments pave the way for the investigation of vertical spin transport
through graphene/h-BN junctions covered by transition metals (TM) on both sides.
The next step would be to contact both electrodes and measure the spin transport
through this device in dependence of an external magnetic field [122, 123, 191].
Besides the vertical transport through graphene/h-BN junctions the lateral transport could be an interesting quantity of measure. h-BN would act as an decoupling
layer and the unique properties of graphene could be studied.
We showed that we can grow both ultra clean h-BN and graphene with monolayer
coverage and atomic high thickness on Nickel. The monolayers of h-BN and graphene
could be ex-situ transferred onto other substrates using a wet-etching procedure.
This would allow the bottom-up formation of any desired combination of graphene
and h-BN layers.
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High temperature superconductivity has been proposed for doped graphene for
years [229, 230]. The artificial stacking of h-BN and graphene layers would give
access to the controlled study and tunability of the critical temperature.
Perspectives for Fe impurities on Ru(0001) and Rh(111):
A deeper understanding of the magnetic coupling mechanism between atoms and
the direct accessibility of the magnetic state of single atoms could be the crucial part
for the next generation of e.g. data storage devices [201, 231]. However, thermal
fluctuations will always be a challenge, which needs to be overcome to increase the
stability of few particle systems. One approach to follow Moore’s law is to get control
over spins. To realize spin-based technologies we need fundamental understanding
of the dynamics and the control over nanomagnets at the atomic scale [232].
Concerning the MC simulation many different ideas could be included, like a diffusion dependent term that allows temperature induced hopping of magnetic atoms
on the surface and on clusters. An interesting question to address would be the
interaction of single atoms with clusters and the influence of a second layer on the
average magnetization. Finally, it would be necessary to close the gap between a
coverage of 0.35 ML ≤ θ ≤ 1 ML in order to understand the transition from substrate mediated exchange interaction to nearest-neighbour exchange interaction. To
obtain this result we would have to evaluate every cluster configuration and attribute
the corresponding magnetic contribution to each cluster.
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Figure 7.1.: Calculated band structure of a Polymer consisting of BTBT molecules
with infinite length.
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Zusammenfassung
Im Rahmen dieser Dissertation wurde ein bestehendes variables Temperatur Rastertunnelmikroskop (VT-RTM) und die dazugehörige Ultrahochvakuumkammer weiterentwickelt, um somit Fragestellungen der Nanophysik untersuchen zu können.
Unidirektionaler Ladungstransport in atomar dünnen Strukturen wird durch die
fortschreitende Miniaturisierung in der Halbleitertechnik in den nächsten Jahren
an Bedeutung gewinnen. Um hierfür einen Grundstein zu legen wurden im ersten
experimentellen Kapitel Selbstanodnungsphänomene von Molekülen in eindimensionalen (1D) Strukturen untersucht. Organische, halbleitende Moleküle wurden auf
einem Ag(111) Kristall unter hochreinen Bedingungen aufgebracht und mit Hilfe des
RTMs genau untersucht. Die Moleküle zeigten unter Abspaltung von Brom Atomen
die Ausbildung einer lamellaren Phase, welche in den Bereichen mit einer Bedeckung
von 1 ML auftauchte und eine ungeordnete Struktur in den Bereichen mit niedrigerer
Bedeckung. Die geordnete, lamellare Phase wies kurze Oligomere mit bis zu 4 Einheiten auf, während die ungeordnete Struktur Kettenlängen mit bis zu 10 Einheiten
zeigte, welche sich auf der Oberfläche beliebig verteilten. Die Ausbildung einer organometallischen Verbindung zwischen einem Oberflächen Ag und einem Kohlenstoff
Atom des Moleküls konnte für beide Phasen nachgewiesen werden. Durch Erwärmen
der Probe auf bis zu 420 K konnte gezeigt werden, dass sich atomar dünne Ketten
bilden, welche aus organometallischen Polymeren bestehen. Diese ordneten sich bei
Längen von bis zu 100 nm auch über Kanten hinweg an und zeigten hierbei keine
Überkreuzungen.
Der Übergang hin zu zweidimensionalen (2D) Strukturen wird im zweiten experimentellen Kapitel beschritten. Die genaue Kenntnis und die Kontrolle von Stabilität
und Wachstum metallorganischer Netzwerke, welche für katalytische Prozesse und
auf Grund ihrer großen reaktiven Oberfläche auch als Speichermedien für Gase genutzt werden können, bildet die Grundlage für vielfältige Forschungsmöglichkeiten.
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In diesem Kapitel werden 2D Strukturen bestehend aus organischen Molekülen und
Eisen Atomen auf Ag(111) untersucht. In einem ersten Schritt konnte gezeigt werden, dass die rein molekularen Strukturen, bedingt durch den prochiralen Charakter
des Moleküls, durch zwei verschieden Phasen auf der Oberfläche dargestellt werden
können. Eine zick-zack Anordnung bestehend aus einer Mischung von beiden Enantiomeren des Moleküls, sowie eine parallele Anordnung, in welcher nur jeweils eine
chirale Erscheinungsform auftaucht wurden untersucht. In einem zweiten Schritt,
unter Hinzugabe von Eisen Atomen, konnte gezeigt werden, dass sich die rein molekularen Phasen, je nach Bedeckungsgrad durch die Eisen Atome, auflösen und in
ein metallorganisch gebundenes Netzwerk übergehen. Das Auftauchen von drei- und
vierfach koordinierten Bindungsstellen wurde hierbei auf das Zusammenspiel der
Ag(111) Oberfläche, welche eine dreifache Symmetrie aufweist und des Netzwerkes,
welches eine höherwertige Koordination bevorzugt, zurückgeführt. Dieses Netzwerk
war bei Raumtemperatur stabil, zeigte jedoch durch Erwärmen in verschiedenen
Temperaturschritten auf bis zu 770 K, eine irreversible Phasenseparation der Moleküle und der Eisen Atome, was zur Ausbildung von “Nanoblumen“ führte.
Um die einzigartigen Eigenschaften von Graphen untersuchen und diese nutzbar machen zu können, ist es notwendig Graphen soweit wie möglich von seinem
Substrat zu entkoppeln. Das dritte experimentelle Kapitel dieser Arbeit beschäftigt
sich mit dem Schichtwachstum von 2D Heterostrukturen bestehend aus Graphen
und hexagonalem Bornitrid. Zunächst wird gezeigt, wie sowohl Graphen, als auch
h-BN jeweils direkt auf einer Rh(111) Oberfläche gewachsen werden kann und welche strukturellen Unterschiede beide Materialien hierbei aufweisen. Im Folgenden
wurden zwei verschiedene Herangehensweisen, um Graphen enkoppelt darzustellen,
untersucht.
(i) Auf einer Kupferfolie gewachsenes Graphen wurde unter normalen Bedingungen mittels nasschemischer Verfahren auf eine Rh(111) Oberfläche, welche mit einer Monolage aus h-BN bedeckt war, transferiert. Diese Proben wurden mittels
AFM, STM und Raman untersucht. Hierbei konnte nachgewiesen werden, dass sowohl Verunreinigungen aus dem Transferprozess, als auch dabei entstehende Falten
im Graphen selbst, durch einen Ausheizprozess unter UHV Bedingungen signifikant
reduziert werden konnten. Weitere Aspekte, wie verschiedene Moiré Muster, die der
Mehrlagigkeit des transferierten Graphens geschuldet sind, sowie eine genauere Ana-
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lyse der bei dem Transfer entstehenden Falten wurden aufgegriffen.
(ii) Ein kompletter Satz von Parametern für die direkte Deposition von Graphen
auf h-BN unter UHV Bedingungen wurde entwickelt. Mit Hilfe dessen ist es möglich
Graphen mit beliebiger Bedeckung im submonolagen Bereich auf das h-BN direkt zu
wachsen. Das so gewachsene Graphen wurde mittels Tunnelspektroskopie untersucht
und zeigte dabei eine, um den Nullpunkt der Spannung, symmetrische Energielücke
von EG ≈ 137 meV. Diese weist somit den für freistehendes Graphen in der Literatur berichteten Wert auf. Das so gewachsene Graphen zeigte im Gegensatz zum
transferierten Graphen deutlich bessere strukturelle Eigenschaften, wie z.B. nur eine
Monolage, keine Falten und damit auch eine geringere Korrugation und keine Verunreinigungen. Somit qualifiziert sich die so entwickelte Art Graphen zu wachsen
für eine große Zahl weiterer Experimente.
Im letzten Abschnitt dieses Kapitels werden die für vertikalen Spintransport durch
Graphen und h-BN notwendigen magnetischen Kontakte untersucht. Hierzu wurde
h-BN auf 500 nm dicke Nickelsubstrate gewachsen, auf welche anschließend Graphen transferiert wurde. An einem Elektronenspeicherring in Grenoble konnte mittels XMCD Experimenten gezeigt werden, dass einzelne Cobalt Atome bis hin zu
0.8 ML auf das Graphen aufgebracht, keine magnetische Kopplung mit dem Substrat eingehen. Es konnte somit nachgewiesen werden, dass die Sandwichstruktur
aus Cobalt, Graphen, h-BN und Nickel einen perfekten Kandidaten für Spintransport darstellt.
Die Untersuchung von magnetischen Kopplungsmechanismen wird im letzten experimentellen Kapitel fortgeführt. Hierzu wurden einzelnen Eisen Atomen bis hin zu
kleinen Eisen Clustern auf den zwei Substraten Ru(0001) und Rh(111) aufgebracht.
Anschließend wurden bedeckungsabhängige XMCD Experimente für beide Substrate durchgeführt. Die theoretische Vorhersage, dass die Austauschwechselwirkungskonstante J für Ru(0001) klein und negativ ist, während sie für Rh(111) ebenfalls
klein, aber positiv ist, konnte mit XMCD Experimenten nachgewiesen werden. Mit
Hilfe einer selbst entwickelten Monte Carlo Simulation und den von Theoretikern
berechneten bevorzugten Grundzuständen von Eisen Monomere bis hin zu Eisen
Tetrameren konnte gezeigt werden, dass im Bedeckungsbereich von bis zu 0.35 ML
die RKKY Wechselwirkung die magnetische Kopplung im Falle von Rh(111) ideal beschreibt. Für den Fall von Ru(0001) konnte die bevorzugte AFM Kopplung
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unabhängig von der RKKY Wechselwirkung bestätigt werden.
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Appendix A.
DFT calculation for BrBTBT and
CyanoBTBT
Density functional theory was used to gain deeper insight into the C-Ag bond.
Calculations were carried out using the Orca 2.9 program [233] with the BP86 [234,
235] functional, the def2-TZVP basis set [236] and the RI approximation [237] on
a complex consisting of two BTBT molecules coordinating one Ag atom. Van-derWaals interactions were taken into account with the empirical DFT-D3 method [238].
The geometry of the complex was optimized in its neutral doublet state, confining
the atom positions to a plane to mimic the influence of the supporting substrate.
The interaction energy was calculated as 1.33 eV (difference in energy between the
optimized complex and the energy of a single point calculation of the complex, in
which the distance between one molecular fragment and the Ag atom was increased
to a large distance, where no interaction occurs).
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Appendix B.
Combination of Graphene and h-BN
Figure B.1 (a) shows the Co absorption spectra at the L3,2 edges on the left and the
corresponding XMCD signal on the right for the sample with a coverage of 0.8 ML.
The XAS shows no multiplet structure. The XMCD spectrum is normalized to the
integral over L3 and L2 after background and stepfunction subtraction. The sample
was measured in normal incidence with a field of B = 5 T applied along the incident
beam. Figure B.1 (b) shows the measurement almost under remanent conditions.
As one can see, the peaks for the L3 and L2 differ strongly for the case of B =
5 T, whereas L3 and L2 for the measurement in remanence are mainly identical.
This results in a reduction of the XMCD/XAS signal by two orders of magnitude
for the case of the measurement in remanence. Therefore we can conclude that the
remaining magnetic field induced by the underlying substrate does not affect the Co
atoms on top of the graphene.
A similar measurement for the same sample but in grazing incidence geometry
is shown in Figure B.2 (a) and (b). The angle between the surface plane and the
incidence beam was set to ϑ = 70◦ .
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XAS (arb. units)

(a)

XAS (arb. units)

(b)

Normal incidence, B = 5 T
mm+

m- - m+

Normal incidence, B = 5 mT
mm+

m- - m+

Figure B.1.: XAS and XMCD spectra for normal incidence beam geometry. The
sample of Gr/h-BN/Ni(111) is covered with ∼ 0.8 ML of Co. XAS for
positive and negative helicity in black and red, respectively on the left
and the corresponding XMCD signal on the right. (a) Spectra obtained
at B = 5 T. (b) Spectra obtained at B = 5 mT.
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XAS (arb. units)

(a)

XAS (arb. units)

(b)

Grazing incidence, B = 5 T
mm+

m- - m+

Grazing incidence, B = 5 mT
mm+

m- - m+

Figure B.2.: XAS and XMCD spectra for grazing incidence beam geometry. The
sample ist rotated by an angle of ϑ = 70◦ with respect to the incident
beam. The sample of Gr/h-BN/Ni(111) is covered with ∼ 0.8 ML of Co.
XAS for positive and negative helicity in black and red, respectively on
the left and the corresponding XMCD signal on the right. (a) Spectra
obtained at B = 5 T. (b) Spectra obtained at B = 5 mT.
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Appendix C.
Magnetic moments of Fe atoms and
clusters on Ru(0001) and Rh(111)
The magnetic moments of Fe atoms and clusters deposited either on hcp or fcc
adsorption sites on Ru(0001) and Rh(111) are shown in table C.1. The third and
fifth row gives the substrate induced moments caused by the Fe cluster for Ru(0001)
and Rh(111), respectively.
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Appendix C. Magnetic moments of Fe atoms and clusters on Ru(0001)
and Rh(111)

Table C.1.: Values for the magnetic ground state of Fe atoms and clusters and the
corresponding substrate induced moments for Ru(0001) and Rh(111).
Ru(0001)
Rh(111)
Configuration
M cluster (µB) M substrate (µB) M cluster (µB) Msubstrate (µB)
Monomer hcp
2.97
0.09
3.22
0.81
Monomer fcc
3.07
0.21
3.22
0.75
Dimer hcp
0
0.26
6.32
1.34
Dimer fcc
0
0
6.3
1.19
Dimer 2nd NN hcp
5.93
0.24
0
0.02
Dimer 2nd NN fcc
6.44
0.49
-0.1
-0.05
Dimer mix
-0.09
-0.03
0.1
0.04
Dimer 2nd NN mix
6.04
0.37
0
-0.05
◦
Trimer 60 hcp
8.7
0.21
9.21
1.54
Trimer 60◦ fcc
8.85
0.25
9.18
1.27
◦
Trimer 120 hcp
2.99
0.15
3.09
0.49
Trimer 120◦ fcc
2.99
0.15
3.08
0.46
Trimer 180◦ hcp
2.99
0.13
3.04
0.47
◦
Trimer 180 fcc
3.07
0
3.04
0.42
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[38] Y. Wu, J. Stöhr, B. D. Hermsmeier, M. G. Samant, and D. Weller, “Enhanced
orbital magnetic moment on Co atoms in Co/Pd multilayers: A magnetic
circular x-ray dichroism study,” Phys. Rev. Lett., vol. 69, pp. 2307–2310, 1992.
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Fe monolayers on 4d substrates,” physica status solidi (b), vol. 248, no. 10,
pp. 2242–2247, 2011.

150

Bibliography
[221] A. Kubetzka, P. Ferriani, M. Bode, S. Heinze, G. Bihlmayer, K. von Bergmann,
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betonen, immer sofort helfen.
Viele Menschen haben mich während meiner Zeit am MPI begleitet, denen mein
Dank gebührt: Tobias Herden, Carola Straßer, Steffen Kale, Liza Herrera-Diez, Ul-

159

Bibliography
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