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CIC nanoGUNE Consolider

3rd referee Prof. Dr. Michael Farle
Universität Duisburg-Essen

Submission of thesis: 28th of June 2013
Day of disputation: 25th of September 2013



Abstract

This thesis is about the electronic and magnetic properties of Co and Fe octaethyl-
porphyrin (CoOEP/FeOEP) molecules adsorbed in the submonolayer regime on non-
magnetic and ferromagnetic (FM) surfaces. Of interest are the impact of adsorbate–
surface interactions on the electronic and magnetic properties of the molecules and
their magnetic interaction with substrates. Also a reversible control of these inter-
actions by a coordination of the small molecules carbon monoxide (CO) and nitric
oxide (NO) to the adsorbed prophyrins is subject of this work. X-ray absorption
spectrosopy (XAS) as well as the X-ray magnetic circular dichroism (XMCD) effect
in the angle-, temperature-, and field-dependent absorption of soft X-rays are the
tools applied to perform these studies.
First the electronic structure of CoOEP in bulk is discussed. Then an introduction

to the applicability of the measurement techniques by studying CoOEP on highly
ordered pyrolytic graphite (HOPG) and Cu(100) is given. The molecules lie almost
flat on HOPG and Van der Waals forces dominate the adsorbate-substrate interaction,
such that the molecular electronic structure survives upon adsorption. In contrast, for
CoOEP on Cu(100), the spatial charge distribution of the unpaired electron at the Co
site is modified and primarily located inside the porphyrine plane and not perpendicu-
lar to it as for pure CoOEP. An approach to gain control over the alignment of the Co
magnetic moments without applying a magnetic field is presented by placing CoOEP
on bare and oxygen-covered Ni surfaces. In both cases an FM exchange interaction
between Ni and Co spins aligns the latter against their thermal fluctuations, while
the adsorbate-surface interaction modifies the Co electronic structure. For CoOEP
on Ni, a Co magnetization is present already at room temperature (RT), whereas for
CoOEP on O/Ni this is only the case at 30 K, reflecting a weaker magnetic coupling
strength for this system.
A strategy to preserve the molecular properties and at the same time to achieve

a substrate-induced spin polarization is developed by putting CoOEP on graphene-
passivated Ni surfaces. An indirect antiferromagnetic exchange coupling between the
Ni and Co magnetic moments, which is magnetically anisotropic, across the graphene
leads to a Co magnetization at 130 K. Despite the hybridization of Co 3d with molec-
ular states, the Co spin mS and orbital mxy

L moments are of the same order of mag-
nitude for an in-plane (IP) Co magnetization. The Co mxy

L is recreated by spin–orbit
coupling (SOC).
For a control of the magnetization of Co and Fe ions inside CoOEP and FeOEP at fi-

nite temperatures, magnetically coupled to a substrate magnetization, small molecules
are attached to the porphyrins and subsequently thermally removed. So the coordi-
nation of CO to CoOEP on graphene/Ni allows to reversibly control the crystal field
of the Co ion, which determines, together with the SOC, the size of mxy

L . For CO-
CoOEP, mxy

L is reduced by (77±6)% compared to CoOEP. In contrast, the adsorption
of NO on CoOEP molecules on O/Ni partially oxidizes the Co ions, changes the Co
spin moment, and leads to a reduction of the Co magnetization by about a factor of
two at 30 K. The adsorption of NO to FeOEP molecules, antiferromagnetically cou-
pled to the magnetization of an oxygen-covered Co surface, reduces the corresponding
magnetic coupling strength and hence the Fe magnetization by approximately 50% at
120 K.
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Kurzfassung

Diese Doktoarbeit handelt von den elektronischen und magnetischen Eigenschaften
von Kobalt- und Eisen-Octaethylporphyrinen (CoOEP/FeOEP), die auf ferro- (FM)
und unmagnetischen Substraten als Submonolagen adsorbiert sind. Von Interesse
ist der Einfluss der Adsorbat-Oberflächen-Wechselwirkung auf die elektronischen und
magnetischen Eigenschaften der Moleküle und ihre magnetische Wechselwirkung mit
dem Substrat. Die reversible Kontrolle dieser Wechselwirkungen durch die Koordina-
tion von kleinen Molekülen wie Kohlenstoffmonoxid (CO) und Stickstoffmonoxid (NO)
an die Porphyrine ist ebenso Thema der Arbeit. Die Röntgenabsorptionsspektroskopie
sowie der magnetische zirkulare Röntgendichroismus in winkelaufgelösten, feld- und
temperaturabhängigen Absorptionsmessungen werden für die Untersuchungen benutzt.
Zuerst wird die elektronische Struktur von CoOEP-Volumenproben vorgestellt.

Danach werden die Messtechniken anhand von Untersuchungen von CoOEP auf Kup-
fer(100)- und Graphitoberflächen eingeführt. Die Moleküle liegen nahezu flach auf
dem Graphit und Van-der-Waals-Kräfte dominieren die Adsorbat-Substrat-Wechsel-
wirkung, ohne die molekulare elektronische Struktur zu ändern. Dagegen ist die
räumliche Ladungsverteilung der ungepaarten Co-Elektronen für CoOEP auf Cu(100)
verändert und liegt primär in der Molekülebene und nicht senkrecht dazu wie bei
isoliertem CoOEP. Durch das Aufbringen von CoOEP auf un- und sauerstoffbedeckte
Ni-Oberflächen wird eine Möglichkeit präsentiert die magnetischen Co-Momente ohne
Anlegen eines Magnetfeldes auszurichten. Auf beiden Substraten stabilisiert eine FM-
Austauschwechselwirkung die Co-Spins gegen thermische Fluktuationen, wobei die
Adsorbat-Substrat-Wechselwirkung die elektronische Struktur des Co ändert. Eine
messbare Co-Magnetisierung (MCo) liegt für CoOEP auf Ni bereits bei Raumtem-
peratur vor, auf O/Ni erst unterhalb von 30 K. Dies spiegelt eine geringere magneti-
sche Kopplungsstärke für das letztere System wider.
Die Erhaltung der molekularen Eigenschaften und einer gleichzeitigen substratin-

duzierten Spinpolarisation wird durch das Aufbringen von CoOEP auf eine graphen-
passivierte Ni-Oberfläche ermöglicht. Eine indirekte und anisotrope antiferromag-
netische (AFM) Austauschkopplung zwischen den Ni- und Co-Spins durch das Graphen
hindurch führt zu einem endlichen MCo bei 130 K. Trotz der Hybridisierung der
Co 3d Zuständen mit molekularen Zuständen weisen die Spin- (mS) und Bahnmo-
mente (mxy

L ) der Co-Ionen die gleiche Größenordnung auf, wenn MCo entlang der
Molekülebene ausgerichtet ist. Dies liegt am Einfluss der Spin-Bahn-Kopplung (SBK)
auf den elektronischen Grundzustand der Co-Ionen.
Um die Fe- und Co-Magnetisierung von CoOEP- und FeOEP-Molekülen, die mag-

netisch zu einem Substrat koppeln, bei endlichen Temperaturen zu kontrollieren, wer-
den NO und CO an die Porphyrine gebunden und anschließend wieder thermisch
desorbiert. Die Koordination von CO an CoOEP/Graphen/Ni ermöglicht es das
Kristallfeld der Co-Ionen, das zusammen mit der SBK die Größe von mxy

L bestimmt,
reversibel zu ändern. Nach der CO-Aufnahme ist mxy

L um (77± 6)% kleiner. Die Ad-
sorption von NO auf CoOEP/O/Ni hingegen führt zu einer partiellen Oxidation sowie
zu einer Veränderung des Spinmoments der Co-Ionen und zu einer Reduktion vonMCo

um circa 50% bei 30 K. Die Adsorption von NO auf FeOEP-Molekülen, die AFM zu
einem sauerstoffbedeckten Co-Film koppeln, mindert die zugehörige Kopplungsstärke
und somit die Fe-Magnetisierung um etwa 50% bei 120 K.
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Introduction

This doctoral thesis is about the electronic and magnetic properties of para-
magnetic metalloporphyrin (MP) molecules adsorbed on nonmagnetic and ferromag-
netic (FM) surfaces. Magnetic porphyrin–substrate interactions as well as the re-
versible control of the magnetization of the molecular central metal (M) ions in such
exchange-coupled systems by the attachment and detachment of small molecules like
nitric oxide (NO) or carbon monoxide (CO) are of interest. Fig. 1 depicts this. The
work can be classified as fundamental research in the field of chemical surface physics.
It aims to design magnetic structures on the nanoscale that can be useful for a future
molecular spin electronics.

Figure 1: Schematic display of the key objectives of this work: Stabilization of molecu-
lar spins on FM surfaces and their reversible manipulation by chemical stimuli. Green,
blue, and dark grey balls represent metal, nitrogen, and, carbon atoms, respectively.

Magnetism has fascinated humanity for many centuries. The phenomenon of ma-
terials that attract or repell each other was first written down by Thales, the Greek,
already at around 600 B.C. He described the power of loadstone, also called magnetite,
to attract iron. Also old Chinese literature is full of references to loadstone [1] and it
is assumed that the first direction pointers were built during the Qin dynasty more
than 2000 years ago. That the operation of the compass relies on the fact that the
earth itself is a huge magnet was realized by Gilbert in the 16th century. Covering
magnetism in all potential matters goes beyond the scope of this introduction. In
modern physics, we distinguish between two different contributions to the magnetic
moment, which is a property defined by the torque experienced in a magnetic field.
The first is the intrinsic magnetism of elementary particles, like the spin magnetic
moment in the case of an electron. The second is the motion of electric charges,
which is associated to the orbital magnetic moment for electrons [2].

We encounter magnetism in our daily life in the context of var-

Figure 2: Sche-
matic sketch of a
spin valve. See
text for explana-
tion.

ious state-of-the-art technologies. To name only a few of them,
magnets are incorporated in modern wind turbine generators, mag-
levs, or products of the information technology like computer hard
discs. The elusive development of the latter after World War Two
ended in the steady miniaturization of integrated functional units
and led to new forefront research areas on this issue. One of them
is spin engineering, which is dedicated to the manipulation and
control of quantum spin systems in order to design new devices.
Spin presents an appealing degree of freedom to be put into use,
as the energy scale regarding its typical dynamics is several orders
of magnitude smaller than the one being relevant for manipulating
the electron charge in normal transistors. Spintronics, also known as magneto-
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Introduction

electronics, is the most developed area of spin engineering. This term describes the
architecture of solid-state devices, which allow spin-dependent electron transport [3].
Here, studies address the issue of detecting, manipulating and injecting spins in the
solid state environment. Doubtless the most prominent effect in this research field
is the so-called giant magnetoresistance (GMR), which was observed in the 1980s [4,
5]. It is based on the modification of electrical resistance in a device, also called spin
valve, constructed out of two FM layers separated by a non-magnetic conductive ma-
terial as shown in fig. 2. Thereby the conductivity is high (upper picture of fig. 2) or
low (lower picture of fig. 2) for parallel or antiparallel magnetizations of the two FM
layers. The relative alignment between the direction of the spin of the electron and
the magnetization of an FM layer determines the possibility that the electron passes
through this layer as depicted in fig. 2. The GMR effect was used from 1997 on in
commercial hard disc drives to read out the magnetic polarization of tiny magnetic
fields presenting bits. Also magnetoresistive random-access memory uses the concept
of the spin valve for data storage instead of the electron charge, as conventional RAM
chip technologies do.

Research in the field of molecular electronics, which is another emerging technol-
ogy, aims to design electronic devices by using organic molecules. The basic principle
here is to substitute inorganic conductors like copper or silicon by molecular building
blocks. The endless possibilities of chemical synthesis to engineer molecules, for in-
stance with different end groups, gives outstanding chances to adapt their electronic
properties to the needs of a desired device. A further advantage is a cheaper pro-
duction process given the potential possibility to create functional units by inkjet
printing instead of working e.g. in ultra high vacuum and including expensive high-
temperature solid-state growth and patterning techniques, as it is the case for micro-
electronics based on silicon. In particular, molecular-scale electronics focuses on the
realization of electronic components built by single molecules or nanoscale collections
of single molecules [6]. The underlying idea is to shrink the dimension of components
of an electrical circuit. In contrast, the notion “molecular materials” refers to bulk
applications of conductive or semiconductive molecules [7].

The field of research referred to as “molecular spintronics” goes one step fur-
ther and presents a combination of spintronics and molecular electronics. Here spin-
polarized currents flow through molecules, which is advantageous as opposed to a flow
through inorganic materials mainly because of two aspects. First, the intrinsic molec-
ular properties, and here in particular small hyperfine and spin-orbit interactions,
have to be mentioned. In standard semiconductors like Gallium arsenide, spin–orbit
coupling (SOC) is one main interaction being responsible for reducing spin coherence,
thus preventing long spin diffusion times. In contrast, for organic molecules containing
elements with a low atomic number such as carbon or nitrogen, the spin-orbit constant
is smaller and so the spin-lifetime is rather long. In general, the hyperfine intercation,
which couples the nuclear and electron spins, is a source of electron spin decoherence
as well, since the random flipping of the former can also flip the latter. The most
abundant isotopic form of carbon is 12C with a nuclear spin SN=0, which hence is
not hyperfine active. π-conjugated organic molecules, which are mainly used for spin-
transport, have the distinctive feature of being composed of carbon atoms, where the
transport takes place to a great extent across molecular states situated at the carbon
atoms. This fact, together with the typical delocalization of the π states, leads to a

2
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rather weak hyperfine interaction in organic materials. The use of molecules as trans-
port medium for spins might be also smart considering their spin injection properties.
The well-known conductivity mismatch between a metallic FM spin injector and a
semiconducting layer [8] can be overcome by a spin-injection from a ferromagnet into
organic molecules, as demonstrated for multilayers of copper-phthalocyanine (CuPc)
molecules in contact with an FM material [9]. In that case a spin injection efficiency
of 85-90 % was reported. In this context also the concept of an organic spin valve
has to be mentioned, in which the conducting material between the two FM layers
is made out of an organic semiconductor. The first such spin valve reported, which
used the small π-conjugated molecule 8-hydroxy-quinoline aluminum (Alq3), showed
a magnetoresistance of 40% [10]. Two profound review articles from S. Sanvito et al.
[11, 12] are dedicated to molecular spintronics and its up-to-date developments and
can be recommended to the readership.

In general, organic chemistry deals with all possi-

Figure 3: Schematic sketch
of graphene. Grey balls rep-
resent carbon atoms.

ble compounds which are formed by carbon. How-
ever, there are exceptions concerning this differentia-
tion to anorganic chemistry. The rudimental forms of
carbon represent such exceptional cases, among which
graphene, the omnipresent material of high current in-
terest in the scientific community, is expected to push
the realization of spin electronics forward, too. Graph-
ene is a two-dimensional arrangement of sp2-hybrid-
ized carbon atoms forming a regular hexagonal grid,
as displayed in fig. 3, and possessing a delocalized π
electronic system. The above-mentioned advantages of
π-conjugated molecules built up by carbon atoms with
respect to their suitability as transport medium for elec-
tron spins are also met by graphene [13, 14]. Together with high charge carrier mo-
bility, provided by the specific band structure of graphene, it presents a tantalizing
material for new spintronic concepts. So electronic spin transport as well as spin
precession in single graphene layers at room temperature have been already observed
over micrometre-scale distances [15].

Referring again to molecules and considering also magnetic ones, which thus possess
a total net spin, expands the research area of molecular spintronics. In this context
the possibility to control the spin state in such molecules may lead to routes for
the establishment of new concepts in molecular spintronics. The switching by light,
temperature, or pressure between paramagnetic and diamagnetic states is known to
be feasible for an entire class of molecules, named spin-crossover (SCO) compounds
[16]. These molecules comprise conventionally a single transition metal ion, which has
six ligands and undergoes an entropy-triggered low-spin to high-spin transition or vice
versa. This goes hand in hand with a geometrical reconstruction of the ligands be-
ing coordinated to the metal ion, but not at standard conditions of temperature and
pressure. Only a short while ago a Ni complex, being composed out of a Ni porphyrin
with an azopyridine molecule in its periphery linked to the porphinato ligand by ben-
zene, received much attention, too, as it presents a bistable molecular spin switch
even at room temperature. Electromagnetic radiation induces a reversible configu-
rational change of the photochromic ligand which allows to alter the coordination of
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the Ni ion between four- and fivefold and thus to switch between a diamagnetic and
paramagnetic state [17].

All in all, organic materials appear to be a multifaceted and unequaled playing field
for developing novel spintronics concepts and/or for upgrading existing ones. How-
ever, a better comprehension of the interaction at an interface between FM
electrodes and organic molecules, in particular regarding spin-related processes
and magnetic exchange coupling mechanisms, is still mandatory. From this point of
view, a short summary on the most important experimental results published within
the last years about organic molecules, mainly adsorbed in the submonolayer regime
on FM surfaces, is presented in the following. Different experimental techniques
such as scanning tunneling microscopy (STM), and especially spin-polarized scan-
ning tunneling microscopy (SPSTM), spin-polarized ultraviolet photoelectron spec-
troscopy (SPUPS), spin-polarized metastable de-excitation spectroscopy (SPMDS),
and X-ray magnetic circular dichroism (XMCD) have been applied to perform such
studies. In particular, the investigations discussed deal with planar molecular build-
ing blocks like MP molecules, as also studied in the framework of this thesis, and me-
tallophthalocyanine (MPc) molecules, which are chemically similar to them. These
molecules are built up by a metal ion enclosed by a planar tetradentate dianonic
ligand, leaving two further axial coordination sites opposite to each other. Before
discussing the interaction between organic adsorbates and FM substrates, some re-
cent results about these paramagnetic molecules adsorbed on non-magnetic surfaces
have to be mentioned in the context of magnetism as well, underlining the extensive
research activity within this field. These findings were obtained from STM studies,
especially from elastic and inelastic scanning tunneling spectroscopy.

Regardless whether the substrate is magnetic or not, a control of charge and
spin of single molecules at an interface is desirable. By changing the transition
metal M (M= Fe, Co, Ni, and Cu), being coordinated by a planar phthalocyanine (Pc)
ligand and a Ag(100) surface as additional axial ligand, not only the amount of charge
on the central metal site can be tuned, but also the charge transfer and the hybridiza-
tion mechanism with the surface, as well as the charge reorganization upon adsorp-
tion [18]. In these systems also the formation of coupled metal-ligand spin states
was observed, induced by the presence of the metallic substrate [19]. Furthermore,
the molecule–substrate coupling at the interface may affect the magnetic anisotropy.
It has been shown for iron-phthalocyanine (FePc) adsorbed on an oxygen-covered
Cu(110) surface that the anisotropy is changed from easy plane of the bulk to easy
axis [20]. There might be also an exchange interaction between the localized spins
of magnetic impurities and the conduction electrons in a host metal, as has been
observed for individual manganese-phthalocyanine (MnPc) compounds adsorbed on
top of Pb islands. Controllable differences of the Kondo effect, which emerges from
this interaction, induced by thickness-dependent quantum-well states allow for con-
trolling the spin–electron interaction through quantum size effects, i.e., the precise
thickness control of thin Pb islands [21]. Moreover, for MnPc on a Pb(111) surface
magnetic and superconducting interactions, Kondo screening and superconducting
pair-breaking interactions, exist in parallel and rival in affecting the ground state of
the localized magnetic Mn moments [22].

Coming back to the study of organic FM interfaces, SPSTM, which combines
atomic-scale image resolution with sensitivity to spin orientation, can be regarded as
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an ideal tool to investigate how spins are transferred from a magnetic surface to a
single organic molecule. So it was shown that for non-magnetic organic molecules
on top of an FM Fe contact, the spin orientation of current flowing across such a
construction can be filtered or reversed, with respect to the substrate magnetization
direction. This effect even depends on the place of the tunneling current within the
molecular compound [23, 24]. Thereby chemical bond formation between the sub-
strate and cobalt-phthalocyanine (CoPc), Pc, benzene, pentamethylcyclopentadiene,
and cyclooctatetraene molecules is crucial for tuning the spin direction of the conduct-
ing electrons. Similar measurements for CoPc adsorbed on Co nanoislands allowed to
resolve the unquenched Co spin within single molecules, which are in this case coupled
parallel to the magnetization of the islands by an FM interaction partly carried by
the organic ligands [25]. A different magnetic interaction, an RKKY-type exchange
coupling, was found for MnPc molecules on Fe-supported Pb islands. By a combi-
nation of inelastic spin-flip electron tunneling with SPSTM, this interplay of the Mn
ions with the Fe beneath the Pb layers via conduction electrons was revealed [26].

Analysing in more depth a potential ohmic-like contact of a direct organic-ferromag-
netic interface, the appearance of a so called hybrid interface state (HIS), energet-
ically located at the Fermi level and not completely filled, becomes important [27].
When it is present, carrier injection and transport can be established at such hybrid
organic-ferromagnetic interfaces with only a few millivolts bias voltage and without
the aid of thermal energy. The HIS acts as an electronic state which facilitates the
electron hopping, as no injection barrier has to be overcome. However, the energy level
alignment at the interface is just one issue. Within a direct contact system also the
HIS may become spin polarized, which, on the other hand, should influence the spin
injection characteristics. An HIS may be created through covalent bonding between
the metal surface and some specific atoms from organic molecules, including the for-
mation of a different molecular structure. Alternatively, whole π-conjugated orbitals
of the molecule may interact with the metal orbitals, which leads to hybridization.

Besides SPSTM, SPUPS is also an adequate tool to study the spin polarization of
valence levels at an organic-ferromagnetic metal interface. Different metallophthalo-
cyanine (MPc) molecules in direct contact with Fe or Co substrates have been studied
with this technique. A formation of spin-polarized HISs is found for CoPc adsorbed
on Fe/Mo(110) [28] and for FePc, CoPc, and CuPc on a Co(100) surface [29, 30],
which goes along with a chemisorption of the molecules. By comparing the results for
the different MPc compounds on the Co substrate, the CuPc/Co interface shows the
strongest spin polarization at the Fermi level. Exchanging the central metal ion allows
for tuning the degree of spin polarization of the HIS, which provides the possibility
to alter the spin injection efficiency and so the spin injection characteristics.

At the beginning of the last decade another experimental technique called SPMDS
showed spin polarization in molecular orbitals of one monolayer (ML) CuPc deposited
on an Fe(100) substrate [31], while the magnetic polarity was identical for the adsor-
bate and the FM substrate. The experimental technique SPMDS is based on the spin-
polarized analysis of an electron energy spectrum which is created by de-excitation
of a metastable atom close to a substrate. To the best knowledge, the mentioned
investigation was the first regarding magnetism of such hybrid organic-ferromagnetic
interfaces. Adsorption of oxygen on Fe before the molecule deposition was found to
cause a clear difference in the spin polarization of the CuPc orbitals. An extension of
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this study by using Pc and different MPc molecules (M=Mn, Fe, Cu, and Mg) showed
clear differences for the measurement results regarding the spin polarization, which
reflects in this context the importance of the choice of the metal ion [32].

Some years later also the use of the well-established ex-

Figure 4: Schematic
side view of FeOEP
on O/Co/Cu(100).
Green, orange, grey,
and brown balls rep-
resent nitrogen, iron,
carbon, and oxygen
atoms, respectively.

perimental XMCD technique has been started to study
interfaces of organic adsorbates and FM surfaces in order to
gain insight into the spin polarization which in turn influ-
ences the spin injection within such potential segments of an
organic spin valve. Pioneering work in this field was done
by Scheybal and coworkers [33], who used the unique feature
of this technique to resolve the magnetization of manganese-
tetraphenylporphyrin chloride (MnTPPCl) molecules ad-
sorbed on a Co substrate. They found an exchange coupling
between the magnetization of the substrate and the Mn spins,
while no explicite mechanism was provided to explain this
experimental result. However, a direct coupling between Co
and Mn 3d states was questioned due to the large distance
between the Mn ions and the Co surface. Just a few years
later, for a similar system, iron-octaethylporphyrin (FeOEP)

adsorbed on thin Co films, also an FM coupling between the substrate magnetization
and central metal ions of the porphyrins was reported. Here density functional the-
ory (DFT) calculations clarified that a 90◦-ferromagnetic superexchange interaction
through the N ligands is responsible for the coupling [34]. A short time later, it was
found that the introduction of half a layer of atomic oxygen between the Fe porphyrins
and the magnetic thin film reverses the sign of the magnetic coupling and induces an
antiparallel alignment of the Fe and substrate spins. In this case, the coupling mech-
anism is a 180◦-antiferromagnetic (AFM) superexchange mediated by oxygen atoms,
according to DFT+U calculations [35], as depicted in fig. 4. Also a magnetic polariza-
tion of π-conjugated orbitals within organic molecules as well as fullerenes, molecular
compounds made out of carbon atoms, in contact with a FM substrate through hy-
bridization and exchange coupling was found. In the former case, this was discovered
by XMCD measurements at the N K edge for Alq3 molecules on an Fe film [36] and
in the latter, by an XMCD study at the C K edge for buckminsterfullerenes (C60) ad-
sorbed on an Fe(001) surface [37]. Moreover, XMCD investigations of single-molecule
magnets (SMMs) on FM surfaces were carried out. SMMs like bis-phthalocyaninato-
terbium (TbPc2) are molecular compounds that show a magnetic hysteresis of totally
molecular origin below a certain temperature. It was found that upon adsorption of
TbPc2 on FM surfaces a strongly anisotropic coupling between the substrate and the
Tb magnetization boosts the magnetic remanence compared to the bulk phase [38].
Also real-space images of TbPc2 spin-split molecular orbitals on top of FM nano-
structures have been reported [39] and even exchange bias of TbPc2 molecules to an
AFM substrate.

In addition, the reversible control at an interface, being intended for poten-
tial spintronics devices, of magnetic molecular properties by external stimuli
is desirable but, at the same time, a challenging task. The concept of a chemical
switch provides a possible approach to this. For instance, the spins of adsorbed
cobalt-tetraphenylporphyrin (CoTPP) molecules, being magnetically coupled to the
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magnetization of an FM substrate, can be switched off and on by NO. The small
molecule acts as an additional axial ligand to the porphyrin and changes the Co spin
state from S=1/2 to S=0 , while its thermal desorption recovers the pristine state
[40]. Even the magnetic properties of a self-assembled two-dimensional electron spin
array of altering Fe–Mn–Fe spins can be reversibly manipulated by coordination and
desorption of ammonia (NH3). Chessboard-like assembled perfluorinated FePc and
MnPc molecules, on a c(2x2) oxygen-reconstructed Co(100) surface, are used to engi-
neer the spin array by supramolecular chemistry. The spins of both types of central
metal ions are antiferromagnetically aligned to the magnetic moments of the sub-
strate before NH3 binds to the transition metal ions. After the attachment of NH3,
the Fe spins are quenched, but the ones at the Mn site remain coupled to the Co
magnetization in an antiparallel fashion [41].

In addition, noteworthy experimental results about

Figure 5: Schematic sketch of
a FeOEP or CoOEP molecule,
respectively. Grey, orange,
and red balls represent carbon,
nitrogen, and iron or cobalt
atoms, respectively. Hydrogen
atoms have been omitted.

themanipulation of properties of magnetic na-
nostructures on noble metal surfaces have been
published, which also mark a step forward towards
future molecular-spintronic concepts. So a chemi-
cal stimulus has been employed to control the mag-
netic anisotropy in two-dimensinal high-spin Fe ar-
rays at non-magnetic interfaces. The axial coordi-
nation of molecular oxygen to Fe atoms, forming
together with terephthalate acid molecules a metal-
organic network on a Cu surface, changes the orien-
tation of the easy magnetization axis from in-plane
to out-of-plane [42]. Alternatively to chemical strate-
gies, a current-induced switching of the spin state of
individual molecules on a Cu(100) surface, covered
by a thin CuN insulating layer, could be demon-
strated. The molecular compound in this case is an
iron-based SCO molecule and the combined spin and
conduction switching functionality of the system presents a way to store information
in a single molecule [43].

After having spanned a wide range from fundamental basics about magnetism to
molecular spintronics, now the scientific question of the work presented here
including a description of links to existing works as discussed before, will be illus-
trated. This doctoral thesis is about molecular compounds with uncompensated spin
moments adsorbed on non-magnetic and bare, oxygen-, and graphene-covered FM sur-
faces. The work targets the hybridization and the magnetic exchange coupling within
such hybrid systems. It further highlights pathways for a reversible control of the elec-
tronic and magnetic properties at such organic–ferromagnetic interfaces by external
chemical stimuli. Investigations of ensembles of cobalt-octaethylporphyrin (CoOEP)
and FeOEP molecules (see fig. 5) in direct contact with a substrate are presented.
All samples are prepared in-situ in ultra high vacuum by molecular beam epitaxy.

The experimental technique of choice is X-ray absorption spectrosopy (XAS), which
provides high surface sensitivity combined with element specificity. It allows measure-
ments of low effective coverages down to about a thirtieth of a monolayer of Co and
Fe atoms and independent investigations of the electronic structure of different con-
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stituents within a sample. In addition, by probing the unoccupied density of states,
it offers chemical sensivity. At the same time, the use of XMCD provides information
about the spin and orbital magnetic moments of a certain element. Thus the much
stronger substrate magnetizations can be studied separately from the adsorbate mag-
netic moments. This feature is used in this thesis to verify the existence of exchange
coupling between adsorbates and substrates without having to apply external mag-
netic fields. Further angle- and field-dependent XMCD measurements are presented,
which supply information about the anisotropy of the spin density and the orbital mo-
ment as well as about saturated magnetic moments. Temperature-dependent XMCD
studies are used to obtain the size of exchange fields, i.e., the coupling strengths in
antiferromagnetically coupled systems. In addition, X-ray absorption (XA) measure-
ments carried out with linearly polarized light are performed, which provide infor-
mation about the molecular adsorption geometry and the anisotropy of the charge
density within the 3d shell.
Investigations of submonolayers of CoOEP are presented in section 3.3 on FM and

different non-magnetic surfaces, while the issue of the molecular adsorption geometry
is addressed. Chemisorbed and physisorbed states of the molecules and in particu-
lar how the adsorbate-substrate interaction influences the electronic structure of the
central metal ion are matters of the study. Thereby the Co oxidation and spin states
and the electron density rearrangement within its 3d shell upon adsorption are in the
focus of interest. Regarding the adsorption on the magnetic surface, attention is paid
to a potential substrate-induced magnetic order inside the porphyrin molecules. In
section 3.4 CoOEP molecules adsorbed on a graphene-protected Ni surface are stud-
ied. Thereby the focus is, on the one hand, on a potential magnetic coupling mediated
by the π electron system of the graphene layer between the Ni magnetization and the
molecules and, on the other hand, on the extent of electronic interaction between the
substrate and the molecules. Further, the angle-dependent size of the orbital magnetic
moment as well as of the intra-atomic spin dipole moment of the Co ions are analysed
in detail. These investigations join all the studies listed before about different MPc
and MP molecules on metal surfaces and try to complement them specifically through
the search of new magnetic coupling mechanisms and unquenched orbital magnetic
moments within such systems.
The target in section 3.5 is to reversibly control the electronic and magnetic proper-

ties of the central metal ions of MP molecules at such organic-ferromagnetic interfaces
by an external stimulus. This is carried out by a chemical switch, the attachment and
subsequent thermal detachment of small gas molecules to the active center of the
porphyrin molecules. The effect of NO adsorption on CoOEP and FeOEP on oxygen-
covered magnetic thin films and of CO adsorption on CoOEP on graphene/Ni as well
as the potential desorption of the small molecules are investigated. These studies
are dedicated to the search of new routes for the manipulation of exchange-coupled
magnetic moments inside paramagnetic molecules on FM surfaces at finite tempera-
tures. The influence of adsorbate-induced changes on the amount of electronic charge
and thus on the spin magnetic moment, on the magnetic coupling strength between
the porphyrins and the substrate, and on the orbital magnetic moment are studied.
The basic idea is to control aligned magnetic moments of adsorbed molecules. In the
mentioned investigations this was achieved by spin state changes.
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1 Core level spectroscopy and magnetic properties of
transition metal atoms

1.1 Introduction

At the beginning, this section describes the interaction of X rays with matter and, in
paticular, the excitation of core hole electrons. A theoretical description is provided
where the final state of the absorption process is either presented by a valence elec-
tron wavefunction or by a core hole together with an escaping electron. These two
physical processes describe the basic concept behind the X-ray spectroscopy methods
used in this thesis, respectively: near-edge X-ray absorption fine-structure (NEXAFS)
spectroscopy and X-ray photoelectron spectroscopy (XPS). Especially angular- and
polarization-dependent effects at the K and L2,3 XA edges are discussed and how
they can be applied for determining the adsorption geometry of organic molecules on
substrates as well as for analysing the electronic properties of transition metal atoms
on surfaces. Next, the XMCD effect, the different absorption of left and right circu-
larly polarized light in magnetically ordered systems, is explained and how this can
be used by means of the sum rules to determine quantitatively magnetic moments.

Also the requisite knowledge about the electronic and magnetic properties of the
studied transition metal ions is provided. Approaches for the description of their in-
teraction with ligands in molecular compounds are introduced. Further the potential
appearance of orbital magnetic moments in magnetic nanostructures is discussed to-
gether with the corresponding consequence for the magnetic anisotropy. Finally, the
magnetic coupling mechanisms which are of importance in the context of this work
are presented.

1.2 X-ray spectroscopy

Experimental techniques applied in the framework of this thesis use X-ray excitation
in order to analyse the sytems under study. Different kind of interactions between
X rays and matter may occur depending on the energy of the former, as graphically
shown in Fig. 6 by presenting the cross section as a function of the photon energy for
a copper sample. Among them is the Compton scattering, which has its highest cross
section at energies between 10 and 1000 keV. It refers to the inelastic scattering of
photons with quasi-free valence electrons, where the energy of the photons is partly
transferred to the electrons. Electron-positron pairs are created at photon energies
higher than approximately 107 eV. This is not possible for the energy range considered
in this work, from 280 to 880 eV. Here, Thomson scattering, which presents the low-
energy limit of Compton scattering, where the photon energy before and after the
interaction is identical, plays a role. However, the photoelectric absorption dominates
the interaction of matter with photons below about 104 eV. All these interactions lead
to an exponential decay of the X-ray intensity I0 when X-rays traverse matter. Every
substance possesses a characteristic length λx at which the intensity attenuation is
given by the factor 1/e. So after a damping over the distance z, the X-ray intensity
is:

I(z) = I0e
−µxz. (1)
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1 Core level spectroscopy and magnetic properties of transition metal atoms

Figure 6: Cross sections of the photoelectric absorption, the Thomson effect, the
Compton scattering, the photonuclear absorption, and the creation of
electron-positron pairs for Cu as a function of the photon energy. After
[44].

Thereby µx is the linear X-ray absorption coefficient, which is linked to λx by µx

= 1/λx. The cross section of a particular interaction between X rays and matter
is given by the quotient of the corresponding absorption coefficient and the density
of atoms n. The cross section of the photoelectric absorption σ(E) which is here
of interest shows absorption edges at element-dependent distinctive energies, which
reflect the excitation of core electrons. These edges are labeled as K, L1, L2, L3,
etc. and correspond to electron excitations from the 1s, 2s, 2p1/2, 2p3/2, etc. levels,
respectively. In the following σ(E) is called absorption cross section.
σ(E) can be discussed within a simple one-electron picture. The excitation of a

core electron with energy Ei to the continuum or a bound state by a photon of energy
Ep = ~ω takes place. In a quantum-mechanical description, this can be seen as a
transition from an initial state |i⟩ to a final state |f⟩ with energy Ef = Ei + ~ω and
density ρ(Ef ). The transition probability per unit time Tif , which can be calculated
by means of the Fermi’s golden rule, together with the incident photon flux density
Ix determines σ(E):

σ(E) =
Tif
Ix
, Tif =

2π

~
| ⟨f |H |i⟩ |2ρ(Ef ). (2)

The perturbation Hamiltonian can be assigned to the time-dependent electromagnetic
field with the vector potential A⃗(r⃗, t), the presence of which induces the transition:

H = − e

2mec
A⃗(r⃗, t)p⃗ with A⃗(r⃗, t) = A0ε⃗e

i(k⃗r⃗−ω)t ≈ A0ε⃗e
−iωt. (3)

Here k⃗ and ε⃗ are the wave and the unit photon polarization vector, respectively. In
the last step the dipole approximation is assumed, which implies that k⃗r⃗ ≪ 1, as
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1.3 Transition matrix element

it is the case for excitations of core electrons. Finally, with Ix = A2
0ω/(8π~c) the

absorption cross section is:

σ(Ep) =
4π2e2

c~
Ep|ε⃗ ⟨f | r⃗ |i⟩ |2ρ(Ef ). (4)

The final state may be below or above the ionization potential. In sections 1.4 and
1.5 the reader is introduced to the experimental techniques NEXAFS and XMCD
spectroscopy, in which the former is the case, and in section 1.6 to XPS, where the
latter holds true.

1.3 Transition matrix element

Starting point for a further analysis of the absorption cross section in the case of the
photoelectric effect is the evaluation of the matrix element in equation 4. For that,
both the initial and final state have to be described. For the studies within this work
the initial state is given by a core electron wavefunction. In the case of an excitation
into a state in the vicinity of an absorption edge, the final state consists of valence
electron wavefunctions. This physical process constitutes the theoretical basics behind
the NEXAFS spectroscopy. The final state is further characterized by a core hole,
which affects all the other electrons. The interaction between the electrons of the
shell into which an electron is exciteted as well as the chemical environment of the
atom in general play a role, too. All in all the correct description of the final states
presents a problem. In order to give a didactic evaluation of the matrix element, a
description of the final state by the ground state of the system is chosen. This is done
in a one-electron picture and by using atomic orbitals of the form:

|n, l,ml, s,ms⟩ = Rn,l(r)Yl,ml
|s,ms⟩ . (5)

Here, n presents the principal, l the angular, and s the spin quantum number. The
matrix elements factor into angular, spin, and radial contributions:

⟨n′
,l
′,m′

l, s,m
′
s| r⃗ |n, l,ml, s,ms⟩ = δm′

sms︸ ︷︷ ︸
spin

⟨n′ , l′| r |n, l⟩︸ ︷︷ ︸
radial

⟨l′ ,m′
l| r⃗ |l,ml⟩︸ ︷︷ ︸

angular

. (6)

As the dipole operator does not affect the spin, both s and ms do not change during
a transition. The nature of the absorption edge determines the quantum numbers
n, n′, l, and l′, while the radial part is important concerning the strength of the
transition. The latter provides an element-specific excitation since the initial state
is strongly localized at the core. In the case of excitations into final states which lie
below the ionization potential this also makes the transition sensitive to the valence
shell properties. In that case, the absorption cross section can be broken down to:

σ(Ep) = GR|ε⃗ ⟨l′,m′
l| r⃗ |l,ml⟩ |2 with G = (

4π2e2

~c
)Ep and R = | ⟨n′, l′| r |n, l⟩ |2. (7)

R presents the squared radial part and G includes besides physical constants the
energy Ep of the photon. The relative orientation between the unit photon polarization
vector ϵ and the transition matrix element influences the strength of the transition. In

11
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an experiment using photons with a well-defined polarization vector this phenomenon
can be utilized in order to reveal the orientation of atomic or molecular orbitals, as
will be discussed in sections 1.4.1 and 1.4.2.

Only transitions for which the quantum numbers of the initial and final state are
in a certain relation are possible, as summarized by the dipole selection rules:

∆s = 0 ∆ms = 0 ∆l = ±1 ∆ml = ±1, 0. (8)

Hence, as the angular quantum number changes by ±1, excitations from an s initial
state just can take place into p and s orbitals. The excitation of an electron from a p
initial state only occurs into d and s orbitals. ∆s = 0 means that no spin-flip of the
electron can happen during the transition. For excitations from spin–orbit split levels
such as the 2p3/2 and 2p1/2 states, the total angular momentum and its corresponding
quantum number j are of importance, too:

∆j = 0,±1 ∆s = 0 ∆l = ±1 ∆mj = ±1, 0. (9)

Having discussed so far dipole transitions into unoccupied final states, an excitation
of core shell electrons into the continuum is also possible. In this case, the final state
is represented by a core hole at the site of the created ion and an outgoing electron.
During the process, energy has to be conserved. The XPS is based on this physical
effect. The reader will be introduced to this after having discussed in detail the
experimental techniques NEXAFS and XMCD spectroscopy.

1.4 Near edge x-ray absorption fine structure

The study of the NEXAFS, also called X-ray absorption near-edge structure (XANES),
is a type of XA spectroscopy. Photoelectrons are excited from core states to the unoc-
cupied states above the Fermi level and below the ionization threshold. A NEXAFS
spectrum is obtained by varying the energy of the photons in an energy range of some
electron volts close to an absorption edge. The spectrum presents the unoccupied
density of states as a function of energy, which may originate from valence states in
the case of solids or from atomic or molecular orbitals in the case of molecules. The
spatial distribution of the unoccupied density of states is further closely located at
the site of the elements at which a core electron is excited. So this technique provides
element-selective information about the chemical state and the coordination environ-
ment. For this reason it has become a widely used tool among physicists and chemists
to study surfaces and adsorbates on substrates. The low penetration depth of X rays
of 20 nm at the Fe, Co, and Ni L2,3 edges on the one hand and the short escape depth
of photoelectrons in bulk material of the corresponding elements, on the other hand,
makes NEXAFS measurements highly surface sensitive. By measuring these electrons
as a means to perform XA study, 63% of the signal at the Fe, Co, and Ni L2,3 edges
originates from about the first two 2 nm of the sample [2]. Moreover, the high sensi-
tivity of the XA process itsely allows to measure effective coverages of a thirtieth of a
ML of Co and Fe on copper and nickel surfaces at resonable measurement conditions,
as done within this work.
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1.4.1 Polarization and angle dependence at the L2,3 edges

Figure 7: Left side: Schematic drawings of linearly and circularly polarized light,
where the wave vector k⃗ and the polarization E⃗ are displayed. Right side:
Sketch of the measurement geometry of an XA experiment performed with
p-linearly polarized light at an incidence angle α between the surface plane
and the wave vector k⃗. In addition, a p orbital, whose symmetry axis forms
an angle γ with the surface normal, is shown. The orbital vector O⃗ is defined
by the symmetry axis of the orbital.

1.4.1 Polarization and angle dependence at the L2,3 edges

In the framework of this thesis linearly as well as circularly polarized light, both
illustrated in Fig. 7, is used. Circularly polarized light presents a linear combination
of two sources of linearly polarized X rays, where the corresponding ϵ⃗ vectors are
rotated by 90◦ to each other. In the following the photon polarization vector E⃗
instead of ϵ⃗ is used for the description of the polarization of the X rays. Circularly
polarized light may have positive or negative helicity, also referred to as right and
left circularly polarized light. This depends on whether the photon spin is parallel or
antiparallel to the wavevector k⃗. Both types of X rays are used in order to induce
dipole transitions from the 2p core to 3d valence states of the transition metals Fe, Co,
and Ni. As these kinds of excitations have a higher cross-section by more than a factor
of 20 compared to 2p→ 4s transitions [45], the latter are negligible. Angle-dependent
measurements are performed at an incidence angle of α between the surface plane and
the k⃗ vector of the light, as depicted in Fig. 7, too. For all experiments performed
with linearly polarized light in this work the E⃗ vector lies within the plane defined by
the k⃗ vector of the incident beam and the surface normal. For that reason it is said
that the measurements are carried out with p-linearly polarized light.

In a configuration picture the initial state of the transition is described by a 2p6

3dN electronic structure and the final state by 2p5 3dN+1. Here, the 2p core state
in the ground state is spherically symmetric, just as the two individual spin–orbit
components 2p3/2 and 2p1/2, too. However, this is not necessarily the case for the
3d shell, which may carry an anisotropic hole density. A possible reason for this can
be a chemical interaction which leads to the formation of strong directional bonds.
Thus, the strength of the transition, obtained from the integration of the absorption
cross section (eq. 7), and correspondingly the detected XA intensity depends on the

orientation between the E⃗ vector of the light and the position of the final state orbital
in space. It is zero when E⃗ lies in the nodal plane of the orbital and reaches its
maximum in the case of a parallel alignment of E⃗ and the orbital.

The term dichroism is used to describe the phenomenon of a polarization-dependent
absorption of light. In particular, X-ray natural linear dichroism (XNLD) refers to this
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1 Core level spectroscopy and magnetic properties of transition metal atoms

observation by using linearly polarized light, where the E⃗ vector acts as the so-called
search light for the direction of the minimum and maximum number of unoccupied
valence states.

Compared to isolated transition metal atoms, the electrons of the 3d shell of the Fe
and Co ions studied here are subject of a crystal field (CF). For reasons of compre-
hensibility it can be assumed that the latter has a fourfold symmetry along the surface
normal. This leads to the formation of the dz2 , dx2−y2 , dxy, and dyz,xz orbitals, which
can be described in a cartesian coordinate system, as will be discussed in section 1.7.
The states belonging to theses orbitals may present the final states of the absorp-
tion process in a one-electron picture. By varying the angle α, angle-dependent XA
measurements can be performed and the orientation between the E⃗ vector and the
probed 3d orbitals is changed. An alternative description of the orientation-dependent
matrix element in eq. 7 can be useful. The angle-dependent strength of a transition
from a 2p into an individual di state can be linked to the quadrupole moment Qi

β of
the anisotropic charge distribution of the probed di orbital. Q

i
β can be calculated by

⟨di|Qββ |di⟩, whereby Qββ is the value of the quadrupole moment tensor for a certain
dircetion β.

So the angle-dependent intensity of a transition induced by linearly as well as by
helicity-averaged circularly polarized light is proportional to the sum of Qi

β and the
number of holes Ni per di orbital [2, 46]:

I
↔/�	
β =

2

15
GR︸ ︷︷ ︸
C

Ni(1 +
7

B
Qi

β). (10)

For linearly (↔) and helicity-averaged circularly (�	) polarized light B is –4 and 8,

respectively, where in the first case E⃗||β and in the second one k⃗||β. In table 1 the
intensities of transitions into individual di orbitals are shown for the high symmetry
cases with β = x, y, and z and under the assumption of one hole per di orbital.
Qi

β can be either calculated [2] or directly obtained from literature [46], while in both
cases hydrogen-wavefunctions are used.

polarization axis dxz dyz dz2 dx2−y2 dxy
x 1.5 0 0.5 1.5 0

I↔β /C y 0 1.5 0.5 1.5 1.5
z 1.5 1.5 2 0 0
x 0.75 1.5 1.25 0.75 0.75

I�	
β /C y 1.5 0.75 1.25 0.75 0.75

z 0.75 0.75 0.5 1.5 1.5

Table 1: Intensities of transitions into individual di orbitals in units of C for the high-
symmetry cases with β = x, y, and z assuming one hole per di orbital. The
excitations are induced with linearly as well as helicity-averaged circularly
polarized light.

14



1.4.2 Angle dependence at the K edge

1.4.2 Angle dependence at the K edge

Within this thesis also XA measurements at the N and C K XA edges are presented.
Here, the electrons are excited from a 1s core state, which possesses an isotropic
charge distribution. Correspondingly, the final state is represented by a 2p orbital
due to the dipole selection rules. However, since organic molecules are studied, the
2p states form so-called molecular orbitals with orbitals of neighboring atoms. Hence,
the final state is not inevitably of absolute p character. Instead π∗ and σ∗ antibonding
molecular orbitals are tested. They are the counterparts of π and σ bonding molecular
orbitals which are established by covalent bonds between N and C atoms, where atomic
orbitals of 2s and 2p symmetry contribute. Thus, so-called π∗ and σ∗ resonances in
K-shell excitation spectra are detected. In organic molecules, single or double bonds
may be formed. In the first case a σ∗ orbital lies parallel to the bond axis and in the
second case additionally a π∗ orbital is orientated perpendicularly to the interatomic
axis. As only the final states have an anisotropic charge distribution, the XNLD effect
can be used to investigate their orientation in space.
Fig. 7 shows a side view of the measurement geometry of an XA experiment per-

formed with p-linearly polarized light at an incidence angle α between the surface
plane and the wave vector k⃗. Also a p orbital whose symmetry axis forms an angle γ
with the surface normal is shown. The strength of a transition from a 1s core state
into this p orbital is defined by the scalar product of the polarization vector E⃗ of
the light and the orbital vector O⃗, given by the symmetry axis of the orbital. There-
fore the azimuthal orientation of the orbital vector, its component lying inside the
surface plane, is also important for the strength of the transition. In an XA study,
an ensemble of adsorbed molecules, to which the probed p orbitals may belong, is
investigated. Assuming that all molecules and hence the corresponding p orbitals are
equally oriented with respect to the surface besides a random azimuthal orientation,
the dependence of the component of the vector O⃗ lying inside the surface plane on
the intensity of the transition vanishes and the latter is [47]:

I(α, γ) = A(cos2α cos2γ +
1

2
sin2α sin2γ). (11)

Here a degree of linear polarization of 100% is assumed and A stands for the angle-
integrated cross section. The azimuthal angular dependence on the transition intensity
also cancels out in case that the probed ensemble of orbitals has a threefold or higher
symmetry along the surface normal. An experimentally obtained angle-dependent
intensity of an XA peak can be fitted to eq. 11 and the angle γ, the orientation of
the molecule with respect to the surface normal, is obtained as fitting parameter.

1.5 The x-ray magnetic circular dichroism effect

In section 1.4.1 the term natural linear dichroism was introduced, which refers to
the polarization-dependent absorption of linearly polarized X rays due to the spatial
anisotropy of the probed hole density. In contrast, the expression XMCD describes
the different absorption of left and right circularly polarized light because of spin
alignment within a sample. This effect is measured in this work at the Fe, Co, and Ni
L2,3 edges. The idea is to induce an absorption process which is spin-dependent. Then,
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the objective of the study is to obtain a quantity which provides information about
the imbalance of spin-down and spin-up holes within the valence shell by comparing
the intensity of transitions initiated by left and right circularly polarized light. In
section 1.5.1 a simple model, which describes such a physical process, is discussed.
By evaluating the XMCD difference signals at the L2,3 absorption edges, an element-
selective determination of the magnetic moments due to the separation in energy of
characteristic X ray absorption edges can be obtained. The reader is introduced to
this in section 1.5.2. This powerful approach even enables a separate determination
of the spin and orbital magnetic moments.

1.5.1 Two step model

It is convenient to divide the absorption process of circularaly polarized light at the
L2,3 edges of transition metals into two steps. This allows to gain deeper insight into
the XMCD effect. At a fist stage, a photon which carries either a positive (+~) or a
negative (–~) photon spin is absorbed and conservation of angular momentum must
be ensured. Hence, angular momentum is transfered to the produced photoelectrons.
As the electric field of the photons does not interfere directly with the spin of the
electrons, the photoelectrons take up the angular momentum at a first view as or-
bital angular momentum. However, the excitation of a photoelectron occurs from a
spin-orbit split level, the 2p3/2 or the 2p1/2 level. This means that part of the photons
angular momentum is transfered to the spin, which leads to a spin polarization of the
excited electrons. As the 2p3/2 and 2p1/2 levels have inversed SOC, e.g., a parallel and
antiparallel alignment of the spin and orbital moment, respectively, the spin polariza-
tion is just the opposite for excitations at the L3 and the L2 edges. Analogously, a
different polarization of the photons induces an oppositely polarized electron current.

In the second step, the final 3d states act as a sensor of the spin and orbital mo-
mentum of the photoelectrons. For this, a different spin-up and spin-down occupation
of the valence shell is required, leading to a net magnetic spin moment. This may
be either the case in paramagnetic systems, where no spontaneous magnetic order is
present, by the application of an external magnetic field, or in magnetically coupled
systems at sufficiently low temperatures. However, this effect is only maximum in the
case of a completely aligned magnetic spin moment, as then the different occupation
of the two spin channels is maximum. A parallel alignment of the spin quantization
axis of the final states and of the photoelectrons, the latter being identical to the one
of the photon spins, is necessary for optimum detection. In case that the empty 3d
state possesses an orbital magnetic moment itself, it can also work as a detector for
the orbital angular momentum of the photoelectron.

In the following a detailed analysis of the XMCD effect at the L2,3 edges is pro-
vided, assuming several simplifications of the physical process in order to enable the
presentation in a feasible manner. A one-electron picture is applied and wave func-
tions of the hydrogen atom are used to calculate the transition matrix element in
eq. 7. Additionally, d orbitals in cubic symmetry and exchange as well as spin–orbit
split p orbitals as final and initial states of the transition are considered, respectively.
The z axis is chosen to be the spin quantization axis, which is parallel to the k⃗ vector
of the light, and the spin-up (mS = –1/2) and spin-down (mS = +1/2) channels are
completely and incompletely occupied, respectively. The photons are further 100%
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Figure 8: Polarization dependent transition intensities from exchange and spin–orbit
split 2p states into 3d orbitals in cubic symmetry, where all spin-up states
are occupied. The quantum numbers mj, ml, and mS of the empty spin-
down states are shown. A full description of all assumptions concerning the
absorption process can be found in the text. There detailed explanations
about the transitions are avalaible, too. A dichroic signal of opposite sign
for excitations from the 2p3/2 and 2p1/2 states is found. After [2, 48].

spin polarized and a potential orbital moment of the d electrons due to spin–orbit
coupling is not taken into account. The resulting intensities of transitions from the
p3/2 and p1/2 levels with the respective quantum number mj into the individual d or-
bitals are shown in Fig. 8. They are given in units of 1

90
GR. Only spin-down electrons

can be excited, since no spin-flip of the electron can happen during the transition. So
the quantum number ml of the 3d states, also shown in Fig. 8, is of importance. The
quantum number mj, the sum of ml and mS, changes by +1 or –1 for a transition
induced by X rays with positive (q = +1) or negative (q = –1) angular momentum (in
units of ~), respectively. By summing up, the respective fraction of the total intensity
for the absorption of X rays with positive or negative angular momentum is 62.5% and
37.5% from the 2p3/2 state or 25% and 75% from the 2p1/2 state, respectively. The
two times higher occupation of the 2p3/2 compared to the 2p1/2 state leads in total
to a dichroic intensity difference of the same size at the L3 and L2 edges, however, of
opposite sign. This result can be easily extended to the more usual case where the
two spin channels are partly filled. Only the sign of q has to be exchanged and for
both of them the same excitation percentages are found like the ones shown in Fig.
8. This means that the dichroism signal of the two channels is of opposite sign.
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1 Core level spectroscopy and magnetic properties of transition metal atoms

Figure 9: Visualization of the application of the sum rules. Upper panel: XA spec-
trum of approximately 26 ML Ni on W(110) at the Ni L2,3 edges (red line)
obtained by averaging signals for positive (µ+) and negative (µ−) helicity,
measured at 30 K and 20◦ grazing incidence. In addition, the integration of
the spectrum (dashed black line) after subtracting the contribution of the
continuum (grey line) is shown. Lower panel: Corresponding XMCD inten-
sity difference (red line) shown together with the integral over the signal
(dashed black line). The grey line is an auxiliary line.

1.5.2 Sum rules

A link between the different absorption intensities for left and right circularly polarized
X rays and the magnetic moments provide the so-called sum rules. They allow a
quantitive evaluation of the measured XAS and XMCD spectra like for instance the
ones shown in Fig. 9. There is a respective sum rule for the determination of the
spin [49] and the orbital [50] magnetic moment. Their validation was experimentally
checked for measurements at the Fe and Co L2,3 edges [51].

Fig.9 (a) displays a helicity-averaged XA (1/2(µ++µ−)) spectrum (red line) recorded
at the L2,3 edges of a Ni film with a thickness of approximately 26 ML, grown on
W(110). This spectrum is also referred to as white line. The spectra are measured at
30 K and at 20◦ grazing incidence, which means that there is an angle α of 20◦ be-
tween the surface plane and the k⃗ vector of the incoming X rays. Panel (b) shows the
corresponding XMCD spectrum (red line), which represents the difference between
the signals for positive (µ+) and negative (µ−) helicity of the incoming circularly po-
larized light. The peaks with maxima at 852.8 eV and 870.1 eV present the L3 and
L2 edges, respectively. In panel (a) a continuum (grey line) is shown. It refers to
transitions into states above the ionization threshold and is composed of two Fermi
functions positioned at energies in the middle of the L2 and L3 edges with a relative
height of 1:2, since the occupation of the p3/2 state is just twice the one of the p1/2
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1.5.2 Sum rules

state.
The XMCD and XAS signals can be quantitatively analysed by integrating the

corresponding signals over the L3 and L2 edges. As only the transitions into the 3d
states are of interest, the continuum is subtracted:

∆Aj =

∫
Lj

(µ+ − µ−)dE, Aj =

∫
Lj

(1/2(µ+ + µ−)− µcontinuum)dE, j = 2, 3. (12)

The so-called charge sum rule states that the integrated intensity of the XA signal is
proportional to the total number of holes Nh in the 3d shell of the ground state. Also
the measurement geometry and the spatial distribution of the probed hole density can
have an influence on the white line intensity [46]:

[A3 + A2]β = C(Nh +Nβ
Q) = C

∑
i

Ni(1 +
7

B
Qi

β). (13)

Here, Nβ
Q is the anisotropy of the charge density within the 3d shell to which the

individual unoccupied di orbitals contribute. This interpretation of Nβ
Q is in line with

eq. 10 just as the definitions of the variables β, C, Ni, B, and Qi
β. As the quadrupole

moment Qi
β has a disappearing trace, an average of the absorption intensity obtained

from three measurements along orthogonal directions yields the isotropic white line
intensity. This means that Nβ

Q = 0. Alternatively, Nβ
Q vanishes at a certain direc-

tion of β for systems with higher than twofold symmetry or with random azimuthal
orientations along the z axis, which is here the surface normal. This direction can be
expressed with the help of the detection angle α, which is defined as the angle between
the surface plane and the k⃗ vector of the used light, as displayed in Fig. 7. So a single
measurement at the so-called magic angle of α = 54.7◦ for p-linearly polarized light
and of α = 35.3◦ for helicity-averaged circularly polarized light yields the isotropic
white line.
The spin sum rule links the integrated XMCD signals of the L3 and the L2 edges

to the spin magnetic moment mS and the anisotopy of the spin density expressed by
the term −7mT (β):

[∆A3 − 2∆A2]β = − C

µB

(mS − 7mT (β)) = − C

µB

∑
i

mi
S(1 +

7

2
Qi

β). (14)

The corresponding correlation presented in eq. 14 is only valid for a sample magneti-
cally saturated along the k⃗ vector of the X rays. 7mT (β) is the so-called intra-atomic
spin dipole moment. mT (β) is given by ⟨Tβ⟩µB/~ [52], where ⟨Tβ⟩ is the expectation
value of the intra-atomic magnetic dipole operator and Tβ =

∑
δ QβδSδ. So there is

a link between the charge and the spin density, expressed by the quadruple operator
Qβδ and the spin component Sδ of T , respectively. Advantageously, for the Co and Fe
3d transition metals studied within this thesis the energetic contribution to the total
energy of the SOC is with 66 meV much smaller than the one of the ligand field with
1–2 eV [53]. Due to this reason the spin density nearly follows the atomic charge den-
sity and the term −7mT (β) can be rewritten as (7/2)

∑
iQ

i
βm

i
S in the framework of a

one-electron model. Here mi
S is the projected spin moment of an individual di-orbital

and Qi
β the corresponding quadrupole moment of the di orbital.
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1 Core level spectroscopy and magnetic properties of transition metal atoms

polarization axis dxz dyz dz2 dx2−y2 dxy
x 0 3 2 0 0

I� − 	
β /(

Cmi
S

µB
) y 3 0 2 0 0

z 0 0 -1 3 3

Table 2: XMCD intensities of transitions into individual di orbitals of cubic symmetry

in units of
Cmi

S

µB
for the high-symmetry cases with β = x, y, and z. Thereby

a magnetic saturation of the magnetic moments mi along β as well as one
hole per di is assumed.

In order to eliminate the contribution of 7mT (β) in eq. 14, an average over three
measurements carried out along orthagonal directions is necessary. However, this is
again only possible for systems with higher than twofold symmetry or with random
azimuthal orientations along the z axis. There exists also the possibility to set 7mT (β)
to zero in a single measurement. This is the case for a detection angle α of 35.3◦.
In analogy to the calculated transition strength of excitations for electrons from 2p

levels into individual di orbitals of cubic symmetry in section 1.4.1, table 2 displays
XMCD intensities for these excitations for the high-symmetry cases with β = x, y, and
z [46]. Thereby one hole per di orbital as well as magnetic saturation of the magnetic

moments mi along β are assumed, and k⃗||β.
The orbital sum rule relates the sum of the integrated XMCD signals of the L3

and the L2 edges to the orbital moment mL for measurements along a given direction
β of the k⃗ vector, as expressed in eq. 15. mL is an anisotropic quantity for the
systems studied here, as dicussed in section 1.8. So mL(β) can be determined under
the condition of magnetic saturation along the measurement direction.

[∆A3 +∆A2]β = − 3C

2µB

mL(β) (15)

The electron yield detection applied in this thesis to measure the absorption cross
section does not provide it in absolute terms. Nevertheless, for the purpose of using
the spin and orbital sum rule, the implementation of the charge sum rule to the
evaluation offers a possibility. Replacing C in eqs. 14 and 15 with the help of eq. 13
leads to:

mS − 7mT (α) =
NhµB

Pcos(θ)

[∆A3 − 2∆A2]α
[A3 + A2]βiso

and (16)

mL(α) = −2

3

NhµB

Pcos(θ)

[∆A3 +∆A2]α
[A3 + A2]βiso

. (17)

The direction β is replaced by the detection angle α and βiso referes to a measurement
geometry at which the isotropic white line intensity is obtained. Instead of using
[A3 + A2]βiso in the numerator, it may be approximated by [A3 + A2]α in the case
that the isotropic white line intensity is not known. If both quantities are known,
[A3 + A2]α can be included within the error estimation of mS − 7mT (α) and mL(α).
Eqs. 16 and 17 further show that the number of holes Nh within the 3d shell enters
as an input parameter for the evaluation of the sum rules. It has thus to be known or
otherwise estimated. Also the degree of polarization P of the circularly polarized X
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1.6 X-ray photoelectron spectroscopy

Figure 10: Schematic energy diagram of XPS measurements, including the sample and
the analyser. The work functions of both the analyser ϕa and the sample
ϕs as well as the binding energy Eb of the core electron and the kinetic
energy Ekin of the photoelectron are sketched. The vacuum level Evac, the
photon energy ~ω, and the common Fermi level EF of the analyser and the
sample are also shown.

rays appears in the two equations as well as the angle θ between the magnetization of
the sample and the k⃗ vector of the incident X rays. This is because a noncollinearity
of the latter leads to a measurement of the projection of the magnetic moments onto
k⃗.

1.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectra are measured at constant photon energies, in contrast to
XA spectra, and the intensity of photoelectrons is recorded as a function of their ki-
netic energy with the help of a hemispherical mirror analyzer. XPS tests the occupied
density of states, since the final state of the photoelectric effect is represented by an
electron in the continuum, which escapes from the sample, and a core hole, as dis-
cussed in section 1.3. Hence, it is a complementary technique to XAS, which probes
the unoccupied density of states. The analysis of XPS intensities allows to investigate
the elemental composition of a system in a quantitative way. This is the case since
XPS peaks at typical binding energies can be assigned to certain elements and at the
same time present only the density of states at the atoms of a specific element as the
core levels are extremely localized. Also low-energy secondary and Auger electrons
can contribute to an XPS spectrum, the identification of which is possible by their
energetic position.

Fig. 10 displays a scheme of an XPS measurement process. First photons with
an energy of ~ω excite electrons of a core shell. As the created photoelectrons have
enough energy in order to overcome the ionization threshold, they can escape from the
sample, still possessing a characteristic kinetic energy Ekin. Now an analyser comes
into play, which is electrically in contact with the sample so that their Fermi levels
are aligned in energy. It detects the electron intensity at certain kinetic energies. By
scanning the energy, an XPS spectrum is recorded. As it follows from the schematic
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1 Core level spectroscopy and magnetic properties of transition metal atoms

sketch in Fig. 10, it is possible to determine the binding energy Eb of the excited core
electrons, as energy conservation must be fulfilled:

Eb = ~ω − Ekin − ϕa. (18)

Here, fortunately only the known work function ϕa of the spectrometer appears in the
equation. The work function is the minimum energy a photoelectron needs at T = 0
K in order to leave the sample.
The binding energy of the initial state of a certain atom is influenced by the sur-

rounding charge density. The effective potential seen by the electrons depends thus
also on the valency of the element under investigation. This is labeled as initial state
effect. It can induce chemical shifts in compounds, which result in binding energies
different compared to the pure element by some eV. So the measurement of the energy
distribution provides insight into the chemical states of a particular element within
the sample.
Further it has to be considered that once the electron has left its original state,

the created core hole induces a rearrangement of the other electrons, which leads to
its screening. The form of this process depends on the properties of the electrons
within the valence shell and is also referred to as final state effect. This effect can
also influence the value of Eb.
The transition of electrons from an energetically well-defined initial state into the

vacuum induced by a photon of fixed energy does not lead to photoelectrons with
a certain kinetic energy. There is a broadening of the electron intensity versus Ekin,
with the shape of a Lorentz function being more pronounced for longer lifetimes of the
created core hole. In addition, the detection of the electrons once more smears out the
spectral profile in energy, which can be described by a Gauss function. Overall, the
spectra experimentally obtained are fitted by a Voigt function, which is a convolution
of a Lorentz and a Gauss function. Before doing so, a so-called Shirley background
is subtracted from the raw data, which removes spectral features originating from
inelastic scattering events. Before leaving the sample a part of the photoelectrons
looses energy by interacting for instance with phonons or plasmons, such that there
is an asymmetric broadening at lower kinetic energies of the XPS signal. Moreover,
during the photoelectric effect a characteristic energy loss may induce the excitation
of a second electron. Thereby a fraction of the original photoelectron energy allows
to excite an additional electron into an unbound (shake-off) or unoccupied (shake-up)
state, which again produces spectral features at higher binding energies.
In this work p-linearly polarized synchrotron light is used to obtain XPS spectra. X

rays with k⃗ vectors forming an angle of 45◦ with the surface plane excite the sample,
and the kinetic energy of photoelectrons emitted along the surface normal is measured.
Data analysis is performed with the help of the Casa XPS software.

1.7 Crystal and ligand field theory

Both the crystal and the ligand field theory (CFT/LFT) present useful tools to de-
scribe the electronic structure of 3d electrons of first row transition metal atoms inside
chemical complexes like the metalloporphyrins studied here. The theories aim to de-
scribe the chemical bonding between the ligands and the metal atom. The basic idea
of the crystal field theory is to assign positive point charges to ligands [54], the electric
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1.7 Crystal and ligand field theory

Figure 11: Graphic depiction of the spatial probability distribution of electrons within
3d orbitals in a crystal field of octahedral symmetry, obtained from the
square of the sum of the respective spherical harmonics. Point charges are
indicated by balls situated on the coordination axes at equal distances to
the center of the atom.

field of which, the so-called CF, is interacting with the metal ions [55]. Starting from
a quantum mechanical description of isolated atoms, wavefunctions may be ascribed
to the electrons. The electrons contributing to the interaction with ligands are in the
outer shell, here the 3d shell. For reasons of simplicity the corresponding wavefunc-
tions can be given by hydrogen-wavefunctions assuming a one-electron approach.

A crystal field induces the formation of 3d orbitals which are linear combinations of
wavefunction with pure 3d character. Their resulting spatial probability distributions
for a CF with octahedral symmetry are displayed in a cartesian coordinate system in
Fig. 11. According to crystal field theory, the 3d orbitals transform as d3r2−z2 , dx2−y2 ,
dxy, and dyz,xz in such an environment. In the following d3z2−r2 will be called d2z. Fig.
11 also shows the point charges on the coordinate axes at equal distances to the center
of the atom. Their presence lifts the energetic degeneration of the 3d states. So the
metal atom in the center is subject to a crystal field with octahedral symmetry (Oh).
The d orbitals that point more toward the spatial positions of the point charges are
higher in energy because of electrostatic repulsion effects. This is the case for the dz2
and the dx2−y2 orbitals. So a threefold (t2g) and a twofold (eg) degenerate state are
formed. The dxy and dyz,xz orbitals belong to the first and the dz2 and dx2−y2 orbitals
to the second. A schematic energy level diagram of the 3d states is shown in Fig. 12.
There also the case of a weakly and a strongly tetragonally distorted crystal field with
a D4h symmetry is considered.

An increase of the distances between the center and the point charge on the z
axis of the coordinate system splits both the eg and the t2g states into substates.
Thus the dx2−y2 , dz2 , dyz,xz, and dxy orbitals form the new b1g, a1g, b2g, and eg states,
respectively. The orbitals belonging to the respective states may also be labeled
according to the names of these states. The relative lowering and raising in energy of
the out-of-plane (dz2 and dyz,xz) and in-plane (dx2−y2 and dxy) d orbitals, respectively,
may even lead to a crossing in energy of the b1g and a1g states in the case of a strong
tetragonal distortion of the crystal field. Metalloporphyrin molecules in bulk (section
3.2) or adsorbed on low-reactive surfaces (sections 3.3.1 and 3.4) contain metal atoms
which are constrained by a crystal field with a virtually square planar symmetry.
It presents the special case where the charges on the z axis are completely absent.
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1 Core level spectroscopy and magnetic properties of transition metal atoms

Figure 12: Schematic energy-level diagram of the 3d states in a crystal field with
octahedral (eg and t2g) and with a weakly as well as a strongly tetragonally
distorted symmetry (b1g, b2g, a1g, and eg). According to [56].

For MP molecules in direct contact with a reactive surface (sections 3.3.2, 3.3.3, and
3.5), the crystal field acting on the central metal ions has a tetragonally acentric
distorted shape (C4v). For the investigated nitrosyl complexes adsorbed on strongly
interacting substrates (sections 3.5.2 and 3.5.3), the CF has rather an octahedral
shape, however, still being somewhat tetragonally acentric distorted. The energy
levels in a tetragonal complex are set by the entire electrostatic potential along the
z axis, regardless of whether this potential is uniformly located below or above the
molecular plane [57]. Hence, the energy splitting of the 3d orbitals in the latter case
is qualitatively similar as for a crystal field with D4h symmetry. For the sake of
completeness it has to be mentioned that the contribution of the crystal field and the
electron-electron interaction neglected here to the energetic splitting of the 3d orbitals
are of comparable size (0–2 eV) for Fe and Co ions [53].

In contrast to the CFT which assumes a purely electrostatic interaction between
ligands and transition metal atoms, the LFT describes the ligands by orbitals which
interact with the 3d orbitals. So new molecular orbitals are created. As a consequence,
charge transfer from and to the metal atoms may be present depending on whether
the coordination bond is more of covalent or ionic character. This is in contrast to
the crystal field theory (CFT). By means of DFT calculations, the energy splitting of
the newly formed molecular orbitals can be obtained [58, 59]. A distinction is made
between so-called σ and π interactions between orbitals of the transition metal and the
ligand. In σ interactions there exists an axial orbital overlap, and in π interactions the
orbital overlap appears laterally. Fig. 13 shows exemplarily such interactions between
the antibonding π∗ orbital of a NOmolecule and 3d transition metal orbitals, which are
the relevant ones within metal nitrosyl complexes formed by MPs. An NO molecule
possesses eleven electrons and, in order to obtain closed shells, it may either donate
or accept one electron depending on the nature of the metal and its valency. In the
case of a donation, a ligand–to–metal π bonding occurs which combines antibonding
π∗ with dyz,xz orbitals, as shown in Fig. 13 (a). The reception of an electron by the
NO is established by a metal–to–ligand σ bonding between the antibonding π and dz2
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1.8 Spin-orbit coupling and anisotropic orbital magnetic moment

Figure 13: Schematic sketches of a π (a) as well as σ (b) intercation between the
antibonding π∗ orbital of NO and the dyz,xz and dz2 transition metal orbitals
of a MP molecule, respectively. N, O, and M stands for nitrogen, oxygen,
and transition metal atoms, respectively. Also the four nitrogen atoms of
the porphyrinato ligand are shown. Arrows indicate the charge transfer.

orbitals, as displayed in Fig. 13 (b). A bonding geometry with an angle of 180◦ or 120◦

is formed by the transition metal atom and the NO molecule, respectively. These two
scenarios represent border cases, and also bonding geometries between 180◦ and 120◦

are possible, so that a mixture of both interactions is present depending on whether
the NO molecule partially oxidizes or reduces the transition metal [60–63].

1.8 Spin-orbit coupling and anisotropic orbital magnetic moment

In the last section the energetic contribution of the SOC to the description of the
3d electronic structure was neglected. It is very small compared to crystal field and
intra-shell interactions and more than an order of magnitude for 3d transition metals
where it amounts to about 50 meV. For a free atom within a semiclassical model the
SOC can be seen as a simple coupling of the spin magnetic moment to the orbital
moment, which is related to the motion of the electronic charge of the electron around
the atomic nucleus. Seeing the latter within a coordinate system with the zero point
at the electron site, the atomic nucleus creates a magnetic field at the electron in
which its spin can be differently oriented. So the magnetic dipole moment from the
orbital motion of the charge interacts with the spin moment of the electron. For less
than half-filled shells the spin and orbital moments align antiparallel to each other due
to the negative charge of the electron. However, in the case of a more than half-filled
3d shell, as it is the case for the Fe and Co ions studied here, this is just opposite. An
explanation provides the interpretation of a more than half-filled shell as a completely
filled one carrying positively charged holes.
Chemical bonding induces the formation of new 3d orbitals as discussed in the

context of the crystal field theory. The orbiting electrons can be interpreted as a
standing wave, since the orbit of the electron is broken up by the formation of orbitals.
Hence, the dx2−y2 , dz2 , dyz,xz, and dxy orbitals have zero orbital moment. However,
in the above deduction of the 3d orbitals in cubic symmetry the SOC has not been
considered. It breaks time-reversal symmetry. This means that the overall motion of
the orbiting electron is more pronounced in one direction than in the opposite one.
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1 Core level spectroscopy and magnetic properties of transition metal atoms

Thus a net orbital current around the atomic nucleus exists and so an orbital moment
is present. The new 3d states which belong to the corresponding 3d orbitals can be
obtained by treating the rather small spin-orbit interaction in the framework of the so-
called perturbation theory [64]. So a combination of different 3d states, formed within a
crystal field with cubic symmetry at a first approximation, builds the new eigenstates,
which have anisotropic orbital momenta. The absolute size of SOC-induced orbital
moments can be discussed in the framework of the perturbation theory. For reasons
of simplicity this can be done by following the one-electron approach [52]. Thereby
a large magnetic exchange splitting is assumed and an occupation of all spin-down
states |n⟩, while all the spin-up states |m⟩ are empty. Finally the anisotropic orbital
magnetic moment, as the first order perturbation expression, amounts to:

mβ
L,n =

µBξ

~2
∑
m

| ⟨n|Lβ |m⟩ |2

∆mn

(19)

along the different axes x, y, and z, as labeled by β. The resulting size of the orbital
magnetic moment of a state |n⟩ depends on the energetic separation ∆mn = Em−En

between the mixing states of zero order and is bigger when the states are closer in
energy. The total orbital magnetic moment is obtained by the sum over all unoccupied
states |m⟩. ξ, µB, and Lβ are the SOC constant, the Bohr magneton, and the angular
momentum operator acting along the different axes x, y, and, z, respectively. The
results of the latter by acting on the zero order states can be found somewhere else [65].
Tabel 3 gives an overview over the resulting SOC-induced magnetic orbital momenta

zero order state d orbital mz
L/µB my

L/µB mx
L/µB

|5⟩ dxz -ξ/∆54 -ξ/∆51-3ξ/∆52 -ξ/∆53

|4⟩ dyz ξ/∆54 -ξ/∆43 -ξ/∆41-3ξ/∆42

|3⟩ dxy -4ξ/∆31 ξ/∆43 ξ/∆53

|2⟩ dz2 0 3ξ/∆52 3ξ/∆42

|1⟩ dx2−y2 4ξ/∆31 ξ/∆51 ξ/∆41

Table 3: SOC-induced orbital magnetic moments of a state |n⟩ along the x, y, and z
axes. Their size is calculated by means of a one-electron approach and the
application of the perturbation theory. See text for details.

of a state |n⟩ along the different axes. For completely filled spin-down and empty
spin-up states the total resulting orbital magnetic moment is zero and the anisotopy
vanishes. Only in the case of partially filled spin-up states the mz

L may be unequal
zero, as it is the case for the Co ions studied within this work. For the sake of
completeness it has to be mentioned that for the assumed symmetry the dyz and dxz
states are fully degenerate and form an orbital denoted as dπ. This d orbital possesses
a non-zero first-order orbital moment along the z axis in the case that it carries three
electrons and one hole [66].
The anisotopy of the orbital moment has important consequences on physical prop-

erties and in particular on the so-called magnetocrystalline anisotropy (MCA). The
latter describes an energy which is necessary in order to change the orientation of
the magnetic moments from the so-called easy axis to the so-called hard axis. The
Bruno model states that the MCA is proportinal to the difference between the orbital
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1.9 Magnetic coupling

moments along the easy and hard magnetization directions [67] in transition metal
monolayers. It also says that the orbital moment is bigger in size for its alignment
parallel to the easy magnetization direction. Thereby a large magnetic exchange split-
ting is assumed. The physical concept behind this statement is the following: The
crystal field defines the orbital motion of the unpaired electrons and locks the orbital
moment into a preferential direction. A dipolar interaction between the electron’s
own orbital motion and its intrinsic spin forms the link between the orbital and spin
system. In the following a uniaxial anisotropy is assumed. This implies that the x and
y axes are equivalent and consequently mx

L and my
L are identical. Consequently there

is no energetically preferential alignment of the magnetic moments within the plane
defined by the x and y axes. One may define: m⊥

L = mz
L and m

∥
L = mx

L = my
L.

Thus, the MCA is [68]:

∆E = −G

H

ξ

4µB

(m⊥
L −m

∥
L). (20)

The factor G/H is related to the details of the band structure. Originally Bruno de-
rived this model for thin magnetic films on the basis of perturbation theory. However,
its application to molecular compounds containing isolated transition metal ions is
reasonable, since the MCA has also been deduced by using atomic 3d wave functions
for its derivation, which leads to G/H = 1 [69].

1.9 Magnetic coupling

Material that contains atoms with unpaired electrons can magnetically order. This
means that the electron spins get aligned without an external magnetic field. The
magnetic dipole–dipole–interaction between the spins of neighbor atoms is in most
materials too weak and leads only to long-range order at very low temperatures.
More relevant for the arrangement of the magnetic order is the so-called exchange
interaction, which is a quantum mechanical effect. This may be of direct nature,
which requires an overlap of the electron wavefunction of neighbor atoms. Two elec-
tron model presents an adequate framework for discussing the inter-atomic exchange
interaction [2]. Here, two electrons each belonging to one hydrogen atom interact
with each other, following the Heitler-London calculation [70]. In this case new wave-
functions are formed, which present linear combinations of the atomic orbitals. This
reflects the bonding between the neighbor atoms. The overlap in space enables the
electrons to hop onto the neighboring atom. The total wavefunction of the system
must be antisymmetric under exchange of the electrons, as electrons are fermions,
and can be broken down into the product of the spatial and the spin parts. If the
electrons occupy the same orbital, their spins must be antiparallel due to the Pauli
principle, which prohibits the double occupancy of a quantum state. The spatial part
of the wavefunction thus has to be symmetric and the spin part antisymmetric. The
Coulomb energy of the system depends on the distance between the two electrons and
may be lowered by the occupation of an energetically higher-lying orbital by one of the
electrons. Since this implies an antisymmetric spatial wave function, the spin function
is symmetric, i.e., the spins are aligned parallel. This corresponds to a ferromagnetic
state, while the antiparallel aligned spins correspond to an antiferromagnetic state.
For the H2 molecule the spins of the electrons are of opposite sign in the electronic
ground state. The discussed model links the formation of a covalent chemical bond, as
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it may be present between atoms in a molecule or in the case of an interaction between
an adsorbate and a substrate, to the spin alignment of the electrons contributing to
the formation of the bond.
The Heisenberg model builds on the Heitler-London calculation for H2 [71]. The

part of the Hamiltonian describing the exchange interaction is as follows [2]:

Hexch = As1s2 with A = −2J1,2. (21)

Thereby J1,2 is the exchange integral which corresponds to the coupling of the spins
s1 and s2 each belonging to electrons of two different atoms with respective spatial
wavefunctions ψ1 and ψ2:

J1,2 =

∫ ∫
ψ1(r1)ψ2(r2)

e2

4πϵ0r1,2
ψ∗
1(r2)ψ

∗
2(r1)dr1dr2. (22)

A positive value of J1,2 means that the spins point into the same direction and a
negative one that they are antiparallel aligned. The exchange integral decreases with
increasing distance r1,2 between the electrons.
There is another approach for treating the exchange interaction which is for instance

useful for the description of the magnetic order in transition metal oxides. Instead of
including spin operators into the Hamiltonian, the so-called Hubbard model analyses
the contribution of two competing energies, that determine the magnetic ground state.
One is the electrostatic Coulomb energy between electrons and the other one is the
hopping energy of electrons to a neighbor atom. For the H2 molecule the relevant
part of the Hamiltonian HHub for the Coulomb and exchange interactions is written
as [72]:

HHub = −t
∑
σ=↓,↑

(c†1σc2σ + c†2σc1σ) + U(n1↑n1↓ + n2↑n2↓) with t > 0 and U ≥ 0. (23)

The operators c†iσ and ciσ generate and annihilate an electron with spin σ on atom
i, respectively. Hence, the first term in equation 23 can be interpreted as electron
hopping from atom to atom, where +t is proportional to the hopping energy and
–t to the kinetic energy of the electrons. Thereby the spin does not change. Since
–t appears in equation 23, a higher hopping energy and a lower kinetic energy of
the electrons, respectively, minimize the total energy of the electrons due to their
delocalization. The operator niσ can be written as c†iσciσ and correspondingly counts
for a given spin σ the occupation on atom i. So the second term in eq. 23 can be
interpreted as the Coulomb interaction U between electrons situated on the same
atom with antiparallel aligned spins. The presence of two electrons on one atom
costs a repulsion energy U and keeps the electrons apart. A balancing between this
contribution to the total energy and the hopping energy defines the magnetic ground
state. In H2 the spins of the two electrons are antiferromagnetically aligned, which
can be seen in the framework of this model as follows: For oppositely aligned spins
hopping is allowed, although the Coulomb repulsion has to be overcome, while for a
parallel spin alignment this is not possible, as two electrons with the identical spin on
one atom can not exist. The two sketches on the left hand side of Fig. 14 represent
this graphically, where the upper one displays the case for an opposite orientation
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1.9 Magnetic coupling

Figure 14: Schematic sketches for the explanation of the direct exchange and indirect
superexchange interaction in the framework of the Hubbard model between
hydrogen atoms of an H2 molecule and between transition metal atoms
separated by an oxygen atom, respectively. The upper sketches display
the antiferromagnetic ground states where electron transfer is possible.
See text for details. Figure according to [2].

of the electron spins and the lower one for a parallel spin alignment. The unlimited
hopping state offers new degrees of freedom and the electrons can lower their kinetic
energy.
Even if there is no direct electron wave function overlap between atoms with mag-

netic moments, a magnetic interaction between their spins can exist. This is called
indirect exchange interaction. Here, an intermediary wavefunction overlaps simulta-
neously with the respective wavefunctions of two other magnetic atoms. There are
different forms of this type of exchange interaction. The Hubbard model is a useful
tool to discuss these physical phenomena. One of them is the superexchange coupling.
It is known to occur for instance in transition metal oxides like NiO or CoO, where
unpaired 3d electrons of the transition metals form bonds with the 2p valence elec-
trons of the oxygen atoms, which tend to attract two electrons. Assuming the easiest
case with one unpaired electron per transition metal atom and a diamagnetic oxygen
atom which is twice negatively charged, there are four electrons, each one with a spin,
which can be located and oriented in a different manner on the three atoms. As a
result of the electronegativity of oxygen, it is reasonable to assume that it has a full
shell and correspondingly an unchanged spin configuration. This allows to treat the
problem with the same Hubbard formalism as the one applied to the H2 molecule.
Hence, the total energy is the lowest for an antiferromagnetic coupling of the spins
situated on the transition metal atoms. The possible electron transfer is displayed in
Fig. 14 by the two sketches on the right hand side. Also in a more detailed theoretical
treatment which includes the occupation of the oxygen atom by only one electron
and which can be found somewhere else in literature [2] the magnetic ground state is
found to be the same.
In general, the coupling strength of the superexchange interaction depends on the

magnitude of the magnetic moments on the metal atoms, the degree of hybridization
between metal and non-metal states as well as the bond angle formed by the metal
and non-metal atoms. There are the Kanamori-Goodenough rules which predict the
sign of the superexchange coupling [73–75]. They take into account the total number
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1 Core level spectroscopy and magnetic properties of transition metal atoms

of 3d electrons within the 3d shell and the kind of 3d orbitals that are formed by
the crystal field and that contribute to the bond formation as well as their geomet-
rical orientation with respect to each other. The magnetic moments of metal ions
forming a linear arrangement with a non-magnetic ligand in between couple in an
antiferromagnetic fashion if the lobes of the orbitals at the metal side, which carry
the unpaired electrons, would have a reasonable overlap integral in space by bringing
the metals closer to each other. This is referred as to “180◦ superexchange”. In the
case that two magnetic metal ions and a non-magnetic ligand form an angle of 90◦,
the superexchange interaction is in most of these cases ferromagnetic. This is labeled
as “90◦ superexchange”.
Another form of indirect exchange interaction is the double exchange [76]. It is, for

instance, present in magnetite, Fe3O4, and influences its magnetic ground state. This
material will serve in the following as example in order to explain the mechanism
of double exchange in the framework of the Hubbard model. The spinel magnetite
contains Fe ions with 5 and 6 electrons in the 3d shell. These two types of Fe atoms
with a valency of +3 and +2 are separated by oxygen atoms that are diamagnetic, as
they are twice negatively charged. The crystal field that acts on the Fe ions is so small
that their 3d states are occupied according to Hund’s rule. A concurrent transfer of
two electrons takes place, which minimizes the kinetic energy of the system. From the
intermediate oxygen atom an electron hops to the Fe atom with a +3 valency and is
replaced by an electron from the Fe atom in an oxidation state of +2. As spin-flips are
forbiddden in the electron hopping procedure, an identical magnetic structure of the
two Fe atom types beside the additional electron is energetically of advantage. Thus,
five electron spins on each Fe atom point in the same direction, respectively, which
may be the up direction, and the spin of the additional sixth electron is oppositely
aligned. So only a spin down electron is transferred through the oxygen from one Fe
ion to the next one due to the Pauli principle and the electron is delocalized, which
minimizes the total energy. As a result the Fe magnetic moments couple across the
diamagnetic atom ferromagnetically to each other. For the sake of completeness, it
has to be mentioned that the electronic and magnetic structure of Fe3O4 is much
more complex than the one presented here for didactical reasons. So it possesses
for instance phase transitions, three inequivalent types of Fe atoms, and both super-
exchange as well as double exchange interactions are simultaneously present inducing
a ferrimagnetic ground state.
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2 Experimental details

2.1 Introduction

All XAS studies presented in this work were performed at the synchrotron radiation
source BESSY II in Berlin. The measurements were either carried out with a group-
owned ultra-high vacuum (UHV) chamber serving as an end station at the bending
magnet beamline PM-3 as well as at the undulator beamline UE56/2-PGM1 or with
the help of the high-field end station at the undulator beamline UE46-PGM1. Syn-
chrotron radiation facilities provide X rays with tunable energies, as required for the
investigations realized, while at the same time the X rays possess a high brilliance.
The latter quantity defines the quality of an X-ray beam [77]:

Brilliance =
photons/second

(mrad)2(mm2 source area)(0.1% bandwidth)
. (24)

The intensity, the number of photons per second, contributes to this quantity as well
as the collimation of the beam which describes its divergence. The latter is normally
given in milli-radian. Also the size of the source area, usually specified in mm2, is
of importance, as it quantifies the possibility to focus the X-ray beam. The spectral
distribution may possess peaks at specific energies or might be almost smooth and,
hence, plays a role as well. So the brilliance is defined for an energy range with a
bandwidth of 0.1% about the selected energy.
First this section introduces the reader to the nature of synchrotron radiation com-

bined with historical aspects regarding this topic. After this the functionality of
modern synchrotron light sources is explained and how the thickness as well as en-
ergy calibration was carried out for the work presented here. Also the way of how to
measure the absorption cross section is discussed and finally the sample preparation
and characterization is in the focus.

2.2 Synchrotron radiation

The term synchrotron refers to a type of cyclic particle accelerator. A sketch of a
top view on such a facility is displayed in the middle of Fig. 15 (a). It can be used
to accelerate charged particles like protons or electrons to a relativistic velocity and
its concept has been already designed in 1945 [78]. The particles are kept at a fixed
orbit by bending magnets. In this case it follows for a relativistic particle from the
equilibrium of the Lorentz and centrifugal forces [79]:

R =
ES

ecB
. (25)

This means that the ratio the of the particle energy ES and the applied magnetic
field B has to be constant, since the turning radius R is given by the design of the
synchrotron. So ES and B have to be synchronously increased, which explains the
name of this kind of particle accelerator. ES is enhanced by applying a voltage along
an acceleration distance, which has in the case of BESSY II a value of 1.7 GV. At the
beginning synchrotrons were only used among high energy physicists.

31
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Figure 15: (a) Schematic drawing of a third-generation synchrotron radiation facility.
Banding magnets and undulators are displayed in green and red colour,
respectively. A synchrotron is used to accelerate the electrons, which are
kept afterwards in a storage ring. Several installations and optical compo-
nents are omitted. (b) Trajectory of a relativistic electron shown together
with its radiation cone having an aperture angle of 1/γ, according to [77].

Each accelerated and charged particle emits energy in form of a electromagnetic
wave. As the bending magnets change the velocity vector of the orbiting particles
in a synchrotron, the particles eject tangentially electromagnetic radiation. Exper-
imentally this kind of radiation, which is induced by the perpendicular deflection
of particles from their direction of motion, was first found by operating a 70-MeV
synchrotron in the 1940s [80] and therefore called synchrotron radiation. This phe-
nomenon was already predicted to occur at the end of the 19th century [81]. For
particles that move with relativistic speed the radiated power is proportional to E4

S

and inversely proportinal to the rest mass to the power of four [79]:

P ∝ E4
S

m4
0R

2
. (26)

As electrons have a mass that is around 1741 times smaller than the one of a proton,
synchrotron radiation only plays an important role for the former. The radiation is
emitted in form of a cone with an aperture angle of 1/γ, as graphically shown in Fig. 15
(b). Thereby γ is the so called Lorentz factor, which is the electron energy in units of
the rest mass energy [77]. The emitted X rays, which lie within the plane of the electron
orbit, are completely linearly polarized. By contrast, the emitted photons outside of
the orbit plane are circularly polarized. Thereby the degree of circular polarization
increases with the size of the aperture angle, however, the photon intensity also falls
off.
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2.3 Synchrotron light sources

2.3 Synchrotron light sources

A state-of-the-art synchrotron light source is a combination of a storage ring and a
particle accelerator, which in the case of BESSY II is a synchrotron. The accelerated
electrons are transferred to the storage ring as displayed in Fig. 15 (a). The latter is
under UHV and stores electron pockets, which emit X rays as magnets keep them on
a fixed trajectory. So the electrons in a storage ring lose energy due to the ejection
of electromagnetic radiation, which needs to be compensated by at least one acceler-
ation distance within the ring. The measurements presented in this work have been
performed in the multi-bunch mode of BESSY II, which is the standard operation
mode. This means that there are several hundred electron pockets which are tem-
porally separated by nanoseconds and which produce a maximum electron current of
300 mA. As permanently a part of the electrons collides with residual gas molecules,
the ring current decreases up to a value of 150 mA and new injections are necessary
after usually eight hours. As a consequence the intensity of the provided synchroton
radiation is time-dependent. Nevertheless, the concept of merging a particle acceler-
ator and a storage ring in order to create synchrotron radiation outclasses the use of
a synchrotron for this purpose, as in the first case the electrons produce on average a
constant high intensity of synchrotron radiation and not only at their maximum speed
at the end of the acceleration process. Moreover, in a pure synchrotron due to per-
manently changing electron velocities, the radiated power and so the characteristics
of the synchrotron radiation change. Also the fixed track of the electrons in a storage
ring has the advantage that the appearance of the synchrotron radiation around the
facility is locally constant, which is important in the case of fixed measuring stations.

BESSY II belongs to the so-called 3rd generation of synchrotron light sources. Its
storage ring is equipped with bending magnets and straight insertion devices like
undulators, as shown in Fig. 15. The 1st generation sources were primarily used for
high-energy physics and only besides as a source for X rays. Only the 2nd generation
of synchrotron light sources, to which BESSY I belonged, is exclusively designed for
the generation of X rays and bending magnets are installed within the storage ring.
Electrons which pass through them produce a spectral photon density, which can be
calculated according to Schwinger [82]. It increases with the electron energy ES and
the ring current Iring. The spectral photon density as a function of the photon energy
can be separated into two parts by the so-called critical energy, which is inversely
proportional to the turning radius of the magnet. Above this energy the spectral
photon density quickly drops off. The standard bending magnets at BESSY II as
installed at the PM-3 beamline have a critical energy of 2.5 keV, whereby the turning
radius R is 4.35 m [83]. So from 20 to 1900 eV the PM-3 beamline provides X rays
for the users.

The undulators installed at the UE56/2-PGM1 and the UE46-PGM1 at BESSY II
consist of permanent magnets which build up four different rows, as shown in Fig.
16. They lie below and above the trajectory of the electrons and can be shifted with
respect to each other. The magnets within a row are ordered with respect to their
polarity with a periodicity of λu. Within the so established magnetic field the electrons
which travel along the undulator are periodically deflected. This direction is in the
following defined as z axis. In case that the four rows are situated laterally on the
same level just as in Fig. 16, the electrons pass through the device on a sinus-shaped
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Figure 16: Schematic sketch of an Apple-II-type undulator. Four rows of permanent
magnets each with a periodicity of λu are shown. Also the gap g, the
periodicity λu, and the aperture angle 1/γ

√
N of the radiation cone from

the undulator are displayed, according to [77].

trajectory lying in the xz plane. This is refered to as linear mode. The magnetic field
B̃ acting along the straight in the middle of the undulator, which is displayed by a
dotted line in Fig. 16, increases by dreasing the gap g between the upper and lower
rows. The important parameter K [77] is defined as 0.934λu[cm]B̃[T]. In the case of
undulators, K ≤ 1 applies, which implies small amplitude oscillations. The X rays of
a certain wavelength emitted at earlier and later times in the undulator superimpose
in a constructive manner. Mathematically the coherence condition for this is [79]:

λw =
λu
2γ2

(1 +
K2

2
+ γ2ϕu). (27)

Here, λw is the wavelength of the emitted photons and ϕu is the angle between the
undulator axis in z direction and an observation point. The intensity of the light
with λw is proportional to the square of the number N of magnetic periods of the
undulator. So the X-ray intensity is higher than the one of N bending magnets due to
the constructive interference. Further the radiation cone is compressed by a factor of
around 1/

√
N compared to the natural opening angle of synchrotron radiation [77].

In order to produce circularly polarized light, the magnets need to be moved with
respect to each other [84]. By a lateral shift of a quarter period in the same direction
of two out of the four rows, which lie diagonally to each other, one being located
above and one below the electron trajectory, the electrons pass on an almost circular
spiral along the z axis through the undulator. Depending on which diagonal pair of
rows is moved, either left or right circularly polarized light is ejected by the electrons.
In order to provide the desired X rays at the measuring station, a beamline under

UHV connects the storage ring with the experiment. There are key components
installed in a standard beamline. The first one is a mirror system just after the
bending magnet or the undulator that parallelizes the beam path of the photons. The
so prepared X rays enter into a monochromator which isolates the ones with a desired
wavelength from the other ones. Finally these monochromatic photons pass through
an exit slit and enter into the measurement chamber. Circularly polarized light with
90% degree of polarization at the UE46-PGM1 and with 85% at the PM-3 as well
as at the UE56/2-PGM1 were used. At the latter beamline the linearly polarized
photons had a degree of polarization of 99% and at the PM-3 of 95%. For the dipole
and the two undulator beamlines the photon flux density was in the range of about
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1012 and 1013 photons s−
1
cm−2, respectively. Moreover, the spot size of the X rays

on the sample was ∼0.25 mm2 at the bending magnet beamline and ∼0.5 mm2 at the
two undulator beamlines. The time for measuring an XA spectrum was about two to
three minutes depending on the absorption edge and the beamline. Usually the noise
signal was about 0.5 tenths of a percent of the measurement signal.

2.4 Thickness and energy calibration

Calibration of the photon energy at the Co, Ni, and Fe L2,3 edges was performed with
the help of XA measurements of Co films on a Cu(100) crystal setting the position of
the CoL3 edge to 778.5 eV [85, 86]. Additionally, NEXAFS measurements of gaseous
N2 setting the position of the first N π∗ peak to 400.88 eV [87] were used to calibrate
the photon energy at the N and C K edges except for the data presented in section
3.5.3. Identical XA and XMCD results, concerning the line-shape and results of the
sum-rule analysis, were obtained for measurements of the systems under study carried
out during different beamtimes. Data were recorded with an energy resolution of 300
meV at the Co, Ni, and Fe L2,3 edges except the ones shown in Figs. 42 and 43, which
were collected with an energy resolution of 150 meV, just as the ones obtained from
measurements at the N and C K edges.
The thickness of the transition metal films, grown on Cu(100), was calibrated by

means of the edge jump measured at 879.4 eV in the case of the Ni films and at 810.0
eV for the oxygen-covered Co films. Therefore a correlation between the edge jump in
percentage of the pre-edge intensity and the coverage of the metals in ML was used,
which had been obtained by experimental works of other or former group members
of the AG Kuch [88]. The necessary knowledge had been gained by medium energy
electron diffraction studies combined with XA measurements of the same physical
systems. So an edge jump of 315% and 208% corresponds to a Ni film with a thickness
of 12 ML and 8 ML, which is grown on a clean and a pre-oxidized Cu(100) surface,
respectively. An edge jump of 145% is equivalent to a film thickness of 5 ML for
the system O/Co/Cu(100). The thickness of the Ni films prepared on a W(110)
single crystal was calibrated with the help of this knowledge. In this case the sample
preparation was performed with the very same Ni evaporation rate, measured by the
drain current of the sample and the flux monitor of the evaporator, the same pressure
and the same power applied for the electron-beam evaporation.
The porphyrin coverage was calibrated from the signal–to–background ratio at the

Co and Fe L2,3 and N K XA edges, as a reliable determination of the edge jump
was not possible due to an already too big bending of the XA spectra. Thereby
again reference measurements with a known signal–to–background ratio in relation
to the coverage were used, which had been performed by other persons of the AG
Kuch and which provide a consistent parameter set for organic coverages, mainly
azobenzene and porphyrin molecules, on various substrates. These works involve
XAS measurements of the c(2×2) superstructure of oxygen on Co/Cu(100) (0.5 ML)
[88], of molecules with a known C–to–O ratio [89], as well as STM measurements
of FeOEP on Cu(001) performed at the ID08 beamline at the european synchrotron
radiation facility on the very same samples that had been also measured by XAS
[90]. The estimated systematic error of this coverage calibration is about 20%, which
includes the uncertainty of the packing within the molecular layer.
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2.5 Detection of the photoabsorption cross section

The physical quantity which has to be detected for XA and XMCD measurements
is the photoabsorption cross section in the vicinity of an absorption edge. In the
framework of this thesis molecules adsorbed on substrates with a thickness of a few
millimeter are studied. A detailed description of the physical processes involved within
the absorption process clarifies how to experimentally obtain the desired information.
The creation of a core hole due to the absorption of light is followed by its decay after
a lifetime of the order of 10−15 s [91]. The recombination of the core hole with an
electron from a higher energy level leads to the relaxation of the atom excited state.
This goes hand in hand with a release of energy in form of an ejected fluorescence
photon or the emission of a so-called Auger electron with a characteristic kinetic
energy [91]. The incoming X rays penetrate into the sample and within this process
they are attenuated depending on their mean free path. The thereby created Auger
electrons are mainly scattered depending on which depth inside the sample they are
emitted. This generates cascades of so-called secondary electrons of lower energy.
All electrons which have enough kinetic energy in order to pass the surface potential
barrier can leave the grounded sample to which for this reason an electron current
flows. The direct detection of the fluorescence photons or of the Auger electrons, but
also the measurement of the sample drain current, provide means to experimentally
access the absorption cross section.

The study of the Auger electrons which have not lost energy due to inelastic in-
teractions allows to perform investigations with high surface sensitivity. In contrast,
the detection of fluorescence photons enables the possibilty to carry out XA stud-
ies which provide information about bulk properties. This is because the generated
photons can cross more layers without interacting with the sample as discussed in
section 1.4. In order to carry out XA measurements in an externally applied mag-
netic field, the so-called total electron yield (TEY) mode presents a feasible approach.
Thereby all electrons which escape from the sample are recorded by measuring the
current Isample/substrate between the electric ground potential and the isolated sample,
as graphically displayed in Figs. 17 and 18. This proceeding also allows in a sim-
ple manner to vary the measurement geometry, i.e. the detection angle α. At more
grazing incidence of the X rays, their effective mean free path perpendicular to the
suface decreases. As a consequence, the TEY signal increases by a factor of sin(α)
[92]. This is true as long as the signal does not saturate. For the study of molecules
on substrates with a coverage in the submonolayer regime and at the most a grazing
detection angle of 20◦ this holds true.

Since the TEY signal of the sample Isample also carries information about the sub-
strate, it has to be normalized to the signal of the corresponding spectrum of the clean
substrate Isubstrate. Further all spectra, before and after depositing the molecules, are
either normalized to the drain current of a freshly evaporated gold grid Ireference
upstream to the experiment at the PM-3 and at the UE56/2-PGM1 or to the to-
tal electron yield Ireference from the last refocussing mirror of the beamline at the

UE46-PGM1. It is necessary to take these reference signals Isample
reference and Isubstratereference

into account, as there are time-dependent X-ray intensity variations due to the incon-
stancy of the X-ray beam and the changing transmission function of the beamline.
To take into consideration these two reference signals also ensures that their contri-
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Figure 17: Schematic drawing of the UHV chamber used in this thesis. The most
important devices regarding the sampe preparation and characterization
are included. There are three main levels of operation. See text for detailed
information about the mounted devices.

butions can be separated from the one of the adsorbate. A simple formula describes
how to obtain the desired cross section of the adsorbate:

I =
Isample/I

sample
reference

Isubstrate/Isubstratereference

. (28)

All presented XA signals within this work have been obtained by treating the raw
data by this procedure. Furthermore the such obtained XA spectra are normalized to
one in the pre-edge region. From the spectra displayed in Fig. 9 additionally a sub-
trahend of one is removed. X-ray provoked damage of the porphyrins has been ruled
out from the comparison of spectra recorded immediately after sample preparation
and at later times.

2.6 Sample preparation and characterisation

Fig. 17 shows a schematic sketch of the group-own chamber used within the frame-
work of this thesis in order to prepare, characterize, and measure samples. The
chamber was installed as end station at the UE56/2-PGM1 and PM-3 beamlines. It
has a base pressure of 2 × 10−10 mbar and provides different working levels as dis-
played. In the upper level home-made molecule evaporatores, which contain a tanta-
lum Knudsen cell and which were already existing at the beginning of the PhD work,
are mounted. By means of these evaporators CoOEP and iron-octaethylporphyrin
chloride (FeOEP-Cl) molecules were evaporated by sublimating molecular powder at
485 K. They are equipped with a quartz microbalance in order to calibrate the evap-
oration rate. Further a sputter gun is available, which was used to clean a Cu(001)
single crystal with cycles of Ar+ sputtering at 1.0 keV and annealing to 900 K. On
the bottom level different leak valves are mounted for the purpose of injecting CO,
NO, or oxygen gas into the chamber. There, also the commercial four-pocket metal
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Figure 18: Schematic drawing of the high-field end station at the UE46-PGM1 and the
experimental station for the sample preparation. The most important de-
vices regarding the sampe preparation are included. They are mounted on
three different levels. See text for detailed information about the installed
devices and the measurement conditions.

evaporator EBE-4 of the specs company1 is installed. It is used to prepare epitaxial
Ni and Co films on pre-oxidized Cu(100) single crystals as well as Ni films on clean
W(110) and Cu(100) surfaces at room temperature (RT) by electron-beam evapora-
tion. The oxidized Cu(100) substrate was prepared by dosing 1200 Langmuir (1L =
10−6 mbar s) of O2 at a substrate temperature of 500 K after the finishing annealing
process, following the recipe described in ref. [93]. The W(110) surface was cleaned
in a separate UHV side chamber by flash heating under 6 × 10 −10 mbar oxygen to
1600 K for 15 min, followed by five flashes to 2300 K for 10 s each.
On the height of the intermediate level X rays enter the chamber and all experiments

are performed. To this end two manipulators are available. On one of them all steps
of the sample characterisation and preparation are performed. It is equipped with
a cryostate which allows to cool the sample with liquid nitrogen down to around
120 K. On the second manipulator, displayed on the right side of Fig. 17, XMCD
measurements can be carried out. Home-made coils produce a magnetic field of up to
around 50 mT at the sample and allow to magnetize the sample at the measurement
position. A cryostate makes it possible to lower the temperature down to 30 K. Also
the entrance slit of the concentric hemispherical analyser Phoibos 100 of the specs
company lies on this level. It is used as XPS analyser.
On the intermediate level a low energy electron diffraction (LEED) data acquisition

system is further mounted. It was applied in order to check the surface quality of the
prepared substrates before depositing molecules. Fig. 19 (a) displays schematically
the arrangement in space of the last two metal layers of a clean Cu(100) surface and
of a Ni film, grown on a Cu(100) substrate. In both cases a four-fold symmetry is
present, as Cu has a face-centered cubic (fcc) crystal structure and Ni films adopt
a pseudomorphic growth on Cu(100). In panel (b) the finishing metal layer and the
second one from the top of a Ni or Co film grown on an pre-oxidized Cu(100) surface
are presented. During the surfactant growth of the film the oxygen flots on top and
finally forms a c(2×2) superstructure which corresponds to half a layer of atomic
oxygen [93, 94]. Exemplarily the LEED image of a clean Cu(100) surface, recorded
with electrons of an energy of 172.8 eV, is shown in Fig. 19 (c). The observed spots

1http://www.specs.de
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Figure 19: Schematic drawings of the location of atoms within the last two
metal layers for a Cu(100)(a), Ni/Cu(100)(a), O/Ni/Cu(100)(b), and a
O/Co/Cu(100)(b) surface. In panel (c) a LEED image of a Cu(100) sub-
strate taken with an electron energy of 172.8 eV is shown.

are first-order spots and reflect the four-fold symmetry of this substrate.

The measurements at the UE46-PGM1 beamline were performed at the pre-installed
high-field end station shown in Fig. 18. It is connected to an experimental station
for the sample preparation. The high-field end station and the preparation chamber
have a pressure of 1.0 × 10−10 and of 1.0 × 10−9 mbar, respectively. Magnetic
films and molecules were evaporated by means of the same evaporators as in the
group-owned chamber, which were mounted here at the bottom and intermediate
level of the preparation chamber. Also a sputter gun is installed at the top level. A
superconducting coil cooled with liquid helium and installed around the measurement
position allows to record XA spectra down to a temperature of T = 4.5 K in an
external magnetic field of up to 5.9 T, applied along the X-ray incidence direction.

Also graphene-protected Ni films, grown on a W(110) surface, are used as substrate
within this work. Tungsten in bulk has a body-centered cubic (bcc) crystal structure
so that a well-ordered Ni(111) surface is formed by evaporating 20 ML of Ni or more
on W(110). On top of the Ni film a continuous and ordered graphene overlayer was
produced via cracking of propylene gas (C3H6) at a partial pressure of 10−6 mbar
for 10 min at a substrate temperature of 650 K, followed by annealing to 750 K for
10 min. [95]. A self-limiting monolayer growth process takes place and ensures the
formation of one layer of graphene [96]. In literature six possible adsorbtion geometries
of graphene on Ni/W(110) are discussed [97–101], which are shown in Fig. 20. These
are denoted as the top-hcp (a), top-fcc (b), hcp-fcc (c), bridge-top (d), bridge-fcc
(e), and bridge-hcp (f) geometry, respectively. Atoms from the two sublattices of
graphene, labeled by the numbers 1 and 2 in Fig. 20 of each panel, are differently
situated with respect to the different Ni layers. For the top-hcp configuration the C
atoms of one sublattice are on top of the finishing-layer Ni and the C atoms of the
other sublattice are situated above the second layer Ni atoms. For the top-fcc and
the hcp-fcc configurations the atoms of the two sublattices are located above the Ni
atoms in the 1st and 3rd or the 2nd and 3rd layers from top of the Ni(111) surface,
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2 Experimental details

Figure 20: Different adsorption geometries for graphene on Ni(111): top-hcp (a), top-
fcc (b), hcp-fcc (c), bridge-top (d), bridge-fcc (e), and bridge-hcp (f) con-
figuration. See text for details.

respectively. In the bridge-top, bridge-fcc, and bridge-hcp adsorption geometry a top,
second, and third layer Ni atom is exactly under the bridge build by two neighboring
C atoms, respectively.

Fig. 21 displays a LEED image of graphene on Ni/W(110)

Figure 21: LEED im-
age at 91.1 eV electron
energy of a graphene
layer on Ni/W(110).

recorded at an electron energy of 91.1 eV. As expected from
the small lattice mismatch of only 1.3% between the Ni atoms
and C atoms [95], the latter form a p(1×1) overstructure on
the Ni surface and no additional spots besides the ones of the
Ni surface are present. The LEED pattern also reflects the
hexagonal structure of the surface. From these observations
no conclusions can be drawn regarding the absorption geom-
etry of graphene on Ni/W(110). However, it can be stated
that DFT calculations favored the bridge-top configuration
[98, 102].

The highly ordered pyrolytic graphite (HOPG) substrates which were used in the
framework of this thesis are SPI-1 high-grade materials exhibiting a mosaic angle of
(0.4 ± 0.1)◦ from Structure Probe, Inc. (West Chester, USA). Clean and oriented
HOPG surfaces were prepared by cleaving an HOPG substrate at a pressure of 10−6

mbar by using a carbon tape.

40



3 Metalloporphyrin molecules on surfaces

3.1 Introduction

Porphyrins are a class of organic molecules. They are built up by a heterocyclic
macrocycle, containing nitrogen and carbon atoms. In figs. 22 (a) and (b) the two
different chemical components, which contribute to the macrocycle, are displayed.
Four pyrrol subunits (a) are connected by four methine groups (b) and compose to-
gether the so called porphine. Its substituted compounds are named porphyrins. The
p-orbitals within the macrocycle form a conjugated system and thus the correspond-
ing electrons are delocalized. In the periphery of the porphyrin molecule different
kind of chemical groups can coordinate to the macrocycle. These functional groups
primarily determine the interaction of the porphyrins with each other and with the
chemical environment in general. In the center of the porphyrins an available position
can be occupied by a metal atom, forming a coordination bond with the four nitro-
gen atoms of the pyrrol subunits. Thus planar organic metal complexes are formed,
where a twice negatively charged ligand of tetradentate nature acts on the metal ions.
These chemical compounds are called metalloporphyrins (MP). Thereby the nature of
the metal atom in the core position defines in particular the electronic and magnetic
properties of the molecule.

Figure 22: Diagrammatic elevation of the composition of Co octaethylporphyrin.
Schematic top view of pyrrole (a), methine group (b), ethyl group (c),
and CoOEP molecule (d). Hydrogen atoms are omitted and R stands for
a generic unspecified group.

Porphyrin molecules have already accompanied the scientific community for quite a
long time. So for the first time a porphyrin and in that case the hematoporphyrin was
produced in 1867 by Thudichum [103]. Two other chemical compounds chlorophyll
[104] and cobalamin [105], which possess a derivated porphyrin macrocycle, play a
key role in biological systems and also have been studied for decades. Chlorophyll,
which contains manganese as central metal ion, enables plants to produce energy
by adsorbing light. Cobalamin features a cobalt ion at its center, and is important
among other things for the cell division and the haematopoiesis in the human body.
Further hemoglobin, which acts in the blood of mammals as oxygen carrier, contains
heme, an iron-based porphyrin, which has been therefore subject to a large amount
of investigations.
At the begining of the 1970s, finally X-ray spectroscopy was first used to explore the
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3 Metalloporphyrin molecules on surfaces

electronic structure of porphyrin bulk samples. XPS studies focused on the impact
of the presence of a coordinated metal ion on the electronic structure of the nitrogen
atoms [106] and on the influence of different chemical groups, being attached to the
macrocycle, on the electronic properties of the center of the molecules [107]. Later
on the study of MP molecules by means of XAS started [108]. Investigations of MP
molecules in recent years are not just motivated by biological aspects but also by the
idea to use them as molecular building blocks for an architecture of solar cells [109]. In
this context an easily tunable electronic structure, which porphyrins do provide by an
exchange of the end groups or the central metal ions, is desired. Here, XAS presents
an ideal tool to study the influence of these changes on the electronic structure of
porphyrins [110].
In the framework of this doctoral thesis, FeOEP and CoOEP molecules are studied

by XAS and XMCD measurements. The full chemical names of these molecular com-
pounds are Fe(II)-2,3,7,8,12,13,17,18-octaethylporphyrin and Co(II)-2,3,7,8,12,13,17,
18-octaethylporphyrin, respectively. FeOEP is introduced to the readership in section
3.5.3, while CoOEP is schematically shown in Fig. 22 (d). In the periphery of CoOEP
eight ethyl groups, displayed in Fig. 22 (c), are coordinated to the macrocycle, and
in its center a Co +2 ion is located. The unsaturated coordination sites of this MP
molecule permits an interaction of additional axial ligands with its metal ion. This
general feature of many porphyrins, which also leads to their biological importance,
will serve in this work to influence and specifically control the electronic and magnetic
properties of CoOEP and FeOEP molecules. For this purpose the two available axial
coordination sites will be occupied not only by different surfaces but also by the small
molecules NO and CO. This bio-inspired use of MP molecules in different circum-
stances and with new objectives will be motivated at the beginning of the respective
sections.
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3.2 XAS measurements of Co porphyrin bulk-samples

Before discussing within the next sections the interaction of porphyrins with surfaces,
in the following XA spectra at the Co L2,3, the NK, and the CK edges of CoOEP bulk
material are displayed. They are discussed in the context of the electronic properties
of the molecule, while the angular dependence of the absorption can be ignored due to
the polycrystalline nature of the sample. The XA spectra at the N K and C K edges
are compared to corresponding theoretical XA spectra of a free CoOEP molecule,
published in our recent work [111]. The experimental spectra will serve as reference
for the ones of CoOEP molecules adsorbed in the submonolayer regime on different
solid surfaces in the subsequent sections, in order to analyse the porphyrin-substrate
intercation.2

For an investigation of the electronic structure of the active center of the Co por-
phyrins, Fig. 23 shows Co L2,3 XA spectra of CoOEP bulk material. The physical
process behind such a spectrum is the excitation of 2p core electrons into empty 3d
orbitals. Thereby the L3 and the L2 edges correspond to the creation of a hole in the
Co 2p3/2 or 2p1/2 levels, respectively. The line shape of the Co L3 XA spectrum re-
veals a detailed fine structure. Many different transitions contribute to the spectrum,
while their respective photon energy depends, amongst other things, on the energetic
separation between the available states within the 3d shell. Various physical inter-
actions influence the amount of available states and their separation in energy like
the multiplet splitting, caused by the coulomb and exchange interaction between the
probed 3d states and revealing a characteristic energy of 0−2 eV, the spin−orbit split-
ting, provoked by the spin−orbit coupling and being here around 66 meV [53], and
the crystal field splitting, induced by the electrostatic potential of nearest-neighbor
atoms. The latter can amount up to around 0.1 eV for the first-row transition metals
in bulk, but for systems with lower symmetry, as it is here the case, also values of
1−2 eV are possible [53]. The Co L3 edge shows three features: one maximum at
779.2 eV and two local maxima at 777.5 and 780.4 eV. Almost identical results for
CoOEP and CoPc bulk samples can be found in literature [110], which underlines
the similar chemical environment of the Co ions, within CoPc with its very similar
equitorial ligand compared to CoOEP. Theoretical Co L2,3 XA spectra of CoPc [53,
112], obtained from atomic multiplet calculations including a ligand field, show that
the fine structure at the Co L3 edge with its triple-peak structure is a fingerprint for
a +2 valency and a low-spin d7 configuration of the Co ions. Thereby the four differ-
ent d orbitals created by crystal field splitting (introduced in section 1.7), carry two
holes in the b1g (dx2−y2) state, while the eg (dyz,xz) and a1g (dz2) states carry together
one hole. Density functional theory (DFT) calculations for a CoOEP molecule in gas
phase additionally revealed that the three holes within the 3d shell lead to a fully
unoccupied b1g (dx2−y2) and half filled a1g (dz2) state, yielding a nonzero magnetic
moment [113].
The Co bonding partners are the four N atoms of the porphyrin macrocycle. For

the purpose of studying their electronic sructure, Fig. 24 shows the XA spectrum of
the N K egde of CoOEP bulk material. By means of a comparison to a theoretical
N K edge XA spectrum of an isolated CoOEP molecule, obtained from StoBe cluster
calculations [114], an assignment of the different resonances to excitations is possible

2The written elaboration of this chapter is partly based on a recently published manuscript [111].
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3 Metalloporphyrin molecules on surfaces

Figure 23: XA spectrum at the Co L2,3 edges of a CoOEP bulk sample. Inset:
Schematic top view of the CoOEP molecule, where green, blue, and grey
balls represent cobalt, nitrogen, and carbon atoms, respectively, and hy-
drogen atoms are omitted.

[111]. The experimental spectrum is taken at RT and with lineraly polarized light
under normal incidence. It represents excitations from the N 1s level of the nitrogen
atoms which are part of the macrocycle and thus equivalent due to symmetry. The
probed final states within the excitation are antibonding molecular orbitals either of
σ∗ or π∗ character with respect to the porphyrin plane.
The spectrum exhibits two sharp resonances in the region of lower photon energies

with maxima at 399.2 and 402.2 eV, while the latter reveals a shoulder at the ener-
getically lower lying flank. The final-state orbitals which are involved in the process
of creating the resulting double-peak structure are mainly three different ones. Two
of them are π∗ type orbitals, which result from a hybridisation of N and C 2p states
and do not show any contribution of Co states. The other one originates from Co 3d
and N 2p states, while only a small fraction is added from the molecular periphery.
This yields an altogether σ∗- type orbital which belongs to the energetically lower
excitation peak with a maximum at 399.2 eV. This spectral feature is further related
to an excitation into one of the two π∗- type orbitals, being just 0.25 eV separated
in energy from the σ∗- type orbital. The energetically higher lying sharp resonance
with a maximum at 402.2 eV is predominantly caused by an excitation into the other
one of the two π∗ type orbitals. At higher energies a pure σ∗ region builds up the
spectrum with a broad resonance having a local maximum at 416.4 eV and a main
maxima at 406.9 eV with a shoulder at the energetically higher lying flank. These
resonances originate from excitations of electrons into antibonding σ∗ orbitals of the
porphyrin macrocycle. By a comparison to literature, a good agreement between the
here presented N K XA spectrum and experimental ones of other MP molecules,
which do not contain more nitrogen atoms within their endgroups in the periphery,
is found, independently of the nature of the central metal ion [35, 108, 110]. For the
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Figure 24: XA spectrum at the N K edge obtained from a bulk sample of CoOEP.

sake of completeness, it has to be mentioned that the spectrum shown here resembles
to a certain extent another available theoretical N K XA spectrum of a Zn porphyrin
molecule obtained by static-exchange calculations [115].

In order to complement the study of the electronic structure of the porphyrin macro-
cycyle and to investigate further the electronic properties of the periphery of the
molecules, Fig. 25 displays XA measurements of the C K egde of CoOEP bulk mate-
rial. The spectrum is measured at RT and with linearly polarized light under normal
incidence, too. Also in this case, comparing the experimental result to a theroretical
XA spectrum of the C K edge of CoOEP bulk material allows its deeper analysis
[111]. In particular, an assignment of the different resonances detected to excitations
from C 1s levels of specific carbon atoms is possible.

The spectrum possesses four sharp resonances at photon energies of 284.2, 285.0,
285.7, and 287.8 eV, while the latter one presents the main maximum and the other
three form a triple peak structure at lower energies. All of them stem exclusively from
excitations into π∗- type orbitals originating from carbon atoms of the inner part of
the CoOEP molecule, the macrocycle. Only excitations at the carbon atoms closest
to the nitrogen atoms cause the central peak of the triple structure and to a big extent
the main maximum of the spectrum. Almost all the other contributions to the carbon
spectrum in the energy region of the four π∗ peaks originate from excitations at the
other carbon atoms inside the macrocycle. Spectral features above a photon energy
of 289 eV belong only to final state orbitals of σ∗ character, and all carbon atoms
contribute to the spectrum. While CK XA spectra of metalloporphyrins have already
been discussed in literature, for MP molecules adsorbed on a substrate [34] and of
a bulk sample [88], here to the best knowledge for the first time a detailed physical
interpretation of the line shape is provided with the help of computations [111].

Summarising the above, it can be said that the experimentally obtained XA spectra
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3 Metalloporphyrin molecules on surfaces

Figure 25: XA spectrum at the C K edge of CoOEP bulk material.

at the Co L2,3, the N K, and the C K edges of CoOEP bulk material are consistent
with earlier investigations of the same or similar physical systems. The final state
orbital character and the excitation center that belong to the different spectral features
of the N as well as the C K XA spectra, can be assigned with the help of respective
theoretical XA spectra, which were computated by the collaborating group of Prof.
Hermann.
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3.3 Interactions between Co porphyrins and surfaces and their
influence on electronic and magnetic properties

Passing from CoOEP bulk material to Co porphyrin molecules adsorbed in the sub-
monolayer regime on a crystalline surface, electronic and magnetic properties of the
molecules, which arrange in a two-dimensional fashion, may change significantly. Fur-
ther by placing them on top of a solid substrate, the molecules get immobile at least
against motions in the third dimension, as desired for their use as building blocks
for a molecular architecture. For planar π conjugated organic compounds, as MP or
chemically similar MPc molecules, the substrate–molecule interactions prevail over
the intermolecular ones within the first layer of molecules on clean metal surfaces
[116]. Accordingly, MP and MPc molecules adsorb flat on these substrates, as sub-
stantiated by STM studies [117], while one of their axial coordination sites remains
free as active center for chemical reactions. The potential catalytic activity of such
systems has been subject to many studies and it has only recently been shown that
manganese porphyrins at a liquid–solid interface catalyse O2 molecules before incor-
porating them into an alkene substrate [118]. In particular, CoTPP molecules on TiO,
for instance, catalyse the reduction of NO with H or CO molecules, whereas unsup-
ported CoTPP or TiO on its own remains inert [119]. This raises the interest in the
molecule–substrate interaction enabling such a behaviour. In addition, the first layer
of MP molecules on a surface may be used as a template for the further growth of a
thin film, which is desired for the architecture of organic electronic devices. The abil-
ity to create tailor-made films depends on the kind of formation of the first molecular
layer, which among other things influences the physical properties of such films.

Hence a better understanding of the molecule–substrate and the molecule–molecule
interaction within the first layer is mandatory. The latter is normally attractive.
However, it has also been found to be repulsive for tin Pc molecules on Ag(111) [120].
In that context substrate-induced modifications of molecular electronic properties are
of interest, too. Bonds between the adsorbate and the substrate may have van der
Waals nature, leaving the adsorbate properties unchanged. This state is designated
as phy-sisorption. Alternatively, the surface may modify the ligand field of the metal
ions and hence induce a redistribution of charge in the 3d orbitals by a covalent bond
formation. Further a charge transfer from and to the active centre or macrocycle may
occur. Thus the oxidation and/or the spin state can be changed. Such a stronger
adsorbate–substrate interaction is labeled as chemisorption, while also a geometrical
deformation of the porphyrin macrocycle may arise.

Exemplary for some physical incidences, some results for different systems can be
mentioned. Representatively, FePc on HOPG stands for a system with a weak molecu-
lar surface interaction. HOPG represents a rather inert substrate. Thus, the interplay
between molecules of the first layer and the surface is characterised by van der Waals
forces as it is also the case between layers inside a thin film of FePc on HOPG. By
making use of the angular dependence of NEXAFS spectra, which provides an ex-
cellent tool for the study of the molecular orientation [47], the porphyrin planes are
found to be parallel oriented to the surface for both monolayers and thin multilay-
ers [121, 122]. On the other hand, the axial ligation of CoPc with Ag(111) induces
a charge transfer from the surface to the molecule which quenches the spin moment
[112] and for MnPc on Bi(110) the spin state is reduced from S=3/2 to S=1 [123].
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For CoTPP adsorbed on Ag(111), for instance, the geometry of the molecules changes
and the molecular macrocycle exhibits a pronounced saddle-shaped form [124], while
for NiPc and CuPc on Ag(100) one electron is added to the π orbitals of the macrocy-
cle [19]. Both, nickel-phthalocyanine and CuPc, do not have empty d-orbitals on the
central ion whose probability distribution lies outside the phtalocyanine plane and so
no charge transfer from the substrate to the Ni or Cu ions occurs.

Angle-dependent XMCD measurements with their high surface sensitivity present
an ideal tool to study the magnetic and spin dipole moments of the central metal
site in such systems. As SOC is relatively weak compared to the ligand field effects
for MP and MPc molecules containing first-row transition metals, the atomic spin
density nearly represents the related atomic charge density [46, 52]. In the case of a
system with S=1/2, it can be therefore distinguished whether the unpaired electron
is localized inside or outside the molecular plane. So for CuPc on Ag(100), an XMCD
study revealed that the spin state S=1/2 survives upon adsorption and that the
spatial distribution of the spin density and hence of the unpaired hole within the 3d
shell lies parallel to the surface [125].

The interaction of MP and MPc molecules with a bare ferromagnetic substrate also
presents an appealing subject, in particular regarding the architecture of a molecular
spin electronics, as outlined in the introduction. XMCD studies revealed that for
MnTPPCl on Co films as well as for FeOEP on Co and Ni films, the central metal
ions are ferromagnetically coupled to the substrate magnetization [33, 34]. This was
possible to find out, as the element-selective probe of the magnetization by means
of XMCD in the absorption of soft X-rays allows to study the adsorbate and sub-
strate magnetism independently. Respective DFT+U calculations for manganese and
iron porphine molecules on Co films showed that an indirect magnetic coupling is
responsible for the observed results. A 90◦-ferromagnetic superexchange interaction,
mediated via N atoms of the macrocycle, between the magnetization of the films and
the central metal spins stabilizes the latter against their thermal fluctuations [34, 126].
Additionally, temperature-dependent XMCD investigations revealed that the coupling
strength is weaker for FeOEP adsorbed on a Ni surface compared to an adsorption on
a Co substrate [127]. Also for CoPc in contact with a thin iron film it is known that
a substrate-induced order of the Co spins occurs [128], while the molecule–substrate
interaction significantly changes the Co electronic structure. Finally, DFT+U cal-
culations of manganese porphine molecules on a thin Co film, which are aimed to
represent a prototypical case of metalloporphyrins magnetically coupled to the mag-
netization of a substrate, addressed the question to the adsorption strengths of the
molecules on bare ferromagnetic surfaces [129]. Two minima of the total energy versus
the molecule–surface layer distance exist. One of them corresponds to a chemisorption
and the other to a physisorption of the porphines, which shows the possibility of an
adsorption in two distinct configurations.

The MP molecule of choice for the investigations presented here is the CoOEP.
For this porphyrin in contact with surfaces it is known that a partial reduction of
the Co ions takes place in the case of its adsorption on Ag(110) [113] and Ag(111)
[130], whereas just a small modification of the Co electronic structure occurs for
its adsorption on an oxygen-covered Cu(100) surface [88]. Here CoOEP molecules
in direct contact with a HOPG and a Cu(100) surface as well as with a Ni film,
grown on Cu(100), are investigated. The molecular macrocycle possesses a near-in-
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Figure 26: N K XA spectra of 0.2 (solid lines) and approximately 3 (grey dashed
lines) ML of CoOEP adsorbed on HOPG, measured at 300 K. Spectra
taken with linearly polarized light and an angle of 20◦ (red line), 55◦ (blue
line), and 90◦ (black line) between the surface and the wavevector of the
X rays are presented. The spectra of the multilayer are scaled to the
ones of the submonolayer for each measurement geometry for comparison.
Additionally, the spectra are vertically offset for different detection angles.

plane orientation for all systems under study. For Co porphyrins in direct contact
with HOPG, mainly van der Waals forces interact between the molecules and the
substrate, which leaves the molecular properties unchanged upon adsorption. The
adsorption of the molecules on Cu(100), in contrast, induces a modification of the
N and Co electronic properties. Thereby the spin state S = 1/2 survives, but the
unpaired electron is now located inside and not outside of the molecular plane, as it
is the case for bulk CoOEP. On Ni/Cu(100) the Co spins of the porphyrins, which
are paramagnetic before adsorption, are stabilized against their thermal fluctuations,
which leads to a detected Co magnetization even at RT.

3.3.1 Conservation of molecular properties upon absorption

This section deals with the electronic properties of CoOEP molecules, adsorbed in
the submonolayer and multilayer regime on bare HOPG single crystales. An angle-
dependent study of N K and Co L2,3 XA spectra provides an insight into the adsorp-
tion geometry of the molecules with respect to the substrate. The type of interaction
between the molecules and the substrate is discussed by comparing absorption signals
for different coverages.
Figure 26 and 27 display XA spectra of the N K and the Co L2,3 edges of 0.2 and

around 3 ML of CoOEP adsorbed on HOPG (different coloured and grey dashed lines,
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respectively). The spectra are measured at 90◦ normal and at 55◦ and 20◦ grazing
incidence with p-linearly polarized light at room temperature. The spectra of the
multilayer are scaled to the ones of the submonolayer for each detection angle for
comparison, while spectra taken at a different measurement geometry are vertically
offset. For the XA signal of the two elements for both the submonolayer and multilayer
of CoOEP, significant differences are detected for the three detection angles.

XA spectra of the N K as well as of the Co L2,3 edges of the CoOEP multilayer,
recorded at 55◦ grazing incidence, closely resemble the ones of the CoOEP bulk sample,
which are shown in the previous section 3.2. This is related to the fact that they are
recorded under the so-called magic angle, for which the orientation of the molecular
orbitals is canceled out and the isotropic spectrum is obtained. The N K spectrum
reveals two sharp resonances at 399.2 eV and 402.2 eV, while the latter exhibits a
shoulder at the low-energy flank. At higher photon energies only broad resonances
contribute to the spectrum. Contrasting the isotropic XA spectra at the N K and
the Co L2,3 edges of the submonolayer and the multilayer of CoOEP, their similarity
is obvious. Just a small deviation between them at the N K edge around an energy
of 401.3 eV is detected, however being in its dimension close to the noise level of the
spectrum of the submonolayer. The Co L2,3 XA spectra, exhibiting at the L3 edge
a triple-peak structure with maxima at 777.5, 779.2, and 780.4 eV, even resemble
each other completely. On this account it is concluded that, on the one hand, the 3d
orbitals of the Co ions do not hybridize with electronic states of the substrate and, on
the other hand, that the equatorial ligand of the Co ions, the porphyrin macrocycle, is
not significantly modified upon adsorption. Further it is a finger print for the presence
of intact molecules on the substrate. From the high sensitivity of the fine structure at
the N K and the Co L2,3 edges on the chemical environment paired with their almost
unchanged signal upon adsorption follows that the Co porphyrins physisorb on the
substrate. A partial formation of a second layer of CoOEP can not be excluded for a
coverage of 0.2 ML. Nevertheless, molecules in direct contact with the HOPG surface
are also present in this case.

The detection of N K spectra with linearly polarized light under different incident
angles, corresponding to a different orientation between the E⃗ vector and the surface,
allows to test for a preferential spatial orientation of the probed molecular orbitals.
The strength of the dipole transition matrix element of the excitation is maximum
for an E⃗ vector parallel to the axis of the probed orbital. At normal incidence the
E⃗ vector is parallel to the surface, hence in-plane lying orbitals are probed, while at
20◦ grazing incidence a bigger component of the E⃗ vector is vertical to the surface
and consequently more out-of-plane oriented orbitals are tested. The presence of an
angular dependence, which is designated as X-ray natural linear dichroism, reveals a
spatial order of probed orbitals. This is the case for CoOEP on top of HOPG. As the
spatial distribution of molecular orbitals is correlated with the geometrical arrange-
ment of a molecule, information about the adsorption geometry can be obtained from
such measurements.

The N K XA spectrum for 0.2 ML CoOEP on HOPG resembles almost the one
of CoOEP bulk material, for which the final state character of spectral features was
discussed in section 3.2. The sharp peak at 399.2 eV belongs to two excitations, where
one probed orbital has σ∗ character and the other one π∗ character. The spectral
feature with a maximum at 402.2 eV and a shoulder at lower photon energies belongs
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Figure 27: Co L2,3 XA spectra of 0.2 (solid lines) and around 3 (grey dashed lines)
ML of CoOEP adsorbed on HOPG, recorded at 300 K. Spectra taken with
p-linearly polarized light and an angle of 20◦ (red line), 55◦ (blue line),
and 90◦ (black line) between the surface and the wavevector of the X rays
are shown. The spectra of the multilayer are scaled to the ones of the
submonolayer for each detection angle for comparison. The spectra are
vertically offset for different measurement geometries.

to an excitation into an orbital with π symmetry and at higher energies a pure σ∗

region builds up the spectrum. For excitations into final state orbitals with σ∗ and π∗

symmetry an opposite angle dependence is expected in the case of ordered molecules
on the substrate. At 20◦ grazing and at 90◦ normal incidence the features belonging
to π∗ and σ∗ regions of the N K XA spectra, respectively, are much more pronounced,
for both the submonolayer and multilayer. This fits to a rather perpendicular and
parallel orientation of the π and σ orbitals to the surface, respectively, and hence to
a near-flat adsorption of the molecules.

There is a non-equal shape of the spectral features in the photon energy region
below 401.5 eV for 20◦ grazing and normal incidence. This is in agreement with a
contribution to the spectra of excitations into orbitals with σ∗ and π∗ character in this
energy region, as the mentioned calculations suggest. The slightly different line shape
of the N K XA spectra recorded at normal incidence for the two chosen coverages
points towards a weak contribution of electronic states originating from N orbitals to
the electronic interaction between the molecules and the substrate. In comparison to
substrate-induced modifications for other MP molecules adsorbed on ferromagnetic
substrates, the detected changes here at the N K XA edge are almost negligible [34].

Applying the formular 11 deduced in section 1.4.2 to the absorption intensities
recorded at an energy of 402.2 eV, an average tilt angle of (14 ± 8)◦ for the sub-
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monolayer and of (18 ± 8)◦ for the multilayer between the surface normal and the
molecular π∗ orbitals is calculated. The noise level of the spectra determines the error
in the obtained values. This non-zero result in the case of the submonolayer might be
either interpreted as an average tilt angle of 14◦ between the surface normal and pla-
nar porphyrin macrocycles or as a distortion of the macrocycle due to the interaction
with the substrate, which has been reported for Co-tetraphenylporphyrins on Ag(111)
[124]. Also the presence of more than one CoOEP species which are in direct contact
with the surface may explain this result. In such a scenario one part of the molecules,
being for instance located closely at step edges, may interact with the substrate to
such an extent that N π orbitals hybridize with electronic states of the surface [34].
For CoOEP in direct contact with a Ag(110) surface, for comparison, each molecular
macrocycle is tilted with respect to the metal surface by about 15◦ [113].

An almost identical line shape of the NK XA spectra for a coverage in the submono-
layer and multilayer regime at 20◦ grazing incidence strongly supports the picture of
physisorbed molecules in direct contact with the surface. The slightly less pronounced
angular dependence for the multilayer reveals a lower degree of molecular order within
the approximatly 3 ML thick CoOEP film compared to the submonolayer.

The strength of excitations of electrons from 2p levels into unoccupied 3d states at
the Co site also depends on the orientation of the E⃗ vector of the X rays regarding
the spatial orientation of the probed 3d states. The fine structure at the L3 absorp-
tion edge results from multiplet splitting of the individual multi-electron 3d orbitals
and is related to core-hole interactions, too. Such different peaks represent different
many body multiplet states. In order to interpret conveniently and illustratively the
differences of the fine structure at the L3 absorption edges, which occur at changing
measurement geometries, the angular dependence for an excitation into individual 3d
one-electron orbitals is helpful [46, 52]. Such an approach presents on the one hand a
simplification of the absorption process, but on the other hand allows an assignement
of the empty orbitals accessed by the excitations in a qualitative manner, without
going beyond the scope of this work. Being aware that spectral features never belong
to an excitation into a particular d-state hole, this comparison nicely shows that there
are in-plane and out-of-plane orbitals, which can be viewed by varying the detection
angle.

Figure 28 displays the calculated relative XA resonance intensity for the excitation
into the individual 3d one-electron orbitals as a function of incidence angle, according
to eq. 10. Thereby a tetragonal symmetry of the ligand field which constrains the Co
ions is assumed. Further a flat adsorption of the porphyrin molecules on the surface
is implied, which leads to a quantization axis z that is parallel to the surface normal.
The equivalent x and y axes define the surface plane. The 3d orbitals transform as
dx2−y2 , dxy, dxz, dyz, and dz2 , as dicussed in section 1.7. The spatial anisotropy of the
charge density among the orbitals causes the angular dependence of the XA intensity.
The two in-plane orbitals dx2−y2 and dxy show the same evolution of the intensity,
exhibiting a maximum for measurements at 90◦ normal incidence. The transition
intensity is lower at gradually more grazing detection angles, as the E⃗ vector possesses
thereby less and less an in-plane-projected component. The three out-of-plane orbitals
dxz, dyz, and dz2 exhibit accordingly an opposite behavior for the XAS intensity as a
function of angle. For the latter orbital this effect is more pronounced than for the two
others, as its charge density is mainly located along the z axis. At an incidence angle
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Figure 28: Angle-dependent XA intensities for excitations with linearly polarized X
rays of electrons from 2p into individual 3d orbitals. The quantization axis
z of the orbitals coincidences with the surface normal.

of 54.7◦ the XA intensity for all orbitals is the same, and the angular dependence
cancels out. A measurement at this angle, earlier defined as the magic angle, yields
the isotropic spectrum. Within the technical metering precision XA measurements at
55◦, as performed in the framework of this thesis, agree with that.

For isolated CoOEP, as mentioned in section 3.2, the dx2−y2 orbital is the highest
in energy and carries two holes. Another hole is located either inside the dz2 orbital
or carried by all the out-of-plane orbitals together. Now the earlier-mentioned fine
structure at the Co L3 XA edge, shown in Fig. 27, can be discussed in the context
of the Co electronic structure. The narrow peak at 777.5 eV is more apparent at 20◦

grazing incidence, where excitations into out-of-plane orbitals dominate, as shown
in Fig. 28. Conversely, the energetically higher-lying peaks are more pronounced at
normal incidence. At this measurement geometry excitations into in-plane orbitals,
like the dx2−y2 , contribute more to the spectrum as out-of-plane ones, like the dz2 .
Consequently the orbital occupation of the Co atom theoretically found is consistent
with the angular dependence and the energetic position between the components
building up the L3 edge. The degree of angular dependence is slightly lower for the
multilayer than for the submonolayer. This is in line with the results found at the N
K edge and supports the picture of less molecular order within the thin film than for
porphyrins in direct contact with the substrate.

In conclusion, CoOEP adsorbs almost flat in the submonolayer regime on HOPG
and a 3 ML thick film of porphyrins only reveals slightly less molecular order. The
3d states of the Co ions do not contribute to the molecule–substrate interaction; elec-
tronic states originating from the N atoms only to a very limited extent. The Co
electronic structure does not change upon adsorption. Moreover, the interaction be-
tween the porphyrins and the HOPG surfaces is weak, and the molecules physisorb on
the substrate. It shows the possibility to place porphyrin molecules on top of a surface
without changing their physical properties. This is interesting regarding the design
of prospective porphyrin-based molecular devices with well-defined characteristics,
independently of adsorbate–substrate interactions.

53



3 Metalloporphyrin molecules on surfaces

Figure 29: N K XA spectra of 0.4 ML CoOEP adsorbed on Cu(100). The measure-
ments were performed at RT and with p-linearly polarized light and an
angle of 20◦ (red line), 55◦ (blue line), and 90◦ (black line) between the
surface and the wavevector of the X rays.

3.3.2 Spatial spin density distribution of a hybrid molecule/metal system

This section deals with the electronic and magnetic properties of CoOEP in direct
contact with bare Cu(100) single crystal surfaces. The adsorption geometry of the
molecules and the modification of the Co electronic structure upon adsorption are
analysed by means of angle-dependent XA measurements at the N K and the Co L3,2

edges. Additionally, temperature-, angle-, and field-dependent XMCD measurements
at the Co L2,3 edges provide insight into the spin state of the Co ions and the spatial
distribution of the spin density at their site.

Figure 29 shows N K XA spectra of 0.4 ML CoOEP adsorbed on a bare Cu(100)
surface taken at RT. The spectra are recorded at 90◦ normal (black line) and at 20◦

(red line) and 55◦ (blue line) grazing incidence. They reveal a pronounced angular
dependence with a double peak structure, possessing two maxima at lower photon
energies of 399.0 and 401.2 eV, and broad resonances above 404 eV. The line shape
of the isotropic spectrum, measured at 55◦ grazing incidence, at which the angular
dependence of the molecular orbitals cancels out, features clear differences compared
to the spectrum of CoOEP bulk material (see Fig. 24) and to the one of CoOEP
adsorbed on HOPG (see Fig. 26). The most prominent is the stronger appearance
of the peak at higher photon energies for CoOEP on Cu(100) compared to the other
systems. This reveals a substrate-induced modification of the probed final state or-
bitals within the absorption process. Accordingly, it is very likely that electronic
states which originate from the N 2p states contribute to a relatively strong electronic
interaction between the molecules and the surface.

In order to enlighten the modification of the N K spectrum upon adsorption, some
results from literature are helpful. So it is known for octaethylporphyrin molecules in
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bulk that the exchange of the coordinated transition metal does not influence the N K
XA spectrum significantly [88, 110]. On the other hand, N K XA spectra of different
kind of metallotetraphenylporphyrin (MTPP) molecules in thin films [131, 132] reveal
similarities to the isotropic spectrum for CoOEP on Cu(100) shown here. In the low
photon energy range also two sharp peaks characterize the spectra. Moreover, the
energetically higher-lying feature is more pronounced, just as for CoOEP on Cu(100).
MTPP molecules are known to possess a slight saddle-shape conformation of the
macrocycle, which is therefore not planar [133]. These comparisons may indicate that
CoOEP on Cu(100) also exhibits a saddle-shape conformation.

For a similar system as the one studied here, FeOEPmolecules adsorbed on Cu(100),
it is known from STM studies that the porphyrins lie in a flat manner on the substrate
[88]. Accordingly, it is reasonable to assume that this is also the case for CoOEP on
Cu(100). Here, for measurements at the N K XA edge recorded at 20◦ grazing inci-
dence, spectral features below 404 eV are more pronounced. On the contrary, above
404 eV spectral contributions are more distinctive at normal incidence. This angular
dependence is similar as for CoOEP adsorbed on HOPG (see Fig. 27). However, at
lower photon energies it is comparatively less pronounced. Hence, the final state or-
bitals probed at low photon energies have rather π∗ character and the ones at higher
photon energies σ∗ character, as it is the case for CoOEP on HOPG.

Referring again to the comparison between the system studied here and MTPP
molecules, CuTPP molecules adsorbed on Cu(111) and FeTPP molecules on Ag(111)
show a similar angular dependence for measurements at the N K edge as the one
detected here [132, 133]. The remaining spectral intensity observed for CoOEP on
Cu(100) at normal incidence would therefore be consistent with a slightly buckled
shape of the porphyrin macrocycles as already suggested. Additionally, it is most
likely the case that in the low photon energy range also an excitation into an orbital
with σ symmetry contributes to the spectrum, just as for CoOEP bulk material.
Under the assumption of a flat adsorption of CoOEP, such a contribution should
be more prominent at normal incidence. Alternatively, new formed orbitals may be
probed in the absorption process, which leads to the detected spectral intensity for
measurements at normal incidence.

The impact of the mentioned interaction between the molecules and the substrate
on the electronic properties of the Co ions is dicussed in the following by means of
angle-dependent XA spectra of the Co L2,3 edges of 0.4 ML CoOEP on Cu(100). The
spectra are shown in Fig. 30 and belong to the same sample preparation as the ones
presented in Fig. 29. Measurements are also performed at RT and at 20◦ (red line),
55◦ (blue line), and 90◦ (black line) between the surface and the wavevector of the X
rays. The isotropic Co spectrum shows striking differences as opposed to the Co L2,3

XA spectrum of CoOEP bulk material (see Fig. 23) and of CoOEP on HOPG (see Fig.
27). The multiplet structure at the L3 edge is much less pronounced, so there is only
one peak with a maximum at 778.9 eV and a small shoulder at the low energy flank.
The contraction of the multiplett structure uncovers unambiguously a change of the
Co electronic structure upon adsorption of the porphyrins. The substrate-induced
modification of the N atoms, which form a coordination bond with the Co ions, is
in agreement with this result. Furthermore Co states may hybridize with electronic
states of the copper substrate.

The fine structure at the Co L3 edge reveals an angular dependence, as it is the
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Figure 30: Co L2,3 XA spectra of 0.4 ML CoOEP on Cu(100) recorded at RT and with
p-linearly polarized light and an angle of 20◦ (red line), 55◦ (blue line), and
90◦ (black line) between the surface and the wavevector of the X rays.

case for CoOEP on HOPG, too. At a detection angle of 20◦ grazing incidence, at
which final states with more out-of-plane hole density are probed, the shoulder at
777.6 eV is more distinctive and the main peak reduces in intensity. On the contrary,
for measurements at normal incidence, at which only final states with in-plane hole
density are probed, the main peak is more apparent and the shoulder at the low
energy flank is clearly diminished. Therefore, at lower photon energies the spectral
features at the Co L3 edge can be qualitatively assigned to excitations into out-of-
plane orbitals like the dxz,yz or the dz2 orbitals. Accordingly, the contributions to the
fine structure at the Co L3 edge at higher photon energies belong to excitations into
in-plane orbitals like the dx2−y2 or dxy orbitals.

With regard to the study of the magnetic properties of CoOEP adsorbed on Cu(100),
the XMCD effect is used in the following. It is based on the different absorption for
left and right circularly polarized X rays, as outlined in section 1.5. Since CoOEP
on Cu(100) represents a paramagnetic system, this effect is only observable at high
externally applied magnetic fields and at sufficiently low temperatures.

Fig. 31 displays helicity-averaged Co L2,3 XA (upper panel) and corresponding
XMCD (lower panel) spectra of 0.4 ML CoOEP on Cu(100). Helicity-averaged X-
ray absorption spectra present an average over the signals detected for positive and
negative helicity of the circularly polarized light while XMCD spectra represent the
according differences of the two signals. The spectra are recorded at 4.5 K and in an
external magnetic field of 5.9 T applied along the incident direction of the X rays.
The chosen measurement geometries are 90 ◦ normal incidence (black lines) and 35◦

grazing incidence (blue lines). In analogy to spectra recorded with linearly polarized
X rays, also helicity averaged spectra are sensitive to the unoccupied density of states.
The angle-dependent variance is less pronounced, though. Circularly polarized light
can be viewed as a combination of two sources of linearly polarized light with E⃗
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Figure 31: Helicity-averaged Co L2,3 XA (a) and corresponding XMCD (b) spectra of
0.4 ML CoOEP adsorbed on Cu(100). The measurements are carried out
at a temperature of 4.5 K and an external magnetic field of 5.9 T, which is
applied parallel to the wave vector of the circularly polarized light. Spectra
taken at 90◦ normal (black line) and at 35◦ grazing (blue line) incidence
are displayed.

vectors being rotated to each other by 90◦. Thus for all incidence angles always one
component of the E⃗ vector is parallel oriented to the surface plane.

The Co L2,3 edge XA spectra displayed in Fig. 31 are qualitatively in agreement
with the Co spectra presented in Fig. 30. Also here the spectrum recorded at normal
incidence reveals a main maximum at 778.9 eV and at the lower photon energies a
second spectral feature at 777.6 eV. For measurements at 35◦ grazing incidence, the
main peak is reduced and the intensity at lower photon energy increases. This is also
the case for measurements with p-lineraly polarized light under grazing incidence.
For both measurement geometries a considerable XMCD signal is detected. Their
existence proves the presence of a magnetic moment on the Co side. The features
which build up the Co L3 XMCD signal lie at the same photon energies of 778.9 and
777.6 eV as the ones of the Co L3 XA edge. Contributions to the Co L3 XMCD
spectrum measured at normal incidence have a positive and negative sign below and
above 777.9 eV, respectively. In contrast, the Co L3 XMCD spectrum recorded at
35◦ grazing incidence does not possess a zero crossing. The main contribution to the
spectra for both detection angles is the peak at 778.9 eV. The feature at lower photon
energies appears at 35◦ grazing incidence as shoulder of this main peak, and as small
peak with an inversed sign at normal incidence. Furthermore the Co L2 XMCD edge
is significantly smaller at grazing detection angles.

Fig. 32 shows the calculated XA intensity for excitations of 2p electrons into indi-
vidual 3d orbitals with helicity-averaged circularly polarized X rays as a function of
incidence angle (left panel), according to eq. 10. The corresponding expected XMCD
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Figure 32: Expected intensity of the XA (left panel) and XMCD (right panel) res-
onances as a function of the incidence angle for excitations from 2p into
individual 3d orbitals with the quantization axis along the surface normal.
A magnetic field is applied in parallel to the k vector of the circularly
polarized X rays. Zero magnetic anisotropy and magnetic saturation are
assumed.

intensity differences (right panel) are presented as well, according to table 2. Besides
the assumptions stated earlier, also zero anisotropy of the spin and orbital moment,
magnetic saturation, and a magnetic field applied along the wavevector of the X rays
are assumed for these XMCD intensity differences. For both, XAS and XMCD mea-
surements, the detection angle at which the isotropic spectrum is obtained amounts
to 35.3◦ grazing incidence. This is the so called magic angle for circularly polarized
light, which is different compared to the one for p-linearly polarized light of 54.7◦.
The functional evolution of the XA intensity for the individual 3d orbitals is the same
for p-linearly and for circularly polarized light. However, it is less pronounced in the
latter case. On the other hand, the XMCD contrast by changing the measurement
geometry is much higher. Thus, for measurements at normal incidence, the XMCD
intensity difference of the dxz,yz orbitals vanishes completely and the one of the dx2−y2

and dxy orbitals increases in intensity by 200% compared to measurements at the
magic angle. For excitations into the dz2 orbital the sign of the XMCD signal is even
inversed at normal incidence. For measurements performed at gradually more grazing
incidence than the magic angle, the in-plane orbitals dx2−y2 and dxy reveal a dimin-
ishing dichroism and the out-of-plane orbitals dxz,yz and dz2 an increasing one. For
the experimentally not feasible case of a grazing detection angle of 0◦, the XMCD
intensity difference is consequently maximum for the out-of-plane orbitals and zero
for the in-plane orbitals. The physical picture behind these drastic variations of the
expected XMCD intensity is based on the strongly anisotropic charge density of the
individual d orbitals, which leads to an inhomogeneous spatial distribution of the spin
density. This in turn can be viewed as a non-vanishing intra-atomic spin dipole mo-
ment that influences the XMCD intensity angle-dependently. According to this, the
application of the spin sum rule only yields the magnetic spin moment by averaging
over the results of three separate measurements along orthogonal directions. Alter-
natively, the evaluation of the spin sum rule for a single XMCD spectrum recorded
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nh = 3 nh = 2
α meff

S (α)/µB mL(α)/µB meff
S (α)/µB mL(α)/µB

35◦ (0.75± 0.05) (0.29± 0.03) (0.50± 0.03) (0.19± 0.02)
90◦ (1.47± 0.05) (0.19± 0.02) (0.98± 0.03) (0.13± 0.01)

Table 4: Experimental expectation values as a function of angle α of the orbital mag-
netic moment and the effective spin moment derived from sum-rule analysis
for 0.4 ML CoOEP on Cu(100), assuming nh = 3 or 2.

at the magic angle, provides the magnetic moment, considering magnetic saturation
and symmetries of D2h, C4v, as assumed here, or higher [46].
Referring again to the experimental results presented in Fig. 31, the Co L2,3 edge

XA and XMCD spectra, measured at 35◦ grazing incidence, represent in the technical
metering precision the isotropic Co XA and XMCD spectra, respectively. The Co
XA and XMCD spectra, recorded at normal incidence, carry additional information
about the in-plane hole and spin density.
A sum-rule analysis can determine the spin and orbital magnetic moments at the

chosen measurement conditions. In this context, it is necessary to know the number
of holes within the 3d shell in order to determine the magnetic moments, according
to eqs. 16 and 17. For CoOEP in bulk, the Co ions are in a +2 oxidation state and
hence there are 3 d holes. However, the molecule–substrate interaction for CoOEP on
Cu(100) may modify this and induces for instance a charge transfer from the surface
or the porphine ligand to the Co atoms. Here, a comparison of the energetic position
of the Co L3 XA edge for CoOEP bulk material (see Fig. 23) and for the isotropic
spectrum of CoEOP/Cu(100) is helpful. This is because the Co L3 peak position is
to some extent related to the amount of charge at the Co site [134]. There is a small
shift of spectral weight in energy at the Co L3 edge to lower photon energies for the
adsorbed porphyrins as opposed to CoOEP in bulk. This may indicate a reduction of
the Co ions.
The physical quantity which is obtained by applying the spin sum rule to XMCD

spectra which are not recorded at the magic angle, is the so called effective magnetic
spin moment. By assuming flat adsorbed molecules and an angle of incidence α be-
tween the surface plane and the k⃗ vector of the X rays, it is mathematically described
as [135]:

meff
S (α) = mS − 7 (mz

T sin
2(α) +mxy

T cos2(α))︸ ︷︷ ︸
mT (α)

. (29)

Thereby mS is the spin moment and the term 7mT (α) stands for the intra-atomic spin
dipole moment. A fourfold rotational symmetry of the molecules, leading to a uniaxial
anisotropy along the surface normal, is assumed, which implies (mz

T+2mxy
T ) = 0.

The results of the sum-rule analysis of the experimental spectra for meff
S (35◦) are

(0.75±0.05) µB or (0.50±0.03) µB assuming either three or two d holes, respectively.
These values are displayed in table 4 together with results for meff

S (90◦), which are
(1.47±0.05) µB in the case of nh = 3 and (0.98±0.03) µB for nh = 2. The integrated
helicity-averaged Co XA spectrum, recorded at the magic angle, is used as isotropic
intensity.
A second contribution to the magnetic moment of the Co ions is the angle-dependent

59



3 Metalloporphyrin molecules on surfaces

orbital moment mL(α). The orbital sum rule enables to determine mL(35
◦) to (0.29±

0.03) µB or (0.19 ± 0.02) µB, and mL(90
◦) to (0.19 ± 0.03) µB or (0.13 ± 0.02) µB,

assuming three or two d holes, respectively. Hence, the orbital moment is anisotropic.
The reason for this is the recreation of orbital moment by SOC. The crystal field,
which constrains the Co atoms, quenches the orbital moment at a first stage, and
only an additional mixing of eigenstates by SOC induces new states with anisotropic
orbital moments unequal zero [52], as dicussed in section 1.8.
For the XMCD measurements at 35◦ grazing incidence, the calculated effective spin

moments present within the measurement accuracy the Co spin moments. In the
case of three d holes, the Co ions may occupy the spin states S = 1/2 or S = 3/2.
In the former the spin moment per atom is one Bohr magnetons, and in the latter
it amounts to three Bohr magnetons. Under the assumption of two holes within
the 3d shell, the possible spin states are S = 0 and S = 1, with a spin moment
per Co atom of zero and two Bohr magnetons, respectively. The values of the spin
moment experimentally obtained are smaller than the ones listed above. Only for
the spin state S = 0 this is not the case, which can be, however, excluded from
the detection of a XMCD signal. Hence, the externally applied magnetic field at
the selected temperature is not sufficient to fully align the magnetic moments at the
Co site. The XMCD measurement technique detects a projection of the magnetic
moments onto the direction of the applied magnetic field and the k vector of the X
rays. Therefore the here obtained values present lower limits of the magnetic moments.
For the purpose of figuring out the saturated values of mS and meff

S (90◦), field- and
temperature-dependent XMCD measurements at the Co L3 edge for 35◦ grazing and
normal incidence are performed. By varying the external field at 4.5 K and chang-
ing the temperature at 5.9 T during the XMCD measurements, the Co L3 XMCD
resonance changes in height. The size of the integrated Co L3 XMCD signals can
be scaled to the ones of the spectra in Fig. 31. By doing so the behavior of mS and
meff

S (90◦) versus the external magnetic field at 4.5 K and versus the temperature at
5.9 T is found. Figs. 33 and 34 present the obtained experimental values for mS

( ) and meff
S (90◦) ( ). They are shown together with theoretically modeled field or

temperature dependences of the respective magnetic moments (black line formeff
S (90◦)

and blue line for mS).
In quantum mechanics the ground state of a paramagnet, with the total electronic

angular momentum J , within an externally applied magnetic field Bext is split into
(2J + 1) energy levels. This energetic contribution is called Zeemann energy. A
population of the energy levels follows the Boltzmann statistics, favoring an equal
population of the levels at elevated temperatures. The resulting relation between
the average magnetization M(T,Bext) and the saturation magnetization M0 can be
expressed with the help of the Brillouin function BJ(α):

M(T,Bext) =M0BJ(α), (30)

BJ(α) =
2J + 1

2J
coth(

2J + 1

2J
α)− 1

2J
coth(

1

2J
α). (31)

Thereby the argument α is gµBJBext/kBT , where g is the Landé factor and kB is
the Boltzmann constant. However, the relationship between M(T,Bext) and M0 in
equation 30 does not take into account magnetic anisotropy.
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Figure 33: Experimental expectation values of meff
S (90◦) and mS as a function of the

applied magnetic field, determined from the sum-rule analysis of the mag-
netic field dependence of the XMCD at the Co L3 edge. The temperature
was 4.5 K and the magnetic field was always parallel to the X-ray beam.
The blue and black continuous lines show the functional behavior of mS

and meff
S (90◦) versus magnetic field according to equation 30 for S = 1/2

andM0 = 1 µB per Co ion, where the latter is obtained by multiplying the
former with a scaling factor received from a fit.

With the help of this physical model, the expected magnetic spin moment can be
calculated at a temperature of 4.5 K and an applied magnetic field of 5.9 T. Here,
the contribution of the orbital moment to the magnetic moment is neglected. Thus
the spin moment is equal to the total electron magnetic moment, S = J , and a Landé
factor of g = 2 is assumed. For spin systems with S = 1/2 the magnetic spin moment
amounts to 0.71 µB, for S = 1 to 1.62 µB, and for S = 3/2 to 2.59 µB. A comparison
between those values and the experimental values of (0.50± 0.03) µB for nh = 2 and
(0.75± 0.05) µB for nh = 3 shows that there is an agreement within the error only for
S = 1/2. 1.62 µB in the case of S = 1 and 2.59 µB for S = 3/2 are by far bigger than
(0.50 ± 0.03) µB or (0.75 ± 0.05) µB. Contributions of the intra-atomic spin dipole
moment can not explain such findings, as they are zero for the measurement geometry
used for a determination of mS. This points strongly towards an S = 1/2 spin state
of the Co ions.

However, the total energy of a magnetic system may also depend on the direction
of the magnetization with respect to its geometry, as discussed in section 1.8. The
presence of a so called MCA, i.e., an energy required to alter the magnetic orientation
from the so-called easy axis to the so called hard axis, also leads to contributions
to the total energy besides the Zeemann interaction. In this context, an out-of-
plane anisotropy may lead to detections of lower mS values for XMCD measurements
recorded at the magic angle, where the external magnetic field has a bigger component
lying inside the surface plane. The physical phenomenom out-of-plane anisotropy
describes the fact that it is easier to align magnetic moments parallel to the surface
normal than perpendicular to it.

It is appropriate to assume a uniaxial anisotropy for CoOEP on Cu(100). This
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Figure 34: Experimental expectation values of meff
S (90◦) and mS as a function of

temperature, determined from the sum-rule analysis of the temperature
dependence of the XMCD at the Co L3 edge. The magnetic field was 5.9
T and always parallel to the X-ray beam. The blue and black continuous
lines show the functional behavior of mS and meff

S (90◦) versus temperature
according to equation 30 for S = 1/2 andM0 = 1 µB per Co ion, where the
latter is obtained by multiplying the former with a scaling factor received
received from a fit.

means that the x and y axes are equal and there is no preferential magnetization
direction inside the surface plane. The so-called Bruno model states that the MCA is
proportional to the difference between the orbital moments along the easy and hard
magnetization directions [67]. This implies also that the orbital moment is larger along
the easy magnetization axis. For the system under study here, mL(35

◦), which has
a bigger in-plane than out-of-plane component, is found to be higher than mL(90

◦).
This is independent of the number of d holes. Hence, the in-plane orbital moment
is bigger than the out-of-plane one. Consequently an in-plane anisotropy is expected
for CoOEP on Cu(100). This in turn would lead to the detection of a magnetic spin
moment at the magic angle higher than predicted by eq. 30. Therefore it is unlikely
that the smaller magnetic spin moments experimentally found in the case of the spin
states S = 1 and S = 3/2 can be explained by an anisotropy effect. For the sake of
completeness it has to be mentioned that the Bruno model presumes a large exchange
splitting. Furthermore, it assumes a negligible magnetic dipole term, the presence of
which may either strengthen or weaken the statement of Bruno [136]. To the best of
my knowledge there is no physical system for which the Bruno model is not valid,
even in cases where the magnetic dipole term can not be ignored [135].

Solid blue lines in Figures 33 and 34 display the magnetic spin moment versus the
magnetic field and the temperature for S = 1/2 according to equation 31 with M0

= 1 µB per Co ion. Slightly higher Co spin moments in the experiment compared
to the functional behavior of the theoretical model could be explained by an in-plane
anisotropy of the Co ions. This would be consistent with the higher in-plane orbital
moment of the Co ions.

The experimental data of meff
S (90◦) versus the applied magnetic field at 4.5 K and
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versus the temperature in an applied magnetic field of 5.9 T can now be fitted si-
multaneously to the functional behaviour of eq. 30. For that matter a potential
minor in-plane anisotropy of the Co ions is neglected. Furthermore, S = 1/2 en-
ters as an input parameter in addition to the assumptions stated earlier and again
the contribution of the orbital moment to the magnetic moment is neglected. M0

in eq. 30 is multiplied by an additional scaling factor in order to account for the
intra-atomic spin dipole moment. meff

S (90◦) can than be obtained from the fit. It
yields (2.12± 0.00) µB for meff

S (90◦) and accordingly (1.12± 0.00) µB for −7mT (90
◦).

Hence, mz
T is −(0.16±0.00) µB and mxy

T amounts to +(0.08±0.00) µB. The non-zero
intra-atomic spin dipole moment shows that there is an inhomogeneous spatial distri-
bution of the spin density. The detection of a bigger value for meff

S (90◦) than for mS

reveals that there is more spin density accumulated in-plane than out-of-plane. As
the SOC is relatively small for Co, the atomic charge density follows closely the spin
density. Therefore the unpaired electron occupies an orbital whose projected charge
distribution lies more in-plane than out-of-plane.

For reasons of comparison the value of −7mT (90
◦) for CuPc adsorbed on Ag(100)

has to be mentioned [125]. In this system the Cu ions are also in an S = 1/2 spin
state and the unpaired hole density lies parallel to the surface plane in the dx2−y2

orbital. −7mT (90
◦) amounts in this case to 1.88 µB, which is a bigger value than

for CoOEP on Cu(100). For the XMCD intensity of an individual in-plane 3d orbital
even a value of 2 µB is expected, as shown in Fig. 32. An explanation for a lower
value of −7mT (90

◦) for CoOEP on Cu(100) could be that the unpaired hole density
does not lie exactly inside the surface plane.

For isolated CoOEP molecules and for CoOEP in bulk it is know from literature
[53, 112, 113] that the out-of-plane orbitals dxz, dyz, and dz2 carry either together one
unpaired hole or only the dz2 does so. In contrast, the energetically highest lying d
orbital, the dx2−y2 one, is completely unoccupied and the dxy orbital totally filled. In
the case of such an electronic structure of the Co ions, the value of −7mT (90

◦) has
an inversed sign compared to mS, as shown in section 3.4.2. Hence the interaction
between CoOEP and the Cu(100) leads to a redistribution of the electrons within the
3d shell.

Discussing the physical scenario in the framework of individual 3d orbitals could
be as follows: The coordination of the Co ions to a surface raises the dz2 orbital in
energy. Additionally, a saddle-shape conformation of the porphyrin macrocycle lowers
the in-plane crystal field, as the metal ions are no longer constrained by four N atoms
which lie in a plane. Thus, the dx2−y2 and the dxy orbitals lie energetically lower and
the unpaired electron may occupy the dx2−y2 orbital.

In conclusion, the adsorption of CoOEP on Cu(100) induces a rather strong modifi-
cation of the N and Co electronic structure. The porphyrins adsorb flat on the surface
and the oxidation state of the Co atoms does not change. Furthermore the metal ions
remain in an S = 1/2 spin state, but there is a redistribution of the electrons within
the 3d shell. Upon adsorption the unpaired electron occupies an orbital whose charge
distribution lies primarily in-plane and not out-of-plane, as for isolated CoOEP. This
shows that the molecule–substrate interaction is important for the use of porphyrins
as molecular building blocks on surfaces. It affects the target-oriented architecture of
porphyrin-based devices on substrates concerning their electronic properties.
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3.3.3 Substrate-induced magnetic ordering

The electronic interaction between porphyrin molecules and surfaces can either be
weak or strong, as described in the last two sections. Thereby a substrate-induced
modification of the molecular electronic and magnetic properties may occur. Also
magnetic interactions between porphyrins and substrates are certainly of interest. A
feasible strategy to align the magnetic moments of paramagnetic molecules without
applying an external magnetic field is their adsorption on a ferromagnetic substrate.
Within this section, Co L2,3 XMCD spectra of CoOEP adsorbed on Ni films, grown on
Cu(100), are presented. The spectra were measured in remanence of the ferromagnetic
film. The focus of interest addresses a potential magnetic exchange coupling between
the Co and Ni spins. Also angle-dependent XA measurements recorded at the N
K edge of CoOEP on Ni/Cu(100) are shown, which provide information about the
adsorption geometry of the porphyrins. Additionally, these spectra are compared to
theoretically calculated ones of a Ni4-(CoOEP) cluster, as published in our recent
work [111]. This allows to gain insight into the formation of bonds at the molecule
substrate-interface.

First a potential magnetic interaction between the porphyrin molecules and the
Ni substrate is of interest. Therefore, Fig. 35 shows a helicity-averaged Co L2,3 XA
spectrum (a) and the corresponding XMCD spectrum (b) of 0.6 ML CoOEP adsorbed
on 12 ML Ni/Cu(100). The spectra are taken at normal incidence and at RT. A Ni
film on Cu(100) with such a thickness has an out-of-plane easy axis [137]. The spectra
are measured in remanence of the ferromagnetic film. The Co L3 XA edge possesses
a rather featureless line shape with a main maximum at a photon energy of 778.9 eV
and a pre-peak at the lower energy flank at 777.6 eV. The Co XMCD spectrum at
the L3 edge shows a main peak with a negative sign at the same energy as the XA
spectrum. At lower photon energies, a much smaller peak contributes to the spectrum,
which displays opposite XMCD contrast. The overall appearance of the Co L2,3 XA
and XMCD spectra resembles to a large extent the one of Co L2,3 XA and XMCD
spectra for CoOEP on Cu(100) also recorded at normal incidence (see Fig. 31). This
points towards a similar electronic structure of the Co ions for CoOEP adsorbed on
these two substrates.

The presence of a Co XMCD signal proves not only a 3d magnetic moment at
the Co site, but also a magnetic exchange coupling between the Ni magnetization
and the Co spins, since no external magnetic field is applied. The Ni L2,3 XMCD
spectrum of the ferromagnetic film underneath the porphyrins is shown in the inset
of Fig. 35 (a). As the Ni L3 XMCD signal has the same sign as the one of the Co L3

XMCD signal, the magnetic moments situated at these two elements point into the
same direction. Hence, it can be stated that the Co magnetic moments couple in a
ferromagnetic fashion to the magnetization of the Ni film. The magnetic exchange
coupling acts similarly to an external magnetic field on the Co spins. So, it stabilizes
the Co magnetic moments against their thermal fluctuations. The detection of an
XMCD signal even at RT reveals that the strength of the exchange coupling must
be relatively big. For CoOEP adsorbed on graphene- and oxygen-covered Ni films a
reasonable XMCD signal is detected only at temperatures lower than 125 K and 30
K [138, 139], respectively, as will be discussed in section 3.4.1 and 3.5.2. In contrast,
for MnTPPCl and FeOEP on bare ferromagnetic substrates significant XMCD signals
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3.3.3 Substrate-induced magnetic ordering

Figure 35: Co L2,3 XA helicity-averaged spectrum (a) of 0.6 ML CoOEP on 12 ML
Ni/Cu(100) and the corresponding XMCD spectrum (b), measured at nor-
mal incidence and 300 K. Inset: XMCD spectrum at the Ni L2,3 edges.

are found even at RT [33, 34, 127].

The out-of plane magnetization of the Ni film aligns the Co magnetic moments
accordingly. Thus, the isotropic Co XMCD spectrum is not detected which would be
only possible by pulling the Ni film magnetization away from its easy axis. This in
turn would require a high magnetic field. Hence, by making use of the XMCD sum
rules [49, 50], values of (0.52 ± 0.05) µB for the effective spin moment meff

S (90◦) and
of (0.11 ± 0.04) µB for the out-of-plane orbital moment mL(90

◦) can be given. It is
reasonable to assume here that the Co magnetic moments are not in saturation at
RT, although it can not be ruled out. Correspondingly, the application of the sum
rules only yields lower limits of the Co orbital and effective spin moments. For the
evaluation of meff

S (90◦) and mL(90
◦) using the sum rules, three d holes are assumed.

It is reasonable to do so, as nh = 3 for CoOEP on Cu(100).

In the following the electronic interaction between the CoOEP molecules and the
bare Ni surface is deeper analysed. To do so, Fig. 36 displays N K XA spectra of
0.8 ML of CoOEP on Ni/Cu(100). The measurements are performed at 90◦ (black
line) normal and at 20◦ (red line) and 55◦ (blue line) grazing incidence at RT. The
isotropic XA spectrum of the N K edge is obtained for the latter detection angle. It
reveals two local maxima at photon energies of 399.3 and 401.4 eV. This leads to a
double-peak structure similar as for CoOEP in bulk (see Fig. 24), while the energetic
separation between the peaks is 0.9 eV smaller for CoOEP on Ni. A comparison
of this experimental spectrum with a theoretically calculated one of a Ni4-(CoOEP)
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cluster allows to assign spectral features to particular probed final state orbitals [111].
The Ni4-(CoOEP) cluster simulates the adsorption of CoOEP on Ni/Cu(100) in the
submonolayer regime. The calculated spectra are generated by means of StoBe cluster
and DFT calculations [114]. According to the computations, mainly five excitations
contribute to the spectrum below a photon energy of 402.5 eV. So the energetically
lowest peak with a maximum at 399.3 eV belongs to three excitations that are very
close in energy. One of the final state orbitals being involved in these transitions is of
σ∗ type symmetry. It contains contributions of Co 3d, N 2p, and Ni 3d states. Within
the Ni4-(CoOEP) cluster the four nitrogen atoms sit on top of the four Ni atoms, such
that Ni 3d orbitals hybridize with the N 2p ones. The electronic interaction between
the Co ion and the nitrogen atoms is similar as for isolated CoOEP, and Co 3d orbitals
form a bond with N 2p ones. The final state orbitals of the other two excitations
which contribute to the energetically lowest peak are of π∗ type symmetry. 2p states of
carbon atoms of the macrocycle which are binding partners of the nitrogen atoms form
these orbitals with their 2p states, while only minor Ni 3d contributions are present.
Another final-state orbital of an excitation at the N K XA edge stems from such
an electronic interaction between these elements. The energetically higher excitation
peak at 401.4 eV is dominated by this transition. Furthermore, the molecule–substrate
interaction causes the increased spectral intensity between the two local maxima at
399.3 and 401.4 eV as opposed to the N K XA spectrum of CoOEP bulk material.
An excitation into a π∗ type orbital which possesses large Ni 3d and 4s contributions
with some N 2p admixture induces this additional spectral intensity. At higher photon
energies than 404.5 eV exclusively excitations into final state orbitals with σ∗ character
contribute to the spectrum. These orbitals are located at the core of the adsorbate as
well as at the periphery of the molecules according to the calculations. The spectrum
features in this energy region a main maximum at 406.6 eV.

Only antibonding orbitals are probed within the absorption process. The corre-
sponding occupied orbitals describe the physical bonding. Hence, knowledge about
the nature of the peaks which contribute to the N K XA spectrum allows to analyze
the electronic coupling between the Ni atoms and the CoOEP molecule. It can be
stated from the above assignment of the peaks that a bond between Ni 3d and N
2p orbitals contributes to the electronic intercation between the Ni surface and the
porphyrins.

As for CoOEP on HOPG (see Fig. 26) and Cu(100) (see Fig. 29), different con-
tributions of the spectra reveal a different angular dependence. At photon energies
lower than 404.5 eV the spectral features are more apparent at 20◦ grazing incidence.
In contrast, above an energy of 404.5 eV contributions to the spectra are more ap-
parent at normal incidence. This experimental observation is in agreement with the
differently assigned symmetry of final state orbitals being involved in the absorption
process. The angular dependence of theoretical N K edge XA spectra, which are
computed for flatly adsorbed porphyrins, reveals this behavior, too [111]. Hence, the
molecules adsorb flat on the surface. Below 404.5 eV the shape of the spectral fea-
tures at 20◦ grazing and at normal incidence is not fully identical. This goes well with
excitations into final state orbitals with π- and σ- type symmetry in this energy range.
Nevertheless, the contributions of excitations into π∗- type orbitals are predominant
with respect to the ones into σ∗- type orbitals. Further there is a remaining inten-
sity at around 401.4 eV under normal incidence. This hints at adsorbate–substrate
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3.3.3 Substrate-induced magnetic ordering

Figure 36: N K XA spectra of 0.8 ML of CoOEP adsorbed on 12 ML Ni/Cu(100).
The spectra are recorded at RT and 20◦ (red line), 55◦ (blue line), and 90◦

(black line) between the k-vector of the p-linearly polarized X rays and the
surface plane.

hybridization effects which cause transitions into final state orbitals with σ type sym-
metry at these energies. These interactions are not included in the theoretical cluster
model, with the help of which spectral features are assigned to particular probed final
state orbitals.

The results presented here are very similar to the ones of angle-dependent mea-
surements at the N K edge for FeOEP adsorbed on thin Co and Ni films on Cu(100)
from literature [88]. This points towards a similar electronic interaction between the
nitrogen atoms of the porphyrin macrocycle for CoOEP and FeOEP on Ni substrates.

Now, with a deeper knowledge about the electronic adsorbate–substrate coupling,
the magnetic exchange coupling mechanism between the Co spins and the Ni magne-
tization can be discussed. The basics about magnetic coupling can be found in section
1.9. A direct magnetic interaction between the Co ions and the substrate might be
an explanation for the experimental results. This would imply that there is a direct
electronic wavefunction overlap in space of Co and Ni orbitals which induces a direct
exchange coupling between the magnetic moments of these elements. However, also
an indirect coupling mechanism via the nitrogen atoms as reported for FeOEP on
Co and Ni thin films [34] may be possible. The similarity of angle-dependent N K
edge XA spectra for CoOEP and FeOEP adsorbed on a Ni surface supports this. The
characterisation of the electronic interaction between the CoOEP molecules and the
surface by means of a comparison between experimental and theoretical N K edge
XA spectra is helpful. It points towards an indirect coupling mechanism, as there is
an electronic coupling between Ni 3d and N 2p states and an additional electronic
coupling of the latter with Co 3d states. However, the exact exchange mechanism can
not be clarified without further calculations.
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Recapitulating, it is possible to align the Co magnetic moments of CoOEP molecules
by adsorbing them on top of a thin Ni film. A magnetic exchange coupling between
the substrate magnetization and the Co spins stabilizes them against their thermal
fluctuations. This allows, even at RT and zero external magnetic field, to gain control
over the Co magnetization. Regarding the design of porphyrin-based spintronic de-
vices, these results are interesting. The molecule–surface interaction modifies the Co
electronic structure, and N 2p orbitals hybridize with Ni 3d orbitals of the substrate.
The porphyrin molecules adsorb flat on the surface.
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3.4 Magnetic coupling across graphene

Graphene, a material with unique properties [140], is expected to complement todays
Si-based information technology with new and more efficient functions [15, 141–143].
It features desirable characteristics for spin electronic applications such as low intrinsic
spin-orbit interaction, high charge carrier mobility, as well as low hyperfine interaction
[14, 144], as outlined in the introduction. Of special interest is the interaction of mag-
netic molecules with graphene, as such a system presents a promising attempt towards
organic spin electronics due to the reduced conductivity mismatch at the interface.
The laterally extended π electron system of graphene exhibits molecule-like proper-
ties perpendicular to the plane, and metal-like electronic properties along the plane.
This makes graphene highly relevant for the design of hybrid metal-organic spintronic
materials. In such a system a bit is represented by a single molecular magnetic mo-
ment, which must be stabilized against thermal fluctuations [145]. Molecules interact
with graphene primarily by van der Waals forces, whereby the molecular properties
of the adsorbate, like its reactivity, are conserved. This permits a molecular design
of the adsorbate independent of its interaction with the substrate. Organic molecules
akin to the ones investigated here, FePc, in contact with a graphene-covered nonmag-
netic metal surface, have been observed to decouple electronically from the substrate
and to preserve their molecular electronic properties [146]. The ability to generate a
magnetic exchange coupling for a graphene-covered magnetic metal substrate has not
been shown yet.

In this section it is demonstrated that the magnetic moments of CoOEP molecules
adsorbed on graphene can be aligned by a remarkable antiferromagnetic coupling to a
Ni substrate underneath the graphene. This coupling is mediated via the π electronic
system of graphene, while no covalent bonds between the molecule and the substrate
are established.

In addition, the contribution of the orbital as well as the spin moment to the Co
magnetization is analysed in detail. Free transition metal atoms possess the highest
possible multiplicity and the largest orbital moment regarding Hund’s rules. Isolated
from each other, they still preserve these physical properties on alkali films due to the
localization of the 3d states [147]. But hybridization, a requirement for spin alignment
and magnetic coupling, as well as crystal field effects quench the orbital moment [148]
and can also affect the spin state. Not only the spin moment but also the orbital
moment decreases as the atomic coordination is increased passing from adsorbed
single atoms [149] to magnetically coupled transition metal atoms inside free [150, 151]
and adsorbed clusters [149], monoatomic chains [152], two-dimensional films [85], and
bulk. Thereby generally mS > mL is valid, as the orbital moment is more sensitive to
modifications of the crystal field [150]. Nonetheless, SOC can recreate an anisotropic
orbital moment [69], as explained in section 1.8. So values of mL/mS < 0.08 for
transition metals in bulk [153] have been reported. In planar organometallic complexes
even absolut values of mL as high as 0.20 µB on metal surfaces [125] and 0.53 µB

for molecular bulk material [135] have been observed. Further, the anisotropic mL

destines the alignment direction of magnetic moments of nanostructures at interfaces
[42], akin to metallic films [154] via the SOC.

The adsorption of metalloporphyrins which contain fourfold coordinated transition
metal ions on reactive ferromagnetic substrates can cause a substrate-induced mag-
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netic ordering of their unpaired spins due to an exchange coupling to the substrate,
as shown in section 3.3.3. The hybridization of the transition metal orbitals, enabling
the spin polarization, hampers the contribution to the magnetization of the orbital
moment, which is linked via the SOC to ms [33]. No particular interest has been paid
to the orbital moment within such systems so far, as its contribution to the central
ion magnetization was marginally.
Here, it is demonstrated that the Co ions of CoOEP on graphene/Ni reveal an

extraordinary huge in-plane orbital moment, despite their fourfold coordination, even
comparable in size to the spin moment. Such an equal distribution of orbital and spin
moment to the entire magnetic moment has so far not been reported for 3d transition
metals, whose orbitals are hybridized with the ones of neighbour atoms, enabling
the establishment of a magnetic exchange coupling. The orbital moment, which is
recreated by spin-orbit coupling, reveals a giant anisotropy in size of 489%.3

3.4.1 Physisorption versus substrate-induced spin polarization

In the previous sections it was demonstrated that porphyrin molecules may both
physisorb or chemisorb on single cristalline surfaces, depending on their reactivity.
It was even shown that it is possible to align the magnetic moments of CoOEP by
an adsorption of the molecules on bare ferromagnetic films, as an exchange interac-
tion is established between the substrate and the adsorbate. However, the electronic
structure of the Co ions is thereby modified due to the interaction between the por-
phyrins and the reactive magnetic surface. A strategy to achieve on the one hand a
substrate-induced magnetic ordering of the Co magnetic moments, without the need
of an externally applied magnetic field, and on the other hand to preserve the elec-
tronic properties of the CoOEP molecules, is their adsorption on a graphene-covered
Ni film. With the purpose of studying the adsorption geometry and the character
of CoOEP on a graphene-protected Ni surface, angle-resolved N and C K edge and
Co L2,3 XA spectra are shown in the following. Also temperature-dependent Co and
Ni XMCD measurements taken in remanence of the ferromagnetic film are presented
in order to gain insight into the magnetic properties of the porphyrin molecules and
to evaluate the coupling strength between them and the substrate. All experimental
results are discussed in the context of DFT+U calculations performed for the same
system by the collaborating group of Prof. Oppeneer. The combined experimental
and theoretical work is published in our recent work [139].
Figure 37 displays C K edge XA spectra of 0.7 ML CoOEP molecules on graphene/

Ni/W(110) recorded at 25◦ (red line) grazing and 90◦ normal incidence (black line).
In the photon energy range up to 289 eV, four π∗ resonances are present. The first
three with maxima at energies of 284.2, 285.0, and 285.7 eV are separately resolved
only in the spectrum recorded at grazing incidence (red line). The fourth at an energy
of 287.8 eV is also more apparent at grazing incidence. Above 289 eV, σ∗ resonances
contribute to the spectra. Up to 296.8 eV, the absorption intensity is higher for
grazing incidence with a maximum at 292.4 eV, while between 296.8 eV and 306.1
eV it is higher for normal incidence. The isotropic XA spectrum at the C K edge of
CoOEP bulk material (see Fig. 25) possesses very similar spectral features. The C K

3The written elaboration of this chapter is based on a publication [139] and one unpublished
manuscript [155] as well as respective supplementary informations.
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Figure 37: C K XA spectra of 0.7 ML CoOEP on graphene/Ni/W(110) measured at
300 K with p-linearly polarized light and an angle of 25◦ (red line) and 90◦

(black line) between the X-ray wave vector and the surface.

edge XA spectra of CoOEP on graphene/Ni/W(110) and a theoretical C K edge XA
spectrum of a free CoOEP molecule, calculated by StoBe cluster calculations by the
collaborating group of Prof. Hermann [111], also have an overall similarity to a great
extent. All this points towards a weak interaction between the CoOEP molecules and
the substrate. Following the last comparison, it is feasible to assign the π∗ resonances
to excitations from C 1s levels from carbon atoms within the porphyrin macrocycle.
On the contrary, the σ∗ resonance with a maximum at 292.4 eV is primarily caused by
excitations from C 1s levels from carbon atoms being part of the ethyl groups, which
are directly bonded to the macrocycle. The angular dependence of the π∗ resonances,
still visible for measurements at normal incidence, matches to a near-out-of-plane
orientation of the C π∗ orbitals. The angular dependence of the σ∗ resonance with a
maximum at 292.4 eV is an indication that the ethyl end groups are not aligned in
the molecular plane.

Angle-dependent N K edge XA measurements of 0.7 ML CoOEP on graphene/Ni,
presented in Fig. 38, were recorded at angles of 20◦ (red line), 55◦ (blue line), and 90◦

(black line) between the surface and the incoming X-ray wave vector. The spectra
feature a broad σ∗ resonance with a maximum at 407.0 eV, which is more dominant
at normal incidence, and two sharp resonances with maxima at 399.2 eV and 402.2
eV, being more visible at 20◦ grazing incidence. In the photon energy range up to
404.8 eV the shape of the spectral features is not fully identical for normal and 20◦

grazing incidence, similar as for CoOEP adsorbed on HOPG (see Fig. 26). Hence, the
spectral contributions do not belong to the same probed molecular orbitals at these
energies. Most likely, excitations at these energies into final state orbitals with π∗ and
σ∗ like shape as for CoOEP in bulk are one explanation for this phenomenon.

The dependence of the measurement geometry on the N K edge spectra as well as
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Figure 38: N K XA spectra of 0.7 ML CoOEP on graphene/26 ML Ni/W(110) mea-
sured at 300 K with p-linearly polarized light and an angle of 20◦ (red
line), 55◦ (blue line), and 90◦ (black line) between the X-ray wave vector
and the surface.

the above-mentioned angular dependence of the C K edge intensity fit to a flat ad-
sorption of CoOEP. The intensity in the lower photon energy range for measurements
under normal incidence at the N as well as at the C K edges can be explained, for
instance, by a slightly buckled shape of the porphyrin macrocycle. The N K edge
XA spectrum taken at the magic angle of incidence for p-linearly polarized X rays
(55◦, blue line), for which the dependence on the orientations of the molecular or-
bitals cancels out, closely resembles the N K XA spectrum of a polycrystalline bulk
sample shown in Fig. 24. This indicates again a weak interaction between the CoOEP
molecules and the substrate.

In our recent work [139], DFT+U calculations, including VdW corrections, of a
Co porphyin molecule on a graphene-covered Ni stack with a tickness of 3 ML, have
been carried out by the collaborating group of Prof. Oppeneer to shed light on the
adsorption geometry and characteristics of the adsorbate. The molecule is computed
to adsorb in planar geometry, with a slight bending of the macrocyclic rings towards
the surface. This is consistent with the presented results of angle-dependent XA mea-
surements. Further the Ni-graphene distance is 2.03 Å, while the graphene-metal ion
distance amounts to 3.26 Å. This last distance fits to a physisorption of the molecules,
conversely to a value of slightly more than 2 Å for chemisorbed metalloporphyrin on a
metallic substrate [129]. This theoretical result is in agreement with the experimental
findings.

For a study of the electronic and, in particular, the magnetic properties of the
active center of the molecules, a helicity-averaged Co L2,3 XA spectrum, taken with
circularly polarized light, is shown in Fig. 39 (a) together with the corresponding
Co L2,3 XMCD spectrum (b). The spectra are taken at 20◦ grazing incidence in
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Figure 39: Co L2,3 XAS (a) and XMCD (b) spectra of 0.7 ML CoOEP on graphene/26
ML Ni/W(110) measured at 70◦ grazing incidence at 30 K (green lines)
and 130 K (black line). Insets: (a) XMCD spectrum at the Ni L2,3 edges
(orange line) at 130 K showing opposite sign at the L3 and the L2 edges
compared to the Co XMCD spectrum. (b) Schematic top view of CoOEP
molecule and side view of the sample, where green, blue, and grey balls
represent cobalt, nitrogen, and carbon atoms, respectively, and hydrogen
atoms are omitted.

remanence of the Ni film with a thickness of 26 ML, possessing an in-plane easy
magnetization axis along the Ni [110] direction [156]. The unexpected detection of
a finite Co XMCD signal demonstrates on the one hand a net 3d magnetic moment
localized on the Co ions and on the other hand an unsuspected magnetic coupling
between the magnetization of the Ni layer and these Co moments, stabilizing them
against thermal fluctuations. The Co XA as well as the XMCD spectra exhibit a
particular finestructure at the Co L3 edge, which features a maximum at 777.5 eV
for both the XA and the XMCD spectra. A comparison to angle-dependent Co XA
spectra of thin ordered CoOEP layers, shown in section 3.2, and to angle-dependent
Co XMCD measurements of thin ordered CoPc molecules [112], which contain Co
ions in a very similar chemical environment as CoOEP, reveals a d7 low-spin state of
Co ions. The Co XMCD spectrum in Fig. 39 exhibits a positive excursion at the Co
L3 edge between about 777 and 781 eV, while its integrated signal is approximately
by a factor of 4.1 larger at 30 K than at 130 K. At the Co L2 edge at around 793.5
eV just a tiny negative XMCD signal is detected at the lower temperature. The Ni
XMCD signal of the ferromagnetic film underneath the graphene, which is displayed
in the inset of Fig. 39 (a), has an opposite sign compared to the Co XMCD signal.
This reveals an antiparallel alignment of the Ni and the Co magnetization.

By applying the XMCD orbital and spin sum rules [49, 50] to the Co XMCD
spectrum recorded at 30 K, orbital mL(0

◦) and effective spin meff
S (0◦) moments of

73



3 Metalloporphyrin molecules on surfaces

−(0.51±0.05) µB and −(0.87±0.05) µB, respectively, are detected. These values rep-
resent lower limits, since the Co magnetic moments are subject to thermal fluctuations
at finite temperatures. The in-plane magnetization direction of the thin ferromagnetic
film aligns the Co magnetic moments accordingly. Thus the Co magnetization lies
in-plane and is 20◦ off the wavevector of the X rays. This is considered when applying
the sum rules. Usually, in local low-symmetry environments, a crystal field quenches
the angular momentum [148], which, however, can be recreated by spin-orbit interac-
tion [69], as discussed in section 1.8. The contribution of the orbital to the entire Co
magnetic moment, which is here exceptionally large, is analysed in detail in section
3.4.2, where a more elaborate explanation is provided. The effective spin magnetic
moment matches to a low-spin S=1/2 configuration of the Co ions.

Next, the coupling energy Eex between the Co magnetic spin moment and the
substrate magnetic moments is evaluated. The theoretical model used for its determi-
nation is based on the temperature dependence of the Ni and the Co magnetization
and has been applied to similar systems before [35, 127]. Fig. 40 displays Co and Ni
L3 XMCD signals (squares and cycles), respectively, normalized to their extrapolated
saturation values and plotted vs. the temperature. It is obvious that the tempera-
ture progression of these relative Co and Ni magnetizations (MCo

r (T ),MNi
r (T )) differs.

Not only the experimental data are presented, but also a theoretically modeled tem-
perature dependence of the respective magnetizations (green and orange lines). The
progression of the relative Co magnetization MCo

r (T ) =MCo(T )/MCo
0 with tempera-

ture has been modeled by treating its behavior like the one of a paramagnetic moment
within an external field, where the latter simulates the magnetic coupling to the sub-
strate.

The relation between the average and saturation magnetization of a paramagnet is
given by the Brillouin function BJ(α) as explained in section 3.3.2. Within the scope of
a mean field approach [157] the magnetic coupling of the adsorbate to the substrate is
incorporated as an effective magnetic field Beff , acting on the Co magnetic moments.
The correlation of the thermal fluctuations of the substrate and adsorbate magnetic
moments determines how the temperature dependence of the substrate is taken into
account. Under the assumption that the fluctuations are strongly correlated, the
magnetic moments of the film and the molecules are pinned to each other regarding
their movement. In that case, the effective field Beff is proportional to the substrate
magnetization, since it is always experienced by the Co ions and can be written
as γµ0M

sub
0 . Thereby γ presents the molecular field constant. A lower substrate

magnetization at higher temperatures enters as a prefactor into the formula, while
gµBJ stands for the adsorbate magnetic moment µad:

Mad(T ) =Mad
0

M sub(T )

M sub
0

BJ(
γµ0µadM

sub
0

kBT
) →Mad

r (T ) =M sub
r (T )BJ(

Eex

kBT
). (32)

Thereby γµ0µadM
sub
0 can be interpreted as the coupling energy Eex. Assuming

that the fluctuations of the substrate and the adsorbate magnetic moments are not
correlated, only a time-averaged magnetic moment of the substrate acts on the ad-
sorbate magnetic moment. Under this assumption, the effective field Beff enters as
γµ0M

sub(T ) into the model:
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Figure 40: Temperature dependence of Co XMCD (squares: experimental data; green
full line: fit of Brillouin-type model) and Ni XMCD (cycles: experimental
data; orange full line: (1−T/TC)

β with TC = 630 K and β =0.365) for 0.7
ML CoOEP on graphene/Ni/W(110).
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Coming back to the system under study, the Co magnetization experimentally ob-
tained as a function of temperature can be fitted to both models. The Co saturation
magnetization and the coupling energy Eex, which is assumed to be temperature-
independent, are used as fitting parameters. Thereby the Ni magnetization is approx-
imated by a (1 − T/TC)

β law, with a Curie temperature of TC = 630 and a critical
exponent β = 0.365 [158]. The latter two values fit in fact to a description of a Ni bulk
sample and reveal, regarding these parameters, a rather three-dimensional magnetic
behavior of the Ni film with a thickness of about 26 ML. In any case, a completely cor-
rect theoretical simulation of the substrate magnetization at temperatures much lower
than TC would require to take into account, among other things, spin waves [157].
However, for a phenomenological discription the chosen model is accurate enough and
reproduces the experimental results.
As an exchange field acts only directly on the spin, J = 1/2 and a Landé factor

of g = 2 are assumed in the following. The detection of an orbital moment is a
result of spin-orbit coupling which indirectly aligns the orbital magnetic moment
[159]. The fit yields Eex = (1.8±0.5) meV for data acquired at temperatures between
30 and 130 K in the case of strongly correlated fluctuations of the adsorbate and
substrate magnetization. For un-correlated fluctuations a value of Eex is obtained
which differs just by 1%. Also a non distinguishable functional behavior of the Co
magnetization is observed. Hence, it can not be stated from the experimental data
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which model is more suitable. Nevertheless, it can be expected that the adsorbate–
substrate magnetizations are pinned to each other, implying a coupling that works
on a faster time scale than the respective fluctuations. This corresponds to the first
mentioned model, for which the relative Co magnetization is shown in Fig. 40. As
opposed to metalloporphyrins adsorbed directly on reactive ferromagnetic substrates,
the strength of the magnetic coupling across the graphene layer is comparatively small
[35, 127].

Hereafter, the electronic interaction between the Co 3d orbitals and the graphene-
protected Ni surface is investigated in more detail. To do so, Fig. 41 displays isotropic
Co L3 XA spectra, measured with p-linearly polarized light, of a CoOEP polycrys-
talline bulk sample (green line) and of 0.6 ML and 0.7 ML of CoOEP molecules
adsorbed on graphene/Ni/W(110) (blue line) and Ni/Cu(100) (brown line), respec-
tively. The samples of adsorbed CoOEP in the submonolayer regime are measured at
55◦ grazing incidence, while the one of the bulk material is recorded at normal inci-
dence. The spectra are vertically offset and the main maximum of each spectrum is
scaled on each other, in order to simplify a direct comparison. Three peaks at photon
energies of 777.5, 779.2, and 780.4 eV are building up the fine structure of the Co L3

edge for the bulk sample as well as for CoOEP on graphene/Ni/W(110). By means of
this line shape, a +2 valency and a d7 low-spin state of the Co ions is revealed by com-
parison to literature [110]. The conspicuous similarity of the two XA spectra evidences
a negligible interaction of the Co 3d electronic states and the graphene-protected Ni
surface. Conversely, CoOEP molecules adsorbed on a bare Ni surface exhibit a thor-
oughly changed Co L3 XA spectrum in comparison to the one of the bulk sample.
Here, the fine structure at the Co L3 edge features a main peak at 779.7 eV and a
shoulder at 777.6 eV. The multiplet structure is contracted compared to the poly-
crystaliine bulk sample, which unambiguously reveals a change of the Co electronic
structure [113] upon the adsorption of the molecules on the bare Ni substrate. Elec-
tronic states of the reactive ferromagnetic substrate hybridize with molecular states
for CoOEP on Ni/Cu(100), as shown in section 3.3.3. On the contrary, no covalent
bonds between the surface and the adsorbate are formed on the graphene-protected
Ni films. Nevertheless, in the latter case an antiferromagnetic coupling between the
Ni substrate and the Co ions is established.

By means of DFT+U calculations performed by the collaborating group of Prof.
Oppeneer and published in our lately work [139], insight can be obtained into the
mechanism and the path of the unexpected exchange coupling from the Ni top layer to
the Co metal center. The computation revealed also an antiparallel alignment between
the substrate magnetization and the Co spins, as well as a d7 low spin state of the
metal ions, which is consistent with the experimental findings. Lately, investigations
about graphene on Ni(111) have discussed six possible arrangements of the graphene
atoms on a Ni(111) surface [97–101]. The four most prominent ones are named as the
bridge-top, fcc-hcp, top-hcp, and top-fcc configurations, and are introduced in section
2.6. For these four configurations, among which the bridge-top one had been favored
by DFT calculations [98, 102], geometrical optimizations and ab initio calculations of
the molecule–substrate exchange interaction were performed.

It turned out that only the hcp-fcc and bridge-top adsorption geometry reproduce
the antiferromagnetic coupling between the Co spins and the Ni magnetization, while
the other two lead to a coupling of ferromagnetic nature. Moreover, the bridge-top
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Figure 41: Co L3 XA spectra of CoOEP bulk material (green line), of 0.7 ML CoOEP
on graphene/Ni/W(110) (blue line), both measured at 300 K, and of 0.6
ML CoOEP on Ni/Cu(100) (brown line), recorded at 100 K. The spectra
are taken with p-linearly polarized light at normal incidence for the bulk
material, and at 55◦ grazing incidence for CoOEP on graphene/Ni/W(110)
as well as on Ni/Cu(100). The main maximum of the spectra of the
bulk and CoOEP/Ni sample are scaled to the one of the spectrum of the
CoOEP/graphene/Ni sample, respectively, for comparison. The spectra
are vertically offset for clarity.

configuration reveals the smallest computed total energy. Therefore the bridge-top
geometry can be assumed to be the right one for CoOEP on graphene/Ni and its
results are further analyzed in the following. A small negative net spin density on
graphene of−0.001 µB per carbon atom was found, antiparallel to that of the Ni, which
is induced through hybridization of spin-minority Ni d with graphene p orbitals. The
π-bond between two carbon neighbor atoms is just directly located above an atom
of the first Ni layer. The upper and lower π-bond lobe show a negative and positive
magnetization density, respectively. Additionally, a small spin polarization sits on the
pyrrolic nitrogen atoms of +0.015 µB, being parallel to the Ni magnetization. On the
Co center of the molecules a negative magnetization density with a dz2-type shape is
found.

Being interested now in the exchange path, also the electronic interaction of the
porphyrin molecules with the substrate and in particular the amount of spatial overlap
of the short-ranged Co 3d and the macrocyclic π with the graphene pz orbitals is
of relevance. It turned out that the latter is small and the former even negligible,
which fits to the experimental finding of an identical isotropic Co L3 XA spectrum for
CoOEP on graphene/Ni and in a polycrystalline bulk sample within the measurement
precision. This excludes a magnetic exchange interaction between the Ni film and the
Co ions mediated directly via the graphene. Much more, the calculations uncover a
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weak superexchange interaction between the spin polarization of the Ni top layer and
the pyrrolic nitrogen atoms conveyed by the graphene. The second component of the
exchange path is a direct antiferromagnetic coupling between the spins on Co ions
and the N atoms inside the macrocycle.

DFT calculations concerning the magnetism of organometallic complexes on a
graphene sheet have been carried out [145], but without a stabilization mechanism
for the magnetic moments, leading to a paramagnetic behaviour of the system [160].
For a graphene sheet sandwiched by pure metal layers magnetism was predicted, too,
while an experimental validation has not been reported yet [161]. For the system stud-
ied within this section, the graphene layer hinders the formation of covalent bonds
between the molecules and the reactive Ni film, passivating the ferromagnetic sur-
face [162]. The advantage of an adsorbate electronically decoupled from the surface
allows to obtain a molecular design independently of the interaction between the sub-
strate and the molecules. Nevertheless, a coupling mechanism via the carbon atoms
of the graphene layer is established between the molecules and the substrate. This
is an essential ingredient for the use of paramagnetic molecules as building blocks of
a molecular spin electronics. On the contrary, for metalloporphyrins in contact with
bare and oxygen-covered magnetic substrates, a formation of covalent bonds is neces-
sary for generating a magnetic exchange coupling [34, 35, 126]. Our result encourages
the pursuit of spin-electronic devices such as spin qubits or spin field-effect transis-
tors by assembling planar para- magnetic molecules wired by graphene on a surface.
Electronic transport through the molecules or switching their magnetic properties, for
example, could be accomplished by taking advantage of the empty sixth coordination
place.

Recapitulating, a magnetic coupling across graphene, between the Co ions of CoOEP
and a Ni film, is for the first time observed, in spite of the physisorption of the
molecules on the substrate. The molecules adsorb flat on the graphene with a slightly
buckled shape of their macrocycle. The π systemes of the graphene sheet and the por-
phyrin macrocycle mediate an antiferromagnetic coupling between the half-filled dz2-
like orbital of the Co ions and the Ni surface. The perspective of joining a substrate-
induced spin polarization and a weak electronic interaction opens a new toolbox for
organic spin-electronic applications allowing the design of molecular functionalities
without the necessity of considering substrate interactions.

3.4.2 Huge and highly anisotropic orbital moments

In the previous section it was shown that the adsorption of CoOEP on graphene-
protected Ni films leads to a substrate-induced spin-polatization of the Co magneti-
zation. Thereby a lower limit of the in-plane Co orbital moment of (0.51 ± 0.05)µB

was found. In order to determine more precisely the contribution of the orbital mo-
ment to the Co magnetization, angle- and field-dependent XMCD measurements of
CoOEP adsorbed on graphene/Ni/W are presented in this section.

Fig. 42 displays Co L2,3 helicity-averaged XA spectra (a) and the corresponding
XMCD spectra (b) of 0.8 ML of CoOEP on graphene/25 ML Ni/W(110), taken at
4.5 K in an external magnetic field applied along the corresponding X-ray incidence
direction. Spectra recorded at 25◦ and 35◦ grazing and at 90◦ normal incidence are
presented. The Co XA and XMCD spectra feature a line shape qualitatively identical
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Figure 42: Co L2,3 helicity-averaged XA spectra (a) and corresponding XMCD spec-
tra (b) of 0.8 ML CoOEP on graphene/25 ML Ni/W(110) measured with
circularly polarized light at 4.5 K in a magnetic field of B = 5.9 T applied
along the X-ray incidence direction. Spectra taken at 25◦ (pink lines) and
35◦ (blue dashed lines) grazing and at normal (dark lines) incidence are
shown. The Co XA spectra are shifted vertically for clarity. Insets: (a)
Schematic top view of CoOEP molecule and side view of the sample. (b)
XMCD spectrum at the Ni L2,3 edges recorded at 35◦ grazing incidence.
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to the ones presented in section 3.4.1. The XA spectra exhibit a detailed fine structure
at the L3 edge, which possesses a pronounced angular dependence. A narrow sharp
peak at a photon energy of 775.5 eV is more prominent at 25◦ grazing incidence
and thus belongs to excitations into out-of-plane orbitals. The other, energetically
higher-lying peaks, are more apparent in the spectrum taken at normal incidence and
originate therefore from excitations into states with in-plane hole density. DFT+U
calculations revealed three holes within the 3d orbitals for the adsorbed CoOEP [139],
with the energetically highest b1g (dx2−y2) orbital being empty and an a1g (dz2) like
orbital half filled. Such, the energetic position between the components building up
the L3 edge and their angular dependence are in agreement with the orbital occupation
as obtained from computations. The Co L2,3 XA spectrum, measured under the magic
angle of 35◦ grazing incidence for circularly polarized X rays, at which the dependence
on the orientation of the molecular orbitals cancels out, represents thus the isotropic
spectrum.

The corresponding isotropic Co L3 XMCD spectrum features a main positive peak
at 777.5 eV and two local positive maxima at higher photon energies of 779.0 and
780.5 eV. Its signal obtained by integrating over the whole L3 edge has the opposite
sign than the one of the isotropic Ni L3 XMCD spectrum of the ferromagnetic film
underneath the graphene, shown in the inset of Fig. 42 (b). This reveals an antifer-
romagnetic coupling between the magnetization of the substrate and the magnetic
moments at the Co site stronger than the Zeeman interaction. The Co L3 XMCD
possesses an angle-dependent line shape, too, which is characteristic for a cobalt d7

low-spin system with such a crystal field as for CoOEP on graphene/Ni [88, 112, 138].
At 25◦ grazing incidence, the energetically lowest-lying peak at 775.5 eV is most pro-
nounced, and at normal incidence the feature at 780.5 eV is the most prominent, while
zero-crossings lead in this case to a fine structure with a double dip shape. The inte-
grated Co L2 edge XMCD signal reveals even a sign change as a function of angle. The
distribution of the spin density, being correlated to the distribution of the unpaired
electron density, explains the exceptional Co XMCD signal and, in particular, the
one measured at normal incidence. The presence of the Co XMCD signal stems from
density of unpaired 3d holes, which has mainly an out-of-plane distribution, while, to
the contrary, the in-plane unoccupied density of states is probed by the measurement
under normal incidence.

In order to gain insight into the alignment direction of the Co magnetic moments
within the exchange-coupled system, the effect of the external magnetic field applied
along different directions on the magnetization of the ferromagnetic film has to be
considered as well. Regarding this, Fig. 43 displays helicity-averaged Ni L2,3 XA (a
and b) and corresponding XMCD (c and d) spectra of the Ni film underneath the
graphene, recorded at 4.5 K with circulary polarized light at normal and 35◦ grazing
incidence, respectively. The spectra are from the same sample as the ones in Fig. 42
and are recorded in an external magnetic field of 2 T (full cyan and dashed orange
lines) and 5.9 T (dashed blue and full black lines) applied along the wavevector of
the incoming X rays. The existence of a Ni XMCD at both measurement geometries
reveals an alignment of the Ni magnetization into the direction of the applied magnetic
field.

The Ni XA spectra exhibit a minor difference in their line shape at the two detection
angles, which reflects an anisotropic hole density due to the reduced symmetry at the
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Figure 43: Ni L2,3 XAS (a and b) and corresponding XMCD (c and d) spectra as well
as Co L3 XMCD spectra (e and f) of 0.8 ML CoOEP on graphene/25 ML
Ni/W(110), recorded at 35◦ grazing (a, c, and e) and normal (b, d, and
f) incidence, respectively. The spectra are taken at 4.5 K in an external
magnetic field of 2 T (cyan and dashed orange lines) and 5.9 T (dashed
blue and dark lines) applied along the wavevector of the incoming X rays.
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Ni-graphene interface. A strain-induced change of the crystal field within the thin film
opposed to bulk might play a role, too, but the in-plane film stress is already small
for a 2 ML thick Ni film deposited on W(110) [163]. The line shape of the Ni XMCD
spectra recorded at different incident angles are not exactly the same. An explanation
might come from an anisotropic orbital moment as well as the anisotropically occu-
pied Ni 3d states generating an anisotropic spin density at the Ni site [46]. At both
detection angles, the size of the Ni XMCD is identical for the two different sizes of the
external magnetic field. This proves a virtually fully aligned substrate magnetization
at all chosen measurement conditions. The rotation of the Ni magnetization into the
direction of the applied magnetic field modifies correspondingly the alignment of the
antiferromagnetically coupled Co magnetization.
For the purpose of working out the competition between the Zeemann interaction of

CoOEP and the antiferromagnetic exchange to the substrate, Fig. 43 displays also Co
L3 XMCD spectra, which were measured at 35◦ grazing (e) and normal (f) incidence,
respectively, in an external magnetic field of 2 T (cyano and dashed orange lines)
and 5.9 T applied along the wavevector of the incoming X rays at 4.5 K. Evidently
the Co XMCD signals do not coincide in size at grazing, but at normal incidence.
This reveals that in the latter case the Co magnetization is equally aligned at the
two field strengths. On the contrary, at grazing incidence the counteraction of the
applied magnetic field against the antiferromagnetic coupling between the Co spins
and the magnetization of the Ni films is sufficiently large at 5.9 T to diminish the Co
magnetization by (17± 2)%.
Referring to the line shape of the angle-dependent Co XAS and XMCD spectra,

a comparison to results from Co phthalocyanine bulk measurements [112] allows to
conclude that the spin-orbit coupling mixes the ground state and the first excited
state of the electronic structure of the Co ions. This results in a non-vanishing hole
density at the eg orbital and a more than half filled a1g orbital, and thus creates an
in-plane orbital moment [69], as discussed in section 1.8.
An evaluation of the orbital and the spin moment can be carried out by applying

the XMCD sum rules to the angle-dependent Co XMCD spectra shown in Fig. 42 (b).
To this end, the integrated helicity-averaged Co XA spectrum taken at 35◦ grazing
incidence is used as isotropic intensity, the decrease of the Co magnetization by the
applied magnetic field is taken into account, as shown in Fig. 43 (e), and three holes
within the Co 3d orbitals are presumed. For flatly adsorbed molecules and an angle of
incidence α between the wave vector of the X rays and the surface plane, the orbital
moment experimentally measured is composed of two angle-dependent components.
To do so, a fourfold rotational symmetry of the molecules is assumed, which leads to
a uniaxial anisotropy along the surface normal [52]:

mL(α) = mz
Lsin

2(α) +mxy
L cos2(α), (34)

wheremz
L is the orbital moment in the direction of the z axis andmxy

L the average in the
x-y plane, respectively. The effective spin moment contains two contributions [135].
They are the intra-atomic spin dipole moment -7mT (α) and the spin moment mS (see
Eqs. 29). The former comes from an anisotropic spatial distribution of the spin density,
as discussed in section 3.3.2. The sample geometry implies that (mz

T + 2mxy
T ) = 0.

The magnetic moments evaluated from the sum rules are presented in table 5
as a function of α. For measurements recorded at the magic angle, meff

S (35◦) =
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α mL(α)/µB meff
S (α)/µB

25◦ −(0.80± 0.07) −(1.37± 0.10)
35◦ −(0.69± 0.06) −(1.00± 0.07)
90◦ −(0.19± 0.05) +(0.34± 0.05)

Table 5: Experimental expectation values of the orbital magnetic moment and the
effective spin moment derived from sum-rule analysis for 0.8 ML CoOEP on
graphene/25 ML Ni/W(110) as a function of angle α.

−(1.00 ± 0.07) µB is found, as expected for an S = 1/2 system in saturation. A
value of meff

S (25◦) = −(1.37 ± 0.10) µB and an even opposite sign for meff
S (90◦) =

+(0.34 ± 0.05) µB are obtained. Also the orbital moment exhibits a pronounced
angular dependence. The moment experimetally determined at normal incidence of
mL(90

◦) = −(0.19 ± 0.05)µB is much smaller than the ones measured at grazing in-
cidence: mL(35

◦) = −(0.69 ± 0.06) µB and mL(25
◦) = −(0.80 ± 0.07) µB. All the

magnetic moments experimentally obtained are shown in Fig. 44 as a function of α ,
combined with fits to these results following Eqs. 29 and 34.

The free parameters of the fits are mz
L, m

xy
L , mS, and mT (90

◦). The results are
summarized together with the orbital to spin moment ratio mxy

L /mS for an in-plane
magnetization in table 6. The value of −(0.19± 0.05)µB for the out-of-plane orbital
moment mz

L is much smaller than the in-plane orbital moment mxy
L = −(0.93 ±

0.07)µB, which means an exceptionally large orbital moment anisotropy of 489%.
Orbital magnetism of metallophthalocyanines on surfaces has already been studied,
while an anisotropy of mL in size of 500% was observed, but just for MPc molecules
on non-magnetic substrates and with much lower absolute values of up to 0.20 µB

for mL. Moreover, as a result of the fits, a spin moment of −(1.03 ± 0.07) comes
out, which is in agreement with the S = 1/2 spin state of the Co ions. Thus, the
highest ever found ratio mxy

L /mS = 0.90 in 3d complexes and compounds is observed,
despite the hybridization of Co 3d with molecular orbitals, which is necessary for the
magnetic coupling between the Co orbital moments and the Ni magnetization. In
literature, a value of mxy

L /mS = 0.83 was reported for an ordered FePc bulk sample
[135], but with lower values of 0.64 µB for the spin moment and 0.53 µB for the in-
plane orbital moment. The explanation for the huge in-plane orbital moment for the
CoOEP molecules adsorbed on graphene/Ni is provided by the almost degenerate eg
and a1g states. Spin-orbit coupling admixes them and creates a new state with an
anisotropic orbital momentum and a huge in-plane orbital moment [69]. Treating the
spin-orbit coupling as a second order perturbation effect, the in-plane orbital moment
thereby recreated is inversely proportinal to the energetic separation between the two
states, as discussed in section 1.8.

mz
L/µB mxy

L /µB mS/µB mT (90
◦)/µB mxy

L /mS

−(0.19± 0.05) −(0.93± 0.07) −(1.03± 0.07) (0.20± 0.05) 0.90

Table 6: Values of mz
L, m

xy
L , mS, and mT (90

◦) received from the fit of the XMCD sum
rule results to Eqs. 29 and 34, and the calculated orbital to spin moment
ratio for a Co in-plane magnetization.
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Figure 44: Angle dependence of the experimental expectation values of the orbital
magnetic moment mL (squares) and the effective spin moment meff

S (cir-
cles), shown together with fits to these results following Eqs. 34 (blue line)
and 29 (red line). Also mS is displayed (black line).

The fit further yields a value of (0.20± 0.05) µB for mT (90
◦), which is an unusually

big value. This extraordinarily large anisotropy of the intra-atomic dipole contribu-
tion within this low-symmetry system elucidates the sign change of the effective spin
moment as a function of angle. Theoretically it has been predicted that this occurs
for an unpaired hole in the dz2 orbital [46], which fits to the DFT+U calculations
of the group of Prof. Oppeneer, published in our recent work [139]. Nevertheless,
experimental verification of such a sign change does not exist in literature so far.

An even higher absolute value of 0.26 µB was found for mT (90
◦) in the case of 1 ML

CuPc adsorbed on Ag(100) [125] and an absolute value of (0.16±0.00) µB for CoOEP
in contact with a Cu(100) surface, as shown in section 3.3.2. However, in both cases
the intra-atomic spin dipole moment leads to a bigger absolute value of meff

S (90◦) than
mS, as in these cases the unpaired holes are located in in-plane orbitals. Then mT (0

◦)
is too small to inverse the sign of meff

S (0◦) as opposed to mS. For that reason no
sign change as a function of angle of the effective spin moment was observed in these
systems.

A non-zero value of mT (α) is based on an anisotropic spin density. Generally, this
effect is quite weak in the bulk, but in low-symmetry environments directional bonds
or crystal fields can produce an inhomogeneous spatial distribution of the spin density
from unpaired 3d electrons over the atomic unit cell [46]. It may be even present in
systems with Oh symmetry such as it is the case for first row transition metals in bulk
[164]. This is because an interplay between spin-orbit coupling and crystal field effects
can induce an atomic spin density which does not follow exactly the atomic charge
density.

On the basis of the results from the sum rule analysis, the reduction of the Co
magnetization at grazing incidence by applying an external magnetic field of 5.9 T
instead of 2 T can be further analysed. An in-plane easy axis, as suggested by the
anisotropy in size of the ComL, a result of the sum rules, and also reported for isolated
CoPc, which presents a similar system [165], would lead to the opposite behavior.
Assuming a lack of saturation in this case, the alignement of Co magnetic moments
versus magnetic fields is always higher for an in-plane than for an out-of-plane pointing
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Co magnetization. The same applies for different Zeemann energies in magnetic fields
applied along different directions due to the anisotropy of the orbital moment. Such
different Zeemann energies can not provide an explanation neither. The finding has
to be explained by an orbitally-dependent exchange interaction between the Co and
Ni spin moments that is magnetically anisotropic [166, 167]. This has already been
reported for single molecular spins of Cu-tetraazaporphyrin molecules with 8 4-tert-
butylphenyl substituents adsorbed on Fe3O4(100) [168] and of TbPc2 in direct contact
with thin Ni films [38].
The unusual emergence of significant orbital magnetism in the context of molecular

magnetism on surfaces, as found here for CoOEP on graphene/Ni/W(110) has so far
not been reported in literature and expands the research field of magnetic molecules
on substrates. The intrinsic source of magnetism in the case of an electron is its spin
magnetic moment mS, while its motion around the atomic nucleus is associated to
the orbital magnetic moment mL. While nature tries to maximizes mS as well as mL

for free transition metals, crystal field effects and hybridization, a requirement for
magnetic coupling, quench to a great extent mL and may also reduce mS due to the
formation of low-spin states. In magnetic materials of 3d transition metals the main
microscopic origin of the magnetization of an element are the spin moments, which
order by an exchange interaction, and the microscopic origin of magnetic anisotopy
is related to the anisotopy in size of the orbital moment. Interestingly, for the here
presented system, mxy

L and mS are of the same order of magnitude for the Co ions.
Since the CoOEP molecules are physisorbed on the graphene/Ni surface and the Co
electronic structure is not changed upon adsorption, the large value of the mxy

L for the
Co ions presents an intrinsic property of CoOEP. This result motivates further studies
regarding the magnetic anisotropy of pure CoOEP molecules or sytems containing
weakly interacting CoOEP molecules.
Recapitulating, it has been demonstrated that the magnetism of CoOEP molecules

adsorbed on a graphene-covered Ni surface features apparent anomalies. On the one
hand the Co magnetic moments are stabilized against their thermal fluctuations by
an antiferromagnetic exchange interaction between the Co spins and the substrate
magnetization, which necessitates a hybridization of the Co 3d states with molecular
orbitals. Generally such an interaction diminishes the contribution of mL to the entire
magnetic moment. Here, however, values of the same order of magnitude of −(1.03±
0.07) µB and −(0.93± 0.05) µB are found for the spin and orbital angular moments,
respectively, for an in-plane-aligned Co magnetization. The Co orbital moment is
recreated by SOC and reveals a giant anisotropy in size of 489%. Further, the indirect
exchange interaction between the molecules and the ferromagnetic film is magnetically
anisotropic. The almost out-of-plane density of unpaired holes at the Co site causes an
extremely anisotropic spin density. This leads to an intra-atomic spin dipole moment,
which surpasses the spin moment by a factor of 1.4 and induces a sign change of the
effective spin moment as a function of angle.
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3.5 Controlling the magnetization of adsorbed metalloporphyrins
by small adsorbates

Metalloporphyrins and metallophthalocyanines consist of a metal ion surrounded by
a planar tetradentate dianionic ligand, and two axial coordination sites being opposed
situated to each other. Generally, the metal center behaves as a local reactive site
due to its coordinatively unsaturated nature, which enables the control of its elec-
tronic and magnetic properties by external chemical stimuli. The interaction of MP
molecules, and here in particular CoOEP molecules, with surfaces has been up to now
the issue of the presented work. Among other things, this approach was inspired by
the functionality of MP molecules in biological systems. In nature, for instance the
protein hemoglobin, which contains as active group an Fe porphyrin, acts as carrier
of oxygen in the bloodstream by adsorbing it within the lungs and desorbing it to tis-
sues. XA studies about different metalloproteins in physiological solution have been
already reported [169]. Also the application of phthalocyanines and porphyrins in gas
sensors is based on the coordination of the corresponding molecule as axial ligand to
the active centre inducing measurable changes of electronic properties [170, 171]. In
the case that an axial ligand has already formed a coordination bond to the metal
ion, a second one can still do so, while a competition between the ligands starts. The
latter one withdraws electron density from the bond to the ligand in the opposite
coordination site. Such a phenomenon is called trans effect in organic chemistry [172,
173].

By placing the molecules on top of a solid surface, they get immobilized as required
for their use as molecular building blocks. By doing so, one of the axial coordina-
tion sites gets occupied by the substrate, while an electronic interaction between the
surface and the adsorbate can modify the molecular properties, as discussed in gen-
eral in section 3.3 and shown in detail for CoOEP adsorbed on HOPG, Cu(100), and
Ni/Cu(100). Thereby the second axial coordination site of MPs and MPcs still re-
mains free for additional ligands like, for instance, small molecules as carbon monoxide
(CO), nitrogen monoxide (NO), oxygen molecules (O2), or ammonia (NH3). Taking
advantage of that, these different chemical stimuli were used in order to coordinate to
FePc adsorbed on a Au(111) surface [174–176]. While doing so, the FePc molecules
get electronically decoupled from the substrate and the choice of the small adsor-
bate allows for tuning the extension of this effect. A change of the hybridization of
molecular and substrate states is accompanied by an adsorbate-dependent spin state
change. Such a process is called surface trans effect, where the surface–metal inter-
action is affected by another ligand, in analogous way to the trans effect. Even a
reversible switching of the interaction with the substrate has been achieved by a sub-
sequent thermal desorption of NO from Co, Fe, and Zn tetraphenylporphyrins (TTP)
on Ag(111) [177, 178] and of CO from Mn phthalocyanines on Bi(110) [123].

The adsorption of paramagnetic metalorganic molecules on ferromagnetic surfaces
is of special interest as shown in section 3.3.3 since thereby a magnetic exchange inter-
action between the adsorbate and the substrate can align the unpaired spin moments
of metalloporphyrins, stabilizing them against thermal fluctuations. Regarding this,
it was also demonstrated that by putting atomic oxygen as an intermediate layer
between metalloporphyrins and ferromagnetic substrates, an antiferromagnetic cou-
pling between the molecules and the surface can be established [35] and this even for
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self-assembled molecules [179]. Only very recently, and correspondigly later than in
refs. [138, 180], it has been observed by means of XMCD that such a spin polar-
ization of central metal ions of MP and MPc molecules provoked by an interaction
with ferromagnetic surfaces can be influenced by the gaseous ligands NH3 and NO. So
the coordination of NO to CoTPP/Ni, iron-tetraphenylporphyrin/Ni, and manganese-
tetraphenylporphyrin/Co reduces the spin moments at the central metal site without
destroying the magnetic order and reverses in the latter case even the sign of the
exchange interaction. On the contrary, the adsorption of NH3 on MnPc/Co sizeably
increases the aligned magnetic spin moments of the Mn ions [59]. Apparently, also a
tuning of such substrate-induced magnetic ordering in a reversible manner is desirable.
It has been demonstrated that an attachment of NH3 to nickel-tetraphenylporphyrin
on Co films [181] and of NO to CoTTP on Ni films [40] together with a subsequent
detachment of the small adsorbates leads to a reversible on-off and off-on switching
of the molecular spins, respectively. Following the labeling above, these observations
were called spin trans effect. However, within the last mentioned study, neither the
issue of NO-induced modifications on the Co L2,3 X-ray absorption (XA) spectra nor
their reversibility have been unequivocally addressed.

This section presents new strategies to control at finite temperatures the magneti-
zation of metalloporphyrins magnetically coupled to magnetic films by an attachment
and a subsequent thermal detachment of small adsorbates. Three different systems,
CoOEP adsorbed on graphene/Ni/W(110) as well as on oxygen-covered Ni films,
grown on Cu(100), and FeOEP adsorbed on O/Co/Cu(100) are used as starting point
in order to form nitrosyl and carbonyl complexes on the surface by dosing with NO and
CO, respectively. Then thermal energy is brought to the system in order to remove
the small adsorbates. The measurements were carried out at zero externally applied
magnetic fields in remanence of the thin ferromagnetic films. They have an easy mag-
netization axis in-plane along the [110] and [110] direction for graphene/Ni/W(110)
and O/Co/Cu(100), respectively, as well as an easy magnetization axis out-of-plane
for O/Ni/Cu(100) for the chosen Ni thickness of 8 ML. A substrate-induced ordering
for CoOEP adsorbed on graphene/Ni as well as for FeOEP on O/Co is already know
from studies presented in section 3.4 and from literature [35], respectively. Here, it is
shown for CoOEP on a ferromagnetic Ni film covered with an ordered c(2 × 2) layer
of atomic oxygen that the magnetization of the substrate and the spins of Co ions are
parallel aligned. This is the first report on a ferromagnetic coupling between paramag-
netic metalloporphyrins and a ferromagnetic substrate across an intermediate layer of
oxygen.

The uptake of NO and CO provokes different effects on the electronic properties and
the magnetism of the respective system. After dosing with CO on top of CoOEP/gra-
phene/Ni, the Co orbital moment is reduced. The coordination of NO to the Co ions
of CoOEP on O/Ni/Cu(100), in contrast, partially oxidizes the Co atoms compared
to the pristine state and the Co magnetization at 30 K is smaller than before dosing.
The adsorption of NO on FeOEP/O/Co neither changes the Fe spin state nor the Fe
orbital moment, but the strength of the magnetic coupling between the Co and Fe
spins.4

4The written elaboration of this section is based on three publications [111, 138, 180] and one
unpublished manuscript [155] as well as respective supplementary informations.
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Figure 45: Co L2,3 XA spectra of 0.9 ML CoOEP on graphene/21 ML Ni/W(110)
measured with p-linearly polarized light and an angle of 20◦ (a) and 90◦

(b) between the X-ray wavevector and the surface. In both subfigures, the
spectra are shown for the pristine state of the sample (dark green line),
recorded at 165 K, after dosing with 90 L of CO (red line), measured at 35
K, and after the desorption of CO (yellow dashed lines), recorded again at
165 K. The spectra after dosing are vertically offset for clarity.

3.5.1 Controlling hugh orbital moments by the chemical stimulus CO

In chapter 3.4 it is shown that the adsorption of CoOEP on a graphene-covered Ni
films leads to a substrate-induced order of the Co spins, which is of antiferromagnetic
type with respect to the Ni magnetization. At zero external magnetic fields, the in-
plane easy axis of the Ni film, along the [110] direction [156], enables an in-plane Co
magnetization. In this case, a huge orbital moment of −(0.93±0.05)µB resulting from
spin-orbit coupling, contributes to the Co magnetic moment, as discused in section
3.4.2. In order to manipulate the crystal field, which together with the spin-orbit
coupling determines the recreated orbital moment, and thus the Co magnetization,
the influence of an additional ligand to the Co ions of CoOEP on graphene/Ni is
investigated. This presents a new attempt for the manipulation of exchange-coupled
magnetic moments of organometallic molecules on surfaces. To this aim XAS mea-
surements at the Co L2,3 are presented in this section after dosing with CO on CoOEP
on graphene/Ni, which leads to the formation of CO-CoOEP carbonyl complexes on
the surface. For the purpose of testing the reversibility of CO-induced modifications
of the Co XAS signal, thermal energy is brought to the system to desorb the CO
molecules. A Co XMCD study is presented in order to figure out the impact of the
CO attachment on the in-plane aligned Co magnetic moments.

In Fig. 45, Co L2,3 XA spectra of 0.9 ML CoOEP on graphene/21 ML Ni/W(110)
taken with p-linearly polarized light are shown, which were recorded at 165 K (black
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lines), after dosing with 90 L of CO, recorded at 40 K (red lines), and after thermal
desorption of CO by a subsequent annealing of the sample to 165 K, measured again
at 165 K (yellow dashed lines). XA spectra measured at 20◦ grazing incidence (a) and
at normal incidence (b) are presented, where those of the pristine sample exhibit a
qualitatively identical lineshape to the helicity-averaged XA spectra taken with circu-
lar polarization and presented in Fig. 42. Unequivocally, lineshape modifications are
detected at both detection angles after dosing CO, which exhibits a formation of CO-
CoOEP carbonyl complexes on the surface. After CO uptake, the respective spectra
taken at normal and grazing incidence reveal at the Co L3 edge a main maximum
at a photon energy of 779.9 and 778.2 eV, respectively, both with local maxima at
the high energy flank. The restoration of the original lineshape at the two detection
angles after annealing the sample to 165 K reveals a subsequent thermal desorption of
the CO from the Co ions, proving the full reversibility of the process. A comparison
of the spectral intensity at around 777.5 eV of the Co L3 XA spectra recorded at 20◦

grazing incidence before and after dosing with CO reveals that a dosage of 90 L CO
is sufficient to at least coordinate to 90% of the Co ions a CO molecule, if not to all.

By making use of the charge sum rule [46] and opposing the results before and after
dosing with CO, a rise of the integrated intensity of the white line of (6 ± 3)% for
grazing incidence and a reduction of (5±3)% for normal incidence are obtained, respec-
tively. This demonstrates that after CO uptake, electron density is withdrawn from
out-of-plane orbitals and augmented at in-plane orbitals. These results are consistent
with CO acting as an additional axial σ-acceptor and π-donor ligand. In addition,
a shift to higher photon energies of the Co L3 XAS edge after CO attachement and
thus of spectral weight is detected for measurements at grazing incidence, while no
significant influence on the energetic position is observed at normal incidence. As a
consequence, the linear dichroism for the CO-CoOEP complexes is diminished. This
is in accordance with a coordination of CO to the Co ions, which modifies the rather
square planar shape of the crystal field (D4h symmetry) to a more tetragonally acen-
trically distorted one (C4v symmetry) [55]. Such a change pushes the Co 3d states with
out-of-plane charge distribution eg and a1g to higher energies. A fourfold coordination
of the Co atoms before dosing with CO can be assumed due to the negligible spatial
overlap of the Co 3d with the graphene pz orbitals, as discussed in section 3.4.1.

The branching ratio, defined as the ratio between the integrated XA white line
intensity of the L3 edge and the sum of the L3 and L2 edges, gets reduced for the
carbonyl complexes at grazing incidence from 0.80± 0.03 to 0.69± 0.03, but remains
equal for normal incidence (0.68 ± 0.03 vs. 0.67 ± 0.03). Under the assumption of
a negligible electrostatic interaction between valence electrons and the core hole, the
deviation of the branching ratio from the statistic value of 2/3 is proportional to the
angle-dependent part of the spin-orbit operator [182]. The anisotropic branching ratio
before dosing with CO is consistent with the large and anisotropic orbital moment, as
mentioned in section 3.4.2 and caused by an angle-dependent spin-orbit interaction
[183]. On the contrary, the rather isotropic branching ratio of the CO-CoOEP carbonyl
complexes indicates a smaller influence of the spin-orbit coupling on the ground state
of the electronic structure of the Co ions.

In order to work out the influence of the CO on the magnetic properties of the Co
ions, Fig. 46 shows Co L2,3 XA helicity-averaged spectra (a) of 0.9 ML CoOEP (dark
lines) and CO-CoOEP (red lines) on graphene/21 ML Ni/W(110) and the correspond-
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Figure 46: Co L2,3 XA helicity-averaged spectra (a) of 0.9 ML CoOEP (dark green
lines), taken at 125 K, and CO-CoOEP (red lines), measured at 40 K,
on graphene/21 ML Ni/W(110) and the corresponding XMCD spectra (b)
recorded at 20◦ grazing incidence and in remanence of the Ni film. In-
sets: (a) MCo

r (T ) and MNi
r (T ) derived from integrated XMCD signals

of CO-CoOEP/graphene/Ni (circles and squares, respectively) and pre-
sented together with the respective calculated progression (red line for
Co: MNi

r (T )BJ(α); green line for Ni: (1 − T/TC)
β with β = 0.365 and

TC = 630K). (b) Ni L2,3 XMCD spectra taken at 125 K and before dosing
CO.

ing XMCD spectra (b) recorded at 20◦ grazing incidence. The spectra belong to the
same sample preparation as the ones diplayed in Fig. 45 and are taken at 125 and
40 K before and after CO attachement, respectively. While the measurement results
regarding the line shape of the Co XA and XMCD spectra of the pristine sample
are in qualitative agreement with the respective ones presented in Fig. 39, the Co
XMCD signal is scaled up by a factor of 4 for reasons of comparability following the
temperature dependence of the system presented in Fig. 40. The Ni XMCD signal of
the ferromagnetic film, shown in the inset of Fig. 46 (b), possesses an opposite sign
compared to the Co XMCD signal, which again reveals an antiferromagnetic coupling
between the Co and Ni spins. Consistent to the CO-provoked modifications of the Co
L3 XA spectra taken with linearly polarized light, spectral weight is shifted to higher
photon energies in the helicity-averaged XA spectrum of the Co L3 edge, which pos-
sesses, after dosing CO, three local maxima at photon energies of 778.2, 779.8, and
782.1 eV. The integration the two Co XA spectra, which are measured 15◦ off the
magic angle, reveals a CO-induced increase by (2 ± 3)% of the white line intensity.
Taking into account this small raise, which is zero within the error bar, as well as
the CO influence on the white line intensity for different measurement conditions (see
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3.5.1 Controlling hugh orbital moments by the chemical stimulus CO

Fig. 45), it can be concluded from the charge sum rule [46] that CO adsorption does
not modify the oxidation state of the Co ions.

The nearly disappearing Co XMCD at the L2 edge before CO attachment, opposed
to the huge intensity at the L3 edge, manifests the large Co in-plane orbital moment of
the adsorbed CoOEP molecules. A non-vanishing Co XMCD signal for the carbonyl
complexes proves the presence of a magnetic moment at the Co site of the prophyrins,
and concurrently a magnetic coupling between these magnetic moments and the sub-
strate magnetization. The most salient alteration of the Co XMCD spectrum after
CO adsorption is a shift of spectral weight to higher photon energies at both the L2

and the L3 edges. This is accompanied by a change of the line shape of the latter,
which now exhibits a main maximum at 778.9 eV and two local maxima at 778.0 and
782.1 eV. Furthermore, a striking raise of the XMCD at the Co L2 edge after dosing
CO indicates a strongly diminished orbital moment. An application of the sum rules
[49, 50] yields lower limits of the Co magnetic moments, as they are subject to ther-
mal fluctuations. Correspondingly, the orbital and effective spin moments amount to
-(0.11 ± 0.02) µB and -(0.75 ± 0.05) µB, respectively, in the case of the CO-CoOEP
complexes. The latter result is consistent with a low-spin S=1/2 configuration of the
Co ions, considering the incomplete alignment of the Co moments due to thermal
fluctuations and being aware of the potential presence of an intra-atomic spin dipol
moment.

In order to extrapolate the absolute magnetic moments upon CO uptake, the tem-
perature progression of the Co and Ni L3 edge XMCD signals is investigated. In the
inset of Fig. 46 (a) the deduced relative Co and Ni magnetizations (MCo

r (T ),MNi
r (T ))

are displayed versus temperature together with their theoretical temperature pro-
gression. MCo

r (T ) is reproduced by the product of a Brillouin function and MNi
r (T )

following equation 32 with J = 0.5 and an exchange energy Eex of (1.4 ± 0.5) meV.
MNi

r (T ) is again, as in section 3.4, represented by a (1 − T/TC)
β law, with a Curie

temperature of TC = 630 K and a critical exponent β = 0.365 [158]. The exper-
imental and the theoretically modeled relative Co magnetizations agree to a good
extent. The extrapolated effective spin moment after the attachment of CO amounts
to −(1.43± 0.10) µB. Co porphyrins have a distinctive preference just to access low-
spin states, also in the case of a coordination of axial ligands to the Co ions, due to
the size of ligand fields of the porphyrin ligand. High-spin states have been reported
in literature only in the case of a weak in-plane ligand field as a result of additional
coordination of peripheral substituents to the macrocycle consisting of fluorine [184,
185]. Thereby a smaller spacing between the cobalt d-orbital energies allows the full
complement of spin states. The encountered deviation of −(0.43 ± 0.04) µB to the
expected spin moment of one Bohr magneton for a S=1/2 system, the difference be-
tween −(1.43±0.10) µB and −1 µB, can be interpreted as an intra-atomic spin dipole
moment. Further an extrapolated orbital moment of −(0.21±0.05) µB is found, com-
pared to −(0.93 ± 0.07) µB without CO, which means a reduction upon CO uptake
by (77± 6)% and hence a decrease of the total Co magnetic moment by (37± 3)%.

The explanation for the reduced Co in-plane orbital moment after adsorption of
CO derives from the altered Co electronic structure. The crystal field of the Co ions
gets modified, whereas both the spin as well as the oxidation state remain unchanged.
For CoOEP on graphene/Ni/W(110) a nearly energetic degeneration of the eg and
a1g states admixes them. Thereby a new state with an anisotropic orbital moment is
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formed and a huge in-plane orbital moment is created [69]. In the event of the carbonyl
complexes, the CO molecules coordinate as an additional axial ligand to the Co ions,
so that they push up the a1g state more efficiently in energy than the eg state [42,
55]. Treating the recreated in-plane orbital moment as a second-order perturbation
effect, it is inversely proportional to the energetic separation between the two states,
which is bigger for the CO-CoOEP complexes. Consequently, the Co in-plane orbital
moment decreases after dosing with CO. A CO-provoked reorganization of the Co 3d
orbital occupation, leading to a totally filled eg orbital, may also play a role, though.

To sum up, the electronic structure of the Co ions within CoOEP molecules ad-
sorbed on graphene/Ni can be controlled in a reversible manner by adsorbing CO to
the molecules and its subsequent thermal desorption. CO acts here as a chemical
stimulus. Thereby neither the oxidation state nor the substrate-induced magnetic
order are modified. The coordination of CO as additional axial ligand to the central
metal ions changes their crystal field, which, together with the spin–orbit coupling,
specifies the size of the IP orbital moment. CO adsorption lowers the Co orbital mo-
ment by (77 ± 6)%, and, under the reasonable assumption that the spin state does
not change, the total Co magnetization by (37± 3)%, for measurements taken in zero
external magnetic fields. These results show that it is possible to modify the magnetic
moments by a chemical approach in an exchange-coupled system of metalloporphyrins
adsorbed on surfaces not only by a variation of the spin moments but also by a change
of the orbital moments.

3.5.2 Switching the electronic properties of Co porphyrins by NO adsorption

Besides a control of the magnetization of paramagnetic porphyrin molecules magnet-
ically coupled to a ferromagnetic thin film by changing the size of the orbital moment
due to adsorption of small molecules, also a modification of the spin moments at finite
temperatures by external means within such a magnetically coupled system presents
an auspicious approach for tuning the molecular magnetization. To this end, it is
shown within this section by means of an angle-dependent XA study of the Co L3,2

edges that the electronic properties of Co ions of CoOEP adsorbed on an oxygen-
covered Ni film, grown on Cu(100), can be reversibly manipulated by the chemical
stimulus NO. Further, by means of an XMCD study at the Co and Ni L2,3 edges at
zero magnetic fields, a potential magnetic coupling between the Co spins and the sub-
strate magnetization before and after NO attachement is investigated with a special
focus on the NO-induced modifications on these physical characteristics. Addition-
ally, an angle-resolved XA study at the C and N K edges provides insight into the
adsorption characteristics and geometry of both the CoOEP and the NO molecules on
the surface. These experimental data are physically interpreted with the help of DFT
calculations of a Ni4O-(CoOEP) cluster used to simulate theoretical angle-dependent
C and N K edge XA spectra for a comparison.

First the investigation of the interaction between the oxygen-covered Ni film and
the CoOEP molecules and in particular the Co electronic structure is of interest. Also
the influence of dosing with NO on the physical properties of the system is studied.
For these reasons, Fig. 47 displays Co L2,3 XA spectra of 0.7 ML CoOEP on O/8
ML Ni/Cu(100) before dosing NO, after dosing with 28 L of NO, after a subsequent
thermal desorption of NO at 350 K, and after dosing once more with 14 L of NO,
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taken with p-linearly polarized light and an angle of 20◦, 55◦, and 90◦ between the
incoming X-ray wavevector and the surface. All spectra are recorded at 130 K.

Also the NO was dosed at this temperature in order to prevent its dissociation
on the surface. The temporal order of the data acquisition is specified by vertical
arrows. Once NO is adsorbed to CoOEP, spectral changes appear for each measure-
ment geometry. At the L3 as well as at the L2 edges spectral weight is pushed to
higher photon energies. This is apparent for measurements at 90◦ normal incidence
and even more distinctive for the ones at 20◦ grazing incidence. Further, a reduction
of the linear dichroism, i.e., the difference between the absorption spectra for different
incidence angles, as explained in section 1.4.2, is detected after NO uptake and a
smaller occurrence of the multiplet fine structure. In order to test the reversibilty of
the NO-induced changes, the system was heated up to 350 K. Then the temperature
was once more reduced for taking angle-dependent Co L2,3 XA spectra. As evidenced
by Fig. 47, the original lineshapes are restored at all detection angles, demonstrating
the complete reversibility of the process. Actually, by dosing once more with 14 L
of NO, it is possible to obtain the same spectral modifications of the lineshape and
so to carry out again the manipulation of the electronic properties, as shown by the
topmost curves in Fig. 47 (a)-(c). Angle-resolved XAS spectra recorded with linearly
polarized light at the C K edge reveal that CoOEP molecules adsorbs flat on the
oxygen-covered Ni surface as will be discussed later in this section. With the help of
this knowledge the Co L2,3 edge XA spectra are analysed.

The Co XA spectra of the pristine sample features two salient components forming
the fine structure of the L3 edge. One of them, a rather broad peak with a maximum
at 779.5 eV and two shoulders at 780.3 eV and 781.6 eV, is more pronounced in the
case of the spectrum recoded at normal incidence and therefore stems from excita-
tions into states with in-plane hole density. The other component is a narrow peak at
777.7 eV, appearing more strongly in the spectra recorded at grazing incidence and,
for this reason, originating from excitations into states with out-of-plane hole density.
The spectrum recorded at the magic angle of incidence of 55◦ for p-linearly polarized
light, and thus representing the isotropic spectrum, shows correspondingly features of
both the spectra recorded at normal and 20◦ grazing incidence, but less pronounced.
In the case of the pristine sample, the spectra recorded at the three different angles
of incidence resemble to a good extent those of a thin ordered film of CoOEP, shown
in Fig. 27. Also a comparison of the results presented here to the ones of thin films of
CoPc, revealing for bulk material a similar Co L2,3 XA spectrum as for CoOEP [110],
and to the corresponding multiplet calculations of the Co L2,3 edges [53, 112] show
similarities. For that reason it can be concluded that the crystal field which constrains
the Co atoms is not strongly modified upon adsorption. Further, the Co ions retain
their oxidation state which they have in isolated CoOEP, despite the interaction with
the substrate. For an isolated CoOEP molecule, DFT calculations yielded a low-spin
state and a 2+ valency of the Co ions [113]. Following this comparison and consid-
ering the angular dependence and the energetic position between the fine-structure
components of the Co L3 edge, an assignment of the empty orbitals accessed by ex-
citations of the 2p core-level electrons can be qualitatively made. Corresponding to
crystal field theory, the 3d orbitals of the Co ions transform as a1g (dz2), b1g (dx2−y2),
b2g (dxy), and eg (dyz,xz), which is expected for flatly adsorbed CoOEP molecules, too.
The energetically highest lying state b1g (dx2−y2) is empty and the a1g (dz2) one carries
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Figure 47: Co L2,3 XA spectra of 0.7 ML CoOEP on O/Ni measured with p-linearly
polarized light and an angle of 20◦ (a), 55◦ (b) and 90◦ (c) between the
X-ray wavevector and the surface at 130 K for each NO dosage step. From
the bottom to the top the spectra are shown for the sample in the pristine
state, after dosing with 28 L of NO, after ensuing desorption of NO by
heating to 350 K, and after dosing again 14 L of NO. The spectra are
shifted vertically for clarity.

an unpaired hole. Hence, the former can be associated with the energetically higher-
lying broad peak with a maximum at 779.5 eV, and, on the other hand, the latter
with the narrow peak at 777.7 eV. Yet the a1g (dz2) and eg (dyz,xz) states could also
together carry one hole according to the mentioned multiplet calculations. Supposing
this, excitations into the dyz,xz orbital would also contribute to the spectra taken at an
incidence angle of 55◦ and 20◦. An angle-dependent XA study at the Co L2,3 edges of
CoOEP adsorbed on an oxygen-covered Cu(100) surface revealed an almost identical
lineshape as for the system studied here, indicating in both cases a small electronic
coupling between the Co ions and the substrate [88]. By contrast, for CoOEP on a
Ag(110) and Ag(111) surface [113, 130], a direct electronic interaction was observed,
which partially reduces the Co2+ ions.

By integrating the white line intensities of the isotropic Co L2,3 XA spectra, before
and after dosing with NO, and making use of the charge sum rule [46], a reduced
electron density at the Co site is discovered after the NO attachement. The intensity
raises by (10±2)% and hence the number of holes of the Co ions within the 3d shell.
Carrying out the same integration for the Co L2,3 XA spectra taken at normal and 20◦

grazing incidence reveals a respective increase of the white-line intensity by (8.5±2)%
and (12±2)%. This demonstrates that, due to the coordination of NO, more electron
density is extracted from out-of-plane than from in-plane Co orbitals. The offset of
spectral weight to higher photon energies of the Co XA spectra after the formation of
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the nitrosyl complexes is in accordance with a lower electron density at the Co site.

The removal of a non-integer charge away from the Co ions can be comprehended
within the charge transfer multiplet model, in which the ground state is constructed
by mixing Co ions with a different valency and the according electrons or holes in the
ligands. Within such a concept, the contraction of the multiplet structures after the
coordination of NO can be understood as a consequence of such charge transfer effects,
which are induced by charge fluctuations in the initial and final states participating
in the absorption process [186]. Thus a NO-provoked reduction of charge at the site of
the Co ion causes a minor pronounced multiplet structure. In conformity with crystal
field theory [55], the observed reduction of linear dichroism after the formation of the
nitrosyl complexes indicates a change of the crystal field acting on the Co ions, which
exhibits then a less tetragonally acentric distorted shape (C4v symmetry), but rather
approaches a more octahedral one (Oh symmetry). This alteration of the symmetry
is consistent with the detected redistribution of spectral weight, the shift to higher
photon energies of the Co L2,3 XA edges, in particular for measurements at grazing
incidence compared to the ones at normal incidence. NO, which acts here as additional
axial ligand to the Co ions, causes a shift to higher energies of 3d states with an out-
of-plane charge distribution eg and a1g, whereas it has just a minor influence on states
with an in-plane charge distribution b1g and b2g.

A potential magnetic interaction between the porphyrin molecules and the Ni film
could couple the Co spins to the substrate magnetization before and after NO attach-
ment. For the purpose of testing this, Fig. 48 shows Co L3 (a) and Co L2 (b) XA
spectra recorded with circularly polarized light at zero external magnetic fields. They
are taken at normal incidence and 30 K and are part of the same measurement series
as the ones of Fig. 47. Co L3 (a) and Co L2 (b) XA spectra with different line shapes
are discovered for magnetizations of the sample being parallel and antiparallel to the
direction of the photon angular momentum of the incoming X rays. This applies to
results for the pristine sample (dark and dotted blue lines) as well as to the ones
after dosing with 28 L of NO (orange and dotted magenta lines). Additionally, Fig.
48 (d) diplays the corresponding XMCD difference spectra, whose presence for the
CoOEP molecules as well as for the NO-CoOEP nitrosyl complexes proves a magnetic
moment on the cobalt ions and a magnetic coupling between these moments and the
ferromagnetic Ni film. The energetic positions of the Co L2,3 XMCD signals before
(black line) and after (red line) dosing with NO are nearly the same, whereas the Co
XMCD signal after dosing is about a factor of two smaller than before dosing.

The zero crossings of the XMCD signal of the pristine sample at both the L3

edge and the L2 edge leads to a rather atypical line shape of the XMCD spectrum,
taken under normal incidence. This is known to appear in other Co d7 low-spin
systems in an environment with C4v or D4h symmetry [88, 112, 139]. As the spectrum
displayed does not represent the isotropic XMCD, it carries additional information
about the distribution of the spin density, being correlated to the distribution of the
unpaired electron density. Hence, the characteristics of its line shape can be better
comprehended by the circumstances that the XMCD signal stems from the density of
unpaired 3d holes, which features mainly an out-of-plane distribution, while on the
other hand the in-plane unoccupied density of states is probed by the measurement
under normal incidence. Due to the small Co XMCD signal, a sum rule analysis can
not be performed within reasonable accuracy.
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Figure 48: Co L3 (a) and Co L2 XA spectra (b), which are recorded at 30 K at
normal incidence with circularly polarized light and a magnetization of the
sample being parallel and antiparallel to the direction of the photon angular
momentum of the incoming X-rays before (continuous dark and dotted blue
lines) and after dosing 28 L of NO (continuous orange and dotted magenta
lines), and corresponding XMCD spectra (d) before (black line) and after
(red line) dosing with 28 L NO of 0.7 ML CoOEP on O/Ni. Spectra are
shifted vertically for clarity. (c) XMCD spectra at the Ni L2,3 edges before
(full black line) and after (dashed red line) dosing NO.

Figure 48 (c) shows the XMCD spectrum of the Ni film before dosing with NO (black
line), which possesses a negative signal at the L3 edge. Interestingly, the cobalt XMCD
signal also presents predominantly a negative signal at the L3 edge. This observation
verifies a ferromagnetic coupling of the molecules to the ferromagnetic film through
the intermediate layer of atomic oxygen. The fact that the Co XMCD signal at the
L2 edge exhibits in overall terms the same sign as the one at the L3 edge is not in
contradiction with this conclusion, having in mind the results of the XMCD study
about CoOEP on graphene/Ni (see section 3.4.2). By way of comparison, the coupling
strength must be small, as at temperatures higher than 30 K no significant XMCD
signal could be detected, in contrast to, for instance, Fe-octaethylporphyrin molecules
(FeOEP) on ferromagnetic substrates [34, 127].

Pondering about the mechanism behind this exchange coupling, the intermediate
layer of atomic oxygen casts into doubt a direct magnetic interaction between the
Co ions and the substrate. On the contrary, an indirect magnetic coupling medi-
ated via the oxygen atoms appears to be very likely, and has already been found for
manganese tetraphenylporphyrin chloride (MnTPPCl) and FeOEP on oxygen-covered
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3 Metalloporphyrin molecules on surfaces

ferromagnetic metal surfaces. Along such an exchange path, a 180◦ superexchange
interaction can establish an antiferromagnetic coupling between the paramagnetic
metalloporphyrins and the spins of the substrate [35, 179]. However, a ferromagnetic
double exchange interaction across an oxygen layer has been theoretically predicted,
too [187]. The latter could provide an explanation for the ferromagnetic coupling be-
tween the spins of the Ni substrate and the ones of the Co ions of the porphyrin
molecules. Basics about the double exchange mechanism are presented in section 1.9.
Certainly, also a magnetic exchange mechanism mediating the coupling between the
magnetization of the substrate and the magnetic moment of the Co ions across the
atomic oxygen by the π system of the porphyrins can not be ruled out.

For the purpose of testing the implication on the magnetic properties of the Co ions
after dosing with NO, the influence of the NO adsorption on the magnetization of the
Ni substrate has to be considered as well. Therefore Fig. 48 (c) displays the Ni XMCD
spectrum after dosing with 28 L of NO (red dotted line). From virtually identical Ni
XMCD spectra for the pristine sample and after dosing with NO follows a negligible
impact of NO on the magnetism of the Ni film, which appears to be protected by
the oxygen adatoms, whereas upon the attachment of NO the Co XMCD signal, as
remarked before, is lowered by about a factor of 2. Hence, the spin of the Co ions can
not be zero as the XMCD signal does not disappear, similar as for NO coordinated
to CoTPP on Ni [59]. The decrease of the XMCD is in qualitative accord with the
partial oxidation of the Co ions described above. Due to the fact that the XMCD
tests the local spin polarization at the site of the Co core, the net transfer of non-
integer charge away from the metal ion induced by the coordination of NO could lead
to a smaller XMCD signal if the low-spin state is maintained, since then the a1g (dz2)
state would be less than half filled. The distinctive preference of Co porphyrins not to
access high spin-states [184, 185], as mentioned in the previous section 3.5.1, strongly
supports this idea. Following this argumentation, the partial oxidation of the Co ions
leads to a reduced Co spin moment. Unfortunatly, due to the small Co XMCD signal,
a sum-rule analysis can not be performed within reasonable accuracy. Further, an
NO-induced modification of the XMCD line shape at the high-energy flank of the
L3 peak points towards an electronic change of the in-plane orbitals provoked by the
coordination of NO. An additional contribution to the reduction in XMCD signal
might come from the influence of the small adsorbate on the strength of the magnetic
coupling between the Co ions and the Ni film. The latter might be reduced in size
after the formation of the nitrosyl complexes, which would cause a lower XMCD signal
at finite temperatures, too.

In order to rule out that the remaining Co XMCD signal upon NO exposure is
just due to uncovered Co sites, Fig. 49 presents Co L2,3 XA spectra of different
dosage steps, which belong to the same preparation as the ones of Fig. 47. They
are measured at 130 K under normal incidence before dosing NO (black line), after
dosing 14 L NO on the pristine sample (blue dashed line) and after dosing another
14 L NO (red line). The data definitely reveal that a dosage of NO higher than 14 L
does not induce further spectral changes of the Co L2,3 absorption spectra, and that
the sticking coefficient of NO for an adsorption on CoOEP is high enough to ensure
that all CoOEP molecules are coordinated by NO. A higher dosage of 28 L has been
used for the first NO adsorption in the presented study in order to make sure that
the NO adsorption to the Co ions is saturated.
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Figure 49: Co L2,3 XA spectra of 0.7 ML CoOEP on O/Ni recorded under normal
incidence with linearly polarized light at 130 K for in the pristine state,
after dosing with 14 L of NO, and after dosing another 14 L of NO.

Next, insight into the adsorption geometry and the electronic structure of 0.7 ML
CoOEP on O/Ni/Cu(100) is gained with the help of C K XA spectra presented in
Fig. 50 and taken at a temperature of 140 K at 90◦ normal (dark line) and at 20◦ (red
line) and 55◦ (blue line) grazing incidence. The spectra show four π∗ resonances with
maxima at photon energies of 284.1, 285.0, 285.7, and 287.7 eV as well as contribu-
tions in the σ∗ region above 289 eV with a maximum at 292.5 eV and a broader peak
at higher energies. In the π∗ region, spectral features are much more pronounced
at grazing incidence, while at normal incidence not all details are energetically re-
solved. On the contrary, at normal incidence, the peak lying above 294 eV is more
prominent than at grazing incidence. The C K spectrum measured at 55◦ grazing
incidence presents the isotropic spectrum for which the dependence on the orientation
of the molecular orbitals cancels out. Thus it can be compared to the corresponding
spectrum of CoOEP bulk material shown in section 3.2. Its line shape resembles to
some extent the one of the polycrystalline bulk sample, also exhibiting a triple-peak
structure in the energy range between 284.0 eV and 286.0 eV, which points towards a
rather unperturbed electronic structure upon adsorption. By means of a comparison
of experimental spectra to theoretically calculated angle-dependent C K XA spectra
of a Ni4O-(CoOEP) cluster used to simulate the electronic coupling of CoOEP with
an oxygen-covered Ni(100) surface, more information about the electronic interaction
between the adsorbate and the substrate can be obtained. The theoretical spectra
are calculated by the collaborating group of Prof. Hermann and published in our
recent work [111]. Regarding the computation, the oxygen of the Ni4O subunit can be
thought as a spacer atom weakening the electronic coupling of the CoOEP molecule
with the Ni4 cluster. A good agreement between results from experiment and theory
supports the picture of a weak bonding between the substrate and the molecules, the
electronic properties of which are similar to isolated CoOEP according to the calcu-
lations. The angular dependence of the C K XA spectra experimentally observed fits
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3 Metalloporphyrin molecules on surfaces

Figure 50: C K XA spectra of CoOEP on O/Ni/Cu(100) taken at 140 K with p-
linearly polarized light and an angle of 20◦ (red line), 55◦ (blue line), and
90◦ (black line) between the X-ray wave vector and the surface.

to an almost out-of-plane (in-plane) oriented π∗ (σ∗) orbital of the macrocyclic ring of
the porphyrin molecules. It is reproduced assuming flat adsorbed CoOEP molecules.
However, within the spectra obtained from theory for normal incidence, no spectral
contribution at all is present in the π∗ region. The absence of signals in the calcu-
lation may be due to several reasons. Either the cluster calculation is not accurate
enough to model the physical system, as just four Ni atoms are used to model the
Ni(100) surface, or a small amount of molecules, adsorbed at step edges, reveal a dif-
ferent electronic structure in the experiment, which is not taken into account for the
calculations. For instance, a slight buckling of the CoOEP adsorbate resulting in a
non-planar π∗ orbital, or the formation of an additional bond between adsorbate and
molecule, in particular having involved the ethyl groups, could explain the remaining
intensity at normal incidence in the experimental spectrum. The peak at 292.5 eV
originates mainly from excitations into σ∗ orbitals of carbon atoms within the eight
ethyl groups. Therefor its slightly stronger appearance at normal incidence indicates
that these groups, being at the periphery of the molecules, are not exactly in the same
plane as the macrocycle.
For the purpose of providing a better comprehension about the adsorption geometry

and character of the CoOEP as well as the NO molecules, Figs. 51 and 52 present N
K edge XA spectra, recorded with p-linearly polarized light at 55◦ and 90◦ between
the incoming X-ray wavevector and the surface, respectively. They belong to the
same sample preparation as the Co L2,3 XA spectra earlier shown (Figs. 47 and 48).
The results for the pristine sample, after dosing with 28 L of NO, after subsequent
warming up to 350 K, and after dosing once more with 14 L of NO are displayed in
panels (a). For the sake of clarity, the spectra of the last three steps, after substracting
the spectra before the first dosing with NO, are displayed in panels (b).
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Figure 51: (a) N K XA spectra of 0.7 ML CoOEP on O/Ni measured at 130 K with
p-linearly polarized light and an angle of 55◦ between the X-ray wavevector
and the surface at each NO dosage step. The spectra are shifted vertically
for clarity. (b) Difference spectra between the spectra corresponding to the
three dosage steps and the spectrum of the pristine sample in (a).

The isotropic spectrum of the CoOEP molecules (bottommost curve in Fig. 51 (a))
reveals two maxima at photon energies of 399.1 and 402.0 eV leading to a double-
peak structure, similar as for CoOEP bulk material (see Fig. 24) and CoOEP adsorbed
on a bare Ni film on Cu(100) (see Fig. 36). By comparing the experimental CoOEP
spectra to theoretically calculated angle-resolved NK XA spectra of a Ni4O-(CoOEP)
cluster from the collaborating group of Prof. Hermann, also used to simulate the C K
XA spectra and just recently published [111], the data experimentally obtained can
be further interpreted regarding their physical content. The computation is based
on StoBe cluster and DFT calculations. According to this, at photon energies below
402.5 eV, the spectral features originate mainly from two excitations involving π∗-type
final state orbitals, but also from one with a σ∗-type final state orbital. The latter
follows from the electronic coupling between Co 3d and N 2p states, similar as for
non-adsorbed CoOEP molecules and discussed in section 3.2, while here, in contrast,
a minor Ni 3d admixture is added like in the case of CoOEP on a bare Ni/Cu(100)
sample. Further, the presence of the metal surface leads to additional excitations
compared to free CoOEP, which contribute to the spectrum within this energy range.
However, these are just of minor importance regarding their intensity as opposed to
the excitations above mentioned. The excitation into orbitals with π∗ typ character
contributes to both of the features of the double-peak structure with maxima at 399.1
and 402.0 eV, while the excitation into the orbital with σ∗ typ character contributes

101



3 Metalloporphyrin molecules on surfaces

only to the energetically lower-lying peak.

At higher photon energies, the spectrum is characterized by a broad σ∗ resonance
with a maximum at 406.8 eV originating from excitations in orbitals with σ∗ sym-
metry, which are located at the periphery as well as at the core of the adsorbate,
according to the calculations. The different symmetries of final state orbitals, being
involved in the absorption process, affect the angular dependence of the N K XA sig-
nal. The experimental observation that at normal incidence the spectral features at
lower photon energies are more dominant, while the ones above 404 eV are stronger
pronounced at a more grazing detection angle, is in accordance with the discussed
symmetry of the final state orbitals of the absorption process. Also the angle de-
pendence of the theroretical N K edge XA spectra, which are calculated for flatly
adsorbed molecules, shows this behaviour [111]. In the energy range below 404 eV,
the small remaining intensity clarifies that final state orbitals are of dominant π∗ type
symmetry with σ∗ type orbitals being much less important. Lastly, the electronic
coupling between the substrate and the adsorbate is much lower than for CoOEP on
a bare Ni surface, regarding the calculations. This is due to the atomic oxygen, which
acts as spacer between the reactive Ni surface and the porphyrin molecules.

Upon dosing with 28 L of NO, an additional σ∗ resonance with a maximum at
412.4 eV and a new π∗ resonance at 400.5 eV arise. This furnishes evidence for the
existence of intact NO molecules on the sample by a comparison to XAS studies of
gas phase NO from literature [188]. Further, it has been reported that NO chemisorbs
on oxygen-covered Ni surfaces [189]. On this account it is adequate to assume that
NO molecules are both situated on top of the CoOEP molecules and sitting between
the porphyrins directly on the substrate, while all of them contribute to the N K XA
spectra. On the other hand, only one additional peak in the π∗ region is detected. This
indicates an almost identical electronic structure of these two kinds of NO molecules
and hence chemisorption of the NO on the CoOEP molecules, being in agreement
with the partial oxidation of the Co+2 ions.

The delivery of thermal energy to the system by warming up the sample to 350 K
results in vanishing of the intensity at 400.5 eV. This is consistent with the detachment
of bonded NO molecules, while a new peak at 398.3 eV arises. Presumably, the latter
can be ascribed to a chemisorbed atomic N species resulting from the dissociation of
NO on the sample [190]. The second dosage of NO does not affect this feature, and
the signals at around 400.5 and 412.3 eV show up again. Considering the surface
reactivity, NO dosage, or temperature, the surface chemistry of nitric monoxide in all
its particulars can be quite complex on transition metal substrates and may be found
elsewhere in literature [190, 191].

At normal incidence, the π∗ peak arising after dosing with NO is more pronounced
(Fig. 52(b)), whereas the additional broad peak with a maximum at 412.3 eV is more
strongly developed at more grazing detection angles (Fig. 51). This signifies a rather
upright average orientation of the NO molecules on the surface. The average zenithal
angle between the surface normal and the NO bond axis calculated from the peak
intensity at 400.5 eV amounts to (24 ± 3)◦. Since the reported angle for NO on
oxygen-covered films was approxiamtely 50◦ with respect to the surface normal [192],
this points towards a more upright attachment of the NO molecules to CoOEP.

In conclusion, this section deals with the electronic and magnetic properties of
CoOEP molecules and NO-CoOEP nitrosyl complexes adsorbed on an oxygen-covered
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Figure 52: (a) N K XA spectra of 0.7 ML CoOEP on O/Ni measured with linearly
polarized light under normal incidence (angle of 90◦ between the X-ray
wavevector and the surface) at 130 K at each NO dosage step. The spectra
are shifted vertically for clarity. (b) Difference spectra between the spectra
corresponding to the three dosage steps and the spectrum of the pristine
sample in (a).

Ni film, grown on Cu(100). The porphyrin molecules adsorb flat on the surface, while
their Co ions have a valency of 2+, just as it is the case for isolated CoOEP. Further,
the atomic oxygen on top of the Ni surface acts as a spacer layer to increase the dis-
tance between the CoOEP molecules and the Ni film, thus weakening their electronic
interaction compared to CoOEP adsorbed on a bare Ni film. Nevertheless, the mag-
netic moment of the Co ions in the centre of the porphyrins couple in a ferromagnetic
fashion to the magnetization of the substrate. Up to now, just antiferromagnetic cou-
pling between paramagnetic metalloporphyrins and a ferromagnetic substrate across
adsorbed oxygen atoms has been reported. To judge whether, for instance, the sug-
gested ferromagnetic double exchange mechanism could provide an explanation for
the findings, future theoretical studies are mandatory.

It is shown that the attachment of the small molecule NO to the Co ions and
its subsequent thermal desorption allow to tune the electronic properties of CoOEP
molecules in a reversible manner. The uptake of NO leads to the partial oxidation
of the Co ions and thus provides the possibility to control the amount of charge
localized on the Co ions. The 3d states of the Co ions which have an out-of-plane
charge distribution are pushed up in energy. The flow of a non-integer amount of
charge away form the Co ions after the coordination of NO changes the Co spin
moment. This together with a potentially lower magnetic coupling strength between
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the Co ions and the Ni magnetization leads to an NO-induced lowering of the Co
magnetization by about a factor of two at 30 K. This demonstrates the possibilty to
control the magnetization by the chemical stimulus NO at finite temperatures.

3.5.3 Reversible manipulation of the magnetic coupling strength

The coordination of an additional axial ligand to central metal atoms of metallopor-
phyrins, adsorbed on ferromagnetic surfaces, can modify both the orbital as well as
the spin moment of the central metal ions, as shown in preceding sections. Thereby
the magnetic moments, which are aligned by an exchange coupling to the substrate,
are changed in absolute values. Within such systems it is tempting to tailor the
magnetic coupling strength, as this presents a different approach for a magnetization
control of the molecules at finite temperatures. Regarding this, the chemical nature
of the central metal atom of MP molecules magnetically coupled to a substrate is
of importance. The studies presented in sections 3.5.1 and 3.5.2 deal with CoOEP
molecules adsorbed on magnetic surfaces containing Co ions with a +2 valency before
dosing with CO or NO. In contrast, for FeOEP on O/Co/Cu(100) the Fe atoms are in
a +3 oxidation state. It is already known from literature for this system that the Fe
spins couple antiferromagnetically to the magnetization of the thin transition metal
film and that the orbital moments of the Fe ions are completely quenched [35]. It
is most likely the case, that a coordination of an additional axial ligand to the Fe
atoms of this system should not lead to a transfer of charge away from the central
metal ions, as a +4 oxidation state of porphyrinato iron derivatives is very unusual
[193]. Here, in order to test this, FeOEP molecules are adsorbed on oxygen-covered
Co films, grown on Cu(100), and by dosing with NO the Fe electronic properties and
the adsorbate–substrate interaction are tried to be influenced.

Angle-dependent XA measurements at the Fe L2,3 edges as well as an XMCD study
at the Co and Fe L2,3 edges in remanence of the thin Co film are presented, before and
after dosing with NO. The data of the pristine state are compared with an isotropic
XA spectrum at the Fe L2,3 edges of FeOEP-Cl bulk material. This together with an
angle-dependent XA study at the N K edge has the aim to ensure a preparation of
the system as known from literature. Then the focus of interest is on the impact of
the small molecules on both the electronic and magnetic properties of the Fe ions as
well as on their exchange interaction with the Co spins. For the purpose of restoring
the pristine state after dosing, the system is annealed in order to remove the NO
molecules. Also the influence of a second dosage of NO on the physical properties of
the system is discussed. Further, the adsorption behavior of NO on FeOEP/O/Co
and the impact of thermal energy, brought to the system to desorb NO molecules,
is investigated by means of N K XA spectra and N 1s XPS spectra. Finally, the
role of the Cl atoms, which are attached to the Fe ions within the molecular powder
of FeOEP-Cl used for the preparation of FeOEP/O/Co/Cu(100), is analysed in the
context of the presented study by Cl 2p XPS spectra.

FeOEP molecules contain an Fe ion, which is constrained by the crystal field of
a planar porphinato ligand, instead of a Co ion like it is the case for CoOEP. The
coordinatively unsaturated nature of the Fe ions causes a high reactivity of this chem-
ical compound. However, the axial coordination of a Cl atom to the central metal
ion stabilizes them chemically and leads to the formation of FeOEP-Cl molecules (see
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Figure 53: Fe L2,3 XAS spectra of 0.6 ML FeOEP on O/Co measured at 120 K at
90◦ normal incidence (brown line) and 20◦ grazing incidence (blue dashed
line), compared to the spectrum of an FeOEP-Cl powder reference sample
(grey line). Inset: sketch of the FeOEP-Cl molecule.

sketch in Fig. 53).

In order to study the electronic properties of the Fe ions situated in the centre of
FeOEP-Cl molecules evaporated on O/Co/Cu(100), Fig. 53 shows angle-resolved Fe
L2,3 edge XA spectra, which correspond to a molecular coverage of 0.6 ML, together
with the one of a bulk FeOEP-Cl reference sample (grey line). The latter is acquired
at RT from a powder sample pressed into indium foil, while the spectra of the ad-
sorbed molecules are recorded at 20◦ grazing (blue dotted line) and 90◦ normal (brown
line) incidence, both at 120 K. The main differences for the spectra measured in the
submonolayer regime under different measurement geometries are a small shift in the
L3 energy position and the intensity of the shoulder at lower photon energies. The
line shape of the spectrum of the bulk material agrees well with results from literature
[110], for which a +3 oxidation state is known. It also bears a close resemblance to the
ones of the adsorbed porphyrin molecules concerning the shape of spectral features.
Also it possesses an almost identical energetic position of both the Fe L3 and L2 edges.
The absorption energy is related to the amount of charge at the Fe site [134]. These
two facts are strong indicators for a +3 oxidation state of the Fe ions for the adsorbed
molecules and an exchange of the Cl ligand by the surface, acting instead as a new
coordination partner. This agrees well with the theoretically discussed +3 oxidation
state of the Fe ions after the adsorption of the porphyrin molecules, where also a
detachment of the axial Cl ligand from the FeOEP-Cl molecules is the case [35]. The
presence of intact FeOEP-Cl molecules on the oxygen-covered Co film and Fe atoms
which only weakly interact with the substrate could also explain the almost identical
line shape of the Fe L2,3 XA spectra shown in Fig. 53. However, this is unlikely, since
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Figure 54: Angle-dependent N K edge XA spectra of 0.6 ML FeOEP/O/Co taken
with p-linearly polarized X rays. The blue and brown lines display the ab-
sorption spectrum for 20◦ grazing and 90◦ normal incidence of the incoming
beam with respect to the sample plane.

there is a magnetic coupling between the Fe and Co spins mediated by the O atoms
[35], which requires an electronic interaction between the Fe atoms and the substrate.

A flat adsorption of FeOEP on O/Co/Cu(100) was revealed by the angular depen-
dence of the N K XA signal and DFT+U calculations [35]. With the intention to
check the earlier published results on that system for consistency, Fig. 54 presents
N K edge XA spectra of 0.6 ML FeOEP/O/Co recorded with p-linearly polarized X
rays. The spectra are taken at 120 K and at 90◦ normal (brown line) and 20◦ grazing
incidence (blue line). At lower photon energies spectral features are much more pro-
nounced at grazing incidence and two sharp resonances are detected, while at higher
photon energies the spectrum is more appearant under normal incidence and a broad
resonance is visible. There is a clear and close overall similarty of the angle resolved N
K edge XA spectra with the ones published earlier for the same system [35] and with
the ones for CoOEP molecules adsorbed on an oxygen-covered Ni film on Cu(100),
shown in the previous section (Figs. 51 and 52). This demonstrates that there are
intact FeOEP molecules on the surface and that the porphyrins adsorb flat on the
substrate.

For the purpose of studying also the magnetic properties of the exchange coupled
system Fig. 55 displays helicity-averaged XA spectra of the Fe L2,3 edges (a) and
the XMCD spectrum (b) of 0.6 ML FeOEP on O/5 ML Co/Cu(100) (black curves).
Also the XMCD spectrum of the Co L2,3 edges of the ferromagnetic film underneath
the molecules is presented in the inset of Fig. 55 (b). Magnetic measurements were
carried out in remanence of the Co film with a thickness of five monolayers. Further,
the data were recorded at 120 K and at 20◦ grazing incidence, since the ferromagnetic
Co film possesses an in-plane easy axis along the [110] direction [93, 194]. The Fe XA
spectrum of the L3 edge of the pristine sample with a maximum at a photon energy of
708.7 eV and a shoulder at the low energy flank (black line) fits to the ones measured
with p-linearly polarized light. The corresponding Fe XMCD signal at the L3 edge
has a main maximum at 708.6 eV and a local maximum at 707.2 eV, while it even
changes sign towards higher photon energies due to a zero crossing at 709.9 eV. A
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comparison of the totally integrated Co and Fe L3 XMCD signals reveals that they
are of opposite sign and that the Co and Fe spins are antiparallel coupled to each
other. Hence, the resulting Fe magnetization lies in-plane. By applying the sum rules
[49, 50] to the Fe XMCD spectrum and assuming five holes within the 3d shell, a
value of -(2.74 ± 0.20) µB is obtained for the effective spin moment meff

S (0◦) per Fe
atom, while the orbital moment is zero within the error bar. Thereby an angle of 20◦

between the k⃗ vector of the X rays and the Fe magnetization is taken into account.
A temperature-dependent XMCD study of this system revealed a saturated effective
spin moment of -(3.46± 0.35) µB [88], which is compatible with the value here found
at 120 K considering that the Fe spins are subject to thermal fluctuations at finite
temperatures. In this context it has to be mentioned that the applicability of the spin
sum rule to Fe +3 ions is questionable owing to the mixing of intensities at the L2,3

edges provoked by multiplet effects and the 3d SOC [164, 195, 196]. In that particular
case the spin sum rule can underestimate the effective spin moments by more than
30%. Being also aware of the presence of the intra-atomic spin dipole moment, which
can be significant in low-symmetry systems, as shown in sections 3.3.2 and 3.4.2,
either an intermediate spin state with S = 3/2 or a high-spin state with S=5/2 of the
Fe ions can be deduced on the basis of the spin sum rule results [197]. Consequently,
for the former a spin moment of -3 µB and for the latter of -5 µB is expected, which
would be both consistent with the experimental findings. However, the Fe ions might
be also in an admixed S = 3/2, 5/2 spin state. A low spin state with S = 1/2 of
the Fe ions can be ruled out with a high probability from the experimental results,
while DFT+U calculations for the system studied here revealed for both, the high and
intermediate spin state, an antiparallel alignment of the Co and Fe magnetic moments
[88].

Having so far reproduced known results for FeOEP adsorbed on O/Co/Cu(100), in
the following the influence of dosing with NO on the magnetic characteristics of the
system is investigated. In Fig. 55 the helicity-averaged Fe L2,3 XA and the correspond-
ing XMCD spectrum of 0.6 ML FeOEP on O/Co/Cu(100) are shown after dosing with
24 L of NO (red curves), which is done at 120 K in order to avoid a dissociation of
the NO on the surface [191]. The most prominent modifications of the Fe XA line
shape, provoked by the NO, are the reduction of the shoulder in the low-energy flank
of the L3 peak at an energy of 707.5 eV and the augmentation in intensity of the L2

peak at around 722 eV. Additionally, the similarity of the Fe XA L2,3 edges regarding
their energy positions before and after dosing with NO is obvious. The branching
ratio, defined as the proportion of the Fe L3 to the entire Fe L2,3 XAS intensity, as
already introduced in section 3.5.1, reduces from 0.77± 0.03 to 0.70± 0.03 upon NO
adsorption. This quantity has been used in literature to obtain information about the
spin state of the element under study [198]. So in the presence of a weak ligand field
and no charge transfer from or to any ligand, a lower branching ratio would suggest
a lower spin state of the Fe atoms. Unfortunately, the system under study does not
have these characteristics and there might be a lack of correlation between the spin
state and the branching ratio. The discussed NO-induced changes of the Fe L2,3 XA
spectrum reveal that NO interacts with the Fe ions. The almost unchanged absorp-
tion energy after NO uptake indicates that the Fe atoms preserve their oxidation state
[199, 200], since otherwise mostly a shift of spectral weight would be observed.

To work out the influence of the NO on magnetic properties of the Fe ions within the
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Figure 55: Fe L2,3 XAS (a) and corresponding XMCD (b) spectra of 0.6 ML FeOEP
on O/5 ML Co/Cu(100) recorded at 120 K and at 20◦ grazing incidence
before (black lines) as well as after (red lines) dosing with 24 L of NO. In
(b) the black dotted line also presents the spectrum before NO dosage, but
scaled by a factor of 0.5. Inset: XMCD spectra at the Co L2,3 edges before
(black line) and after (red dotted line) dosing with NO.

exchange-coupled system, it is essential to clarify the alteration of the Co magnetic
properties upon dosing with NO. To do so, in the inset of Fig. 55 (b) also the Co
L2,3 XMCD spectrum (red dotted line) after NO adsorption is displayed. Only a
tiny variation of the strength of the Co XMCD signal is detected compared to the
pristine state of the sample. Hence, the oxygen layer practically protects the substrate
magnetic properties from being influenced by NO adsorption [189], similar as for
CoOEP/O/Ni/Cu(100) shown in section 3.5.2. This is opposite to other uncovered
ferromagnetic films like thin Co films grown on a stepped Cu surface for which a
change of the easy magnetization axis by NO attachment has been reported [201].

The NO attachment to the Fe atoms modifies neither the spectral line shape of the
Fe L2,3 XMCD spectrum nor its energetic position compared to the pristine state, but
reduces its signal by around a factor of 2. For reason of comparability and clearness
the Fe L2,3 XMCD spectrum before dosing is scaled by a factor of 0.5 and shown as
well (black dotted curve) in Fig. 55 (b). It reveals a minor mismatch in the relative
height of the XMCD peaks at the Fe L3 edge as opposed to the Fe spectrum after
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Figure 56: Fe L2,3 XAS spectra of 0.6 ML FeOEP on O/Co measured at 120 K at 90◦

normal incidence (top pair of curves)and at 20◦ grazing incidence (bottom
pair of curves) before (black lines) and after (red lines) dosing with 4 and
24 L of NO, respectively.

dosing with NO and a marginally lower XMCD signal at the L2 edge. Clearly, the
negligible modification of the line shape evidences an unchanged spin state of the Fe
atoms after NO uptake.

Fe L2,3 absorption spectra, taken with p-linearly polarized light, provide further
insight on the interaction between the small adsorbate and the metal centers of the
porphyrin molecules. Fig. 56 presents such spectra before (black lines) and after (red
lines) NO adsorption, where the ones of the pristine sample are the same as the spectra
shown in Fig. 53. The bottom pair of curves is recorded at 20◦ grazing incidence
and the top pair at 90◦ normal incidence, shifted vertically for the sake of clearness.
Measurements are performed after a dosage of 24 and 4 L of NO, for 20◦ grazing and
normal incidence, respectively. The NO-induced modifications of the lineshape are
qualitatively identical to the ones detected in measurements with circularly polarized
light and averaged over the signals for positive and negative helicity. They are more
pronounced at grazing incidence, where unoccupied orbitals with rather out-of-plane
distribution are probed. This reflects the axial attachment of the NO molecules to
the Fe atoms. By applying the charge sum rule [46] before and after NO uptake, an
unchanged white line intensity is found for 20◦ grazing incidence and a reduction by
(1 ± 3)%, which is zero within the error margin, for normal incidence. Hence, there
is no net charge transfer between the Fe ions and the NO molecules and thus the Fe
atoms remain in an oxidation state of +3. As discussed later in this section in the
context of Fig. 61, the different NO dosage for measurements at the different detection
angles, 4 vs. 24 L, is not the reason for the more apparent effect at grazing incidence
compared to normal incidence.

In order to work out the influence of the NO adsorption on the magnetism of the Fe
ions, the sum rules [49, 50] are applied to the Fe XMCD spectrum after dosing with
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Figure 57: Fe L3 XAS spectra of 0.6 ML FeOEP on O/Co after dosing with 24 L NO
at 120 K, recorded at 20◦ grazing incidence. Red, blue, and green lines
belong to spectra taken at 120, 150, and 200 K, respectively, while the
black line was recorded at 120 K after heating the sample to 350 K.

NO. This yields a value of -(1.42 ± 0.20) µB for meff
S (0◦) per Fe ion and an orbital

moment mL(0
◦), which is 0 within the error. Thereby again 5 holes within the Fe 3d

shell are assumed. The conspicuous resemblance of the lineshape of the Fe XMCD
signal at the L2,3 edges reveals that the spin-pairing energy of Fe3+ hinders a spin
crossover transition. The similarity of the Fe XMCD signals also strongly suggests
that the intra-atomic spin dipole moment is of similar size before and after dosing
as the ligand field, the orbital occupation, and the symmetry are mainly conserved.
Also the extent of mixing of the L3 and L2 edges in their respective 2p3/2 and 2p1/2
characters has an influence on the sum rule analysis as discussed above [164, 195, 196].
Since the valency of the Fe atoms stays constant after NO exposure, this influence
on the sum rule analysis, which dependes basically on the oxidation state, does not
change. Thus, the reduced effective spin moment has to be rather explained by a
lower magnetic coupling strength between the Fe spins and the Co magnetization. It
has been found that the mechanism establishing the magnetic ordering inside FeOEP
before dosing with NO is a 180◦ superexchange coupling between the Fe and Co spins
mediated via O atoms [88]. The corresponding magnetic coupling energy has been
estimated as 37 meV [88], which leads to an alignment of the Fe magnetic moment
at 120 K of about 93% of the saturation value. The thereby used model is the
same as the one introduced in section 3.4.1. A reduction of this coupling energy by
the NO uptake to 10 meV would induce an Fe magnetization of 48% at 120 K, as
evaluated with this model, and would alone explain the experimentally found lowering
of the XMCD signal after NO attachment. The physisorption of NO onto FeOEP is
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Figure 58: Fe L3 XMCD signals measured at 120 K at each NO dosage step. From left
to right, the spectra correspond to the sample in the pristine state, after
dosing with 24 L of NO, after subsequent desorption of NO by warming
up to 350 K, and after dosing with 24 L of NO once more.

obviously inducing this reduction. A potential mechanism could be the modification
of the bond length between the O and Fe atoms due to the presence of the NO. Only
lately, also a reduction of the magnetic coupling strength of an exchange interaction
between Mn ions of MnPc molecules and the magnetization of Co films caused by the
adsorption of ammonia was reported. However, the attachement of NH3 to the Mn
atoms significantly modifies their electronic and magnetic properties in contrast to
the system studied here, where the Fe ions preserve their physical characteristics [59].

In order to desorb the NO from the porphyrins and thus to control the electronic
properties of the Fe ions in a reversible manner, thermal energy is brought to the
system. Fig. 57 displays Fe L3 XA spectra of 0.6 ML FeOEP on O/Co after dosing
with 24 L NO at 120 K (red line), measured at 20◦ grazing incidence. The evolution
of the Fe L3 XA spectrum with temperature during the annealing of the sample is
revealed by displaying spectra taken at 150 (blue line) and 200 K (green line) as
well as at 120 K after heating the sample to 350 K (black line). Unambiguously, the
NO-reduced reduction of the shoulder at the low-energy flank at 707.5 eV is stepwise
reversed. This proves the possibility to reversibly switch the Fe electronic structure.
Further the gradual transition between two spectra, resembling the ones shown in Fig.
55 (a), reveals that there is no transition from a weakly to a strongly interacting NO
on top of FeOEP before desorption.

For the purpose of revealing a reversible modification of the magnetic interactions
between the porphyrins and the substrate provoked by the NO also XMCD mea-
surements at the Fe L3 edge are performed after annealing the sample to 350 K and
subsequent cooling to 120 K. Figure 58 contrasts the XMCD signals at the Fe L3 edge
of the pristine sample, of the sample after dosing with 24 L of NO, after bringing the
system to 350 K, and after dosing once more with 24 L of NO, all measured at 120
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Figure 59: (a) From bottom to top, N K edge XA spectra of the sample in the pristine
state, after dosing with 24 L of NO, after subsequent desorption of NO
by warming up to 350 K, and after dosing with 24 L of NO once more.
Spectra are taken at 20◦ grazing incidence with p-lineraly polarized light
and are shifted vertically for clarity. (b) Difference between the top three
XA spectra of panel (a) and the XA spectrum of the pristine sample.

K. It is apparent that after the detachment of NO from the Fe ions the original Fe
XMCD intensity is nearly totally regained and that a dosage of NO induces again a
reduction by almost a factor of 2. This reveals that it is possible to reversibly control
the Fe magnetization at a finite temperature of 120 K.

Measurements at the N K edge can be used to gain insight into the adsorption
characteristics of NO on FeOEP/O/Co. Fig. 59 (a) displays from bottom to top
such spectra recorded at 120 K, at 20◦ grazing incidence, and at each step of the
measurement series shown in Fig. 58. Thus, results are shown of the pristine sample,
after dosing with 24 L of NO, after annealing, and after dosing once more with 24
L of NO. In panel (b), for reasons of clarity, the spectra of the last three steps
after subtracting the spectrum of the pristine sample are presented. The N K edge
spectrum before dosing with NO possesses the same lineshape as the one shown in Fig.
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Figure 60: N 1s XP spectra of 0.6 ML FeOEP on O/Co before exposure of NO (bot-
tom), after a dosage of 43 L of NO (middle), and after annealing the system
to 350 K (top).

54. After the first NO dosage further spectral intensity in the lower photon energy
range is found at 399.9 and 398.7 eV. At higher photon energies a broad peak with a
maximum around 412.5 eV eV shows up. The same energetic position as for the new
resonance at 399.9 eV has been found for NO in the gas-phase [188]. This suggests the
presence of NO molecules that only weakly interact with the porphyrins, as already
discussed in the context of the NO-induced changes of Fe L2,3 XMCD spectra. The
peak in the low-energy flank at 398.7 eV may be ascribed to some NO chemisorbed on
the oxygen-covered Co film. After heating the system, the new intensity at 399.9 eV
vanishes. This is consistent with the detachment of the weakly bonded NO species.
At the same time a new resonance arises at 397.4 eV. The latter is most likely related
to a chemisorbed atomic N species, which results from the dissociation of NO on the
surface [190]. Dosing once more with NO does not affect this peak but restores the
peaks at around 399.9 and 412.5 eV. In general, surface chemistry of NO molecules
on transition-metal substrates can be quite versatile, as discussed in literature [190,
191]. Parameters such as temperature, surface reactivity, or amount of NO are of
importance.

For an even deeper understanding of the interaction of NO with FeOEP/O/Co,
Fig. 60 shows N 1s XP spectra recorded before (bottom), after dosing with 43 L of
NO (middle), and after desorbing the NO molecules by annealing the system up to
350 K (top). The spectra are recorded with an excitation energy of 650 eV. The
binding energy is calibrated relative to the energy of the Co 3p3/2 peak, which is set
to 75.1 eV. The XPS signal of the pristine sample is fitted with two peaks, which have
to be attributed to the four nitrogen atoms inside the porphyrin macrocycle. Their
energetic positions of 397.8 and 398.4 eV coincide with the absorption energy of the
first sharp resonance in the N K edge spectrum (see Fig. 54). After dosing with 43 L
of NO new spectral features appear, which can be fitted by two peaks with maxima
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Figure 61: NO dosage dependence of the Fe L2 and N K XAS signals at photon
energies of 721.4 (squares) and 412.5 eV (circles), respectively, relative to
the corresponding intensities of the pristine sample. Each y-axis has an
individual labeling.

at 399.7 and 400.6 eV. In literature a peak position of 403 eV has been reported for
free NO molecules [202] and of 399 eV for NO in contact with a Co surface [203].
In line with the interpretation of the N K edge XA spectra, the peak at 399.7 eV is
such ascribed to NO molecules situated on the oxygen-covered Co substrate, and the
one at 400.6 eV to a NO species interacting with Fe porphyrin molecules. The peak
areas reveal a ratio of 1:3 between the amount of porphyrin and NO molecules on
the surface. Further, the two new peaks, arising after the NO uptake, possess a ratio
between their areas of 1:1. This reveals that the probability for an NO adsorption
directly on the oxygen-covered Co surface or onto FeOEP is equally 50%. After having
brought thermal energy to the system, the peak at 400.6 eV vanishes and the one at
399.7 eV survives, but loses significantly in intensity. Additionally, a peak arises at
398.2 eV, which is ascribed to atomic nitrogen bonded to O/Co, following the results
of the N K XA spectra (see Fig. 59). With the help of the peak areas it can be
concluded that 13% of the initially existing NO molecules on the surface are desorbed
and approximately three quarters of the remaining NO molecules dissociate, which
leads to the presence of atomic nitrogen on the O/Co substrate.
With the intention to reveal how the NO attachment is linked to the modification

of the magnetization of the Fe ions, Fig. 61 displays the NO-induced changes at the
N K ( ) and the Fe L2,3 ( ) edges as a function of NO dosage. The evolution of the
absorption signals at 412.5 and 721.4 eV is shown, respectively, which are normalized
to their values prior to NO exposure. A distinct rise of these two intensities at low
dosages, which saturates approximately after 4 L of NO, is found. Following the
results of the N 1s XPS study, this corresponds about to 3 NO molecules per FeOEP
molecule on the substrate. On the basis of the similar behavior of the nitrogen and
iron signals as a function of NO dosage it can be concluded that the changes of the
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Figure 62: Cl 2p XP spectra of 0.6 ML FeOEP on O/Co before (bottom) and after
dosing with 16 L of NO (top).

Fe electronic structure and magnetization are in fact caused by the adsorption of the
NO in the vicinity of the Fe atoms.

For the sake of completeness, Cl 2p XP spectra of 0.6 ML FeOEP on O/Co are
shown in Fig. 62, measured with an excitation energy of 300 eV before (bottom) and
after (top) dosing with 16 L of NO. They help to analyse in which form Cl is present
on the surface after sublimating FeOEP-Cl on O/Co/Cu(100). The influence of the
sublimation of Cl-containing trivalent transition-metal porphyrin molecules on their
chemical entity is crucial for a desired controlled sample preparation. Obtaining a
straight evidence for a Cl-porphyrin dissociation by a XPS study is almost impossible
as the binding energies of 198.5 eV for atomic Cl coordinated to the Fe atoms or
adsorbed on the substrate are virtually the same [204, 205]. In the pristine state of
the sample, the Cl 2p XP spectrum possesses two peak doublets. The energy splitting
between the Cl 2p3/2 and the Cl 2p1/2 peaks is 1.6 eV. The respective 2p3/2 binding
energies of the main and minor doublet are 198.4 (blue curves) and around 197.7 eV
(red curves). A relative calibration of the binding energy is done by means of the Co
3p3/2 peak position set to 75.1 eV. The main doublet of the Cl XPS signal could be
assigned to atomic Cl bonded to the Fe ion as well as to the Co thin film. The smaller
doublet has to be of different physical origin. For MnTPPCl molecules on Co(001),
for instance, an additional Cl 2p3/2 XP peak was observed at a slightly higher binding
energy than 200 eV [179]. It was ascribed to a Cl species which remained bound to
the substrate after the partial molecular decomposition.

Nevertheless, from a comparison of Fe L2,3 XA spectra of FeOEP-Cl bulk material
and FeOEP adsorbed in the submonolayer regime on O/Co (see Fig. 53), it was already
concluded that the axial Cl ligand dissociates from the Fe ions and is exchanged by the
oxygen-covered Co surface. Then, by dosing with NO, a lineshape modification of the
Fe L2,3 XA spectra was induced, revealing the existence of an axially uncoordinated
site at the Fe atoms. By comparing the Cl 2p XP spectra before and after NO uptake,

115



3 Metalloporphyrin molecules on surfaces

which are identical, no influence of the NO on the electronic properties of the chlorine
is found. This supports the idea of a detachment of the axial Cl ligand from the
FeOEP-Cl molecules already before NO exposure.
The modification of the magnetization of central metal ions of MP molecules mag-

netically coupled to ferromagnetic films has been the subject of the previous sections
of this thesis. Also results within cited literature deal with this issue. All these
studies have in common that the electronic and magnetic properties of the central
metal ions of the adsorbed MP and MPc molecules are changed upon the attachment
of small molecules from the gas phase. In contrast, here the adsorption of NO on
FeOEP/O/Co leaves the electronic structure and the magnetic properties of the Fe
ions unaffected while at the same time inducing a sizeable change of the Fe magneti-
zation at finite temperatures. The virtue of a weakly interacting small ligand allows
to design the electronic and magnetic properties of the formed complex by only con-
sidering porphyrin–substrate interactions. On the other hand the axial coordination
enables to control the degree of alignment of single molecular spins on magnetic sur-
faces at finite temperatures, which presents new prospects in the context of molecular
spin electronics.
In conclusion, it has been demonstrated that the magnetization of Fe ions within

FeOEP molecules magnetically coupled to the magnetization of a thin Co film can be
controlled in a reversible manner by adsorbing and thermally removing NO molecules.
The NO physisorbs on top of FeOEP adsorbed on O/CO. Thus, the electronic and
magnetic properties of the Fe atoms are unchanged upon NO uptake. However, the
strength of the magnetic exchange coupling between the Fe and Co spins is sizeably
lowered and so the Fe magnetization is reduced by about 50% at 120 K. After the
detachment of NO the original Fe magnetization at 120 K is restored and dosing once
more with NO reduces again the strength of the magnetic exchange coupling. This
proves the reversibility of the process.
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Comprehensive investigations of cobalt-octaethylporphyrin (CoOEP) and iron-octa-
ethylporphyrin (FeOEP) molecules as well as of CO-CoOEP carbonyl, NO-CoOEP
and NO-FeOEP nitrosyl complexes on surfaces have been presented. By in-situ subli-
mation, monomolecular layers of metalloporphyrin (MP) molecules on non-magnetic
as well as on bare, oxygen-, and graphene-covered ferromagnetic substrates were pre-
pared. Their electronic properties were characterized by means of angle-dependent
X-ray absorption spectrosopy (XAS). This technique was also used to reveal the for-
mation of nitrosyl and carbonyl complexes after dosing with carbon monoxide (CO)
and nitric oxide (NO), to monitor the thermal desorption of the small gas molecules
as well as to study their influence on the electronic structure of the central Fe and Co
ions. By means of field-, temperature-, and angle-dependent X-ray magnetic circular
dichroism (XMCD) studies, both the magnetic properties of adsorbed MP molecules
and magnetic adsorbate–substrate interactions before and after dosing with CO or
NO were analysed. Some of the experimental results are interpreted with the help of
theoretically calculated X-ray absorption (XA) spectra from the group of Prof. Her-
mann obtained from density functional theory (DFT) and StoBe cluster calculations.
The magnetic coupling mechanism of one of the experimentally studied exchange-
coupled systems is explained by means of DFT+U calculations from the group of
Prof. Oppeneer.
This work can be attributed to chemical surface physics and deals especially with

molecular compounds with uncompensated spin moments. These are the mentioned
metalloporphyrin molecules, which contain a metal ion being surrounded by a planar
porphinato ligand and two axial coordination sites. The latter can be occupied by
additional ligands like metal surfaces or small molecules, as shown. By putting the
molecules on top of a solid surface, they get immobilized at least against motions
in the third dimension as desired for their use as molecular building blocks, while a
second axial coordination site remains available, e.g., for small molecules. The choice
of the two axial ligands enables the tuning of the electronic and magnetic properties of
the MP molecules in a desired manner. The adsorption of MP molecules on magnetic
surfaces is of special interest for the architecture of a molecular spintronics, since the
spins of the central metal ions can get stabilized against thermal fluctuations by a
magnetic exchange coupling. In the framework of this thesis, all these properties of
MP molecules are picked up to design hybrid metal-organic systems from adsorbates
with desired physical characteristics. The aim is to design magnetic structures on the
nanoscale that can be used as building blocks for a prospective molecular spintronics.
First the electronic properties of pure CoOEP are discussed in the context of XA

measurements of CoOEP bulk material and an associated theoretical work of the
collaborating group of Prof. Hermann. The Co ions have a valency of +2 and are
in a d7 low-spin state. These experimental results serve as reference for the anal-
ysis of experimental data of CoOEP molecules in direct contact with surfaces and
help to figure out the impact of the adsorption on the molecular electronic structure.
The coordination of CoOEP with two non-magnetic surfaces, highly ordered pyrolytic
graphite (HOPG) and Cu(100), is studied in detail. The two systems represent exam-
ples for a weak and strong molecule-surface interaction, respectively. The molecules
adsorb almost flat on HOPG. Further, the Co 3d states do not contribute to the
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molecule–substrate interaction at all, and the electronic states originating from the
nitrogen atoms only to a negligible extent. Thus, the Co electronic structure does
not change upon adsorption on HOPG and the porphyrins physisorb on the surface.
In contrast, the adsorption of CoOEP on Cu(100) strongly modifies the electronic
structure of the central Co ions and the N atoms of the porphyrin macrocycle. The
Co ions neither change their oxidation state of +2 nor their spin state of S = 1/2
upon adsorption. However, as found out by determining the distribution of the spin
density located at the Co site in space, a redistribution of the electrons within the
Co 3d shell occurs. Upon adsorption, the unpaired electron occupies an orbital whose
charge distribution lies primarily in the plane of the macrocycle and not perpendic-
ular to this plane as for isolated CoOEP. The observed physisorption of CoOEP on
HOPG, on the one hand, and the detected chemisorption of CoOEP on Cu(100), on
the other hand, reflect the respective reactivity of these surfaces. The results expand
the already broad knowledge about the electronic structure of MP molecules adsorbed
on surfaces. They reveal that the porphyrin–surface interaction plays an important
role for the target-oriented engineering of future molecular devices concerning their
electronic properties.

For the purpose of achieving an alignement of the Co magnetic moments without
the need of applying an external magnetic field, CoOEP molecules are placed on bare
and oxygen-covered thin Ni films. The porphyrins are found to adsorb flat on the two
substrates. On both surfaces, a ferromagnetic (FM) exchange interaction between
the Ni magnetization and the Co spins is observed. This stabilizes the latter against
their thermal fluctuations. For CoOEP on Ni the substrate-induced magnetic ordering
leads to a Co magnetization even at room temperature (RT). In contrast, for CoOEP
on O/Ni the magnetic exchange coupling is much weaker and only at temperatures
lower than 30 K the Co magnetic moments get significantly aligned. The modifi-
cation of the Co electronic structure upon adsorption on the Ni film is much more
pronounced than on the oxygen-covered Ni film, where the Co ions have a valency
of +2. The oxygen layer between the Ni surface and the CoOEP molecules acts as
a spacer layer, which weakens the adsorbate–substrate electronic interaction. In the
context of other studies about magnetic interactions of MP molecules with ferromag-
netic substrates, the results presented here show a new physical phenomenon. So far
only an antiferromagnetic coupling across adsorbed oxygen atoms between paramag-
netic metalloporphyrins and a ferromagnetic substrate has been observed. Knowledge
about the electronic interaction between molecular states originating from C as well
as N atoms and substrate states is experimentally obtained and complemented by
the theoretical work of the collaborating group of Prof. Hermann. For CoOEP on Ni
it is found that there is electronic N–Ni coupling by orbital hybridization, whereas
for CoOEP on O/Ni this can be almost neglected. On the basis of this, potential
magnetic coupling mechanisms can be discussed for both systems. For CoOEP on
O/Ni a direct magnetic interaction between the Co and Ni spins is unlikely due to the
intermediate layer of atomic oxygen, but an indirect one mediated via the O atoms is
likely. In contrast, for CoOEP on bare Ni a direct as well as an indirect magnetic cou-
pling between the Ni magnetization and the Co magnetic moments may be present,
where for the latter the exchange path includes the N atoms of the porphyrins. Fu-
ture theoretical studies may identify the nature of the magnetic interaction between
the molecules and the surface for both systems. Combining the magnetism of thin
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ferromagnetic films and MP molecules is interesting in terms of designing spintronic
devices such as molecular spin valves on the basis of porphyrins, since it provides the
possibility to gain control over their molecular magnetization.

The magnetic interactions observed between CoOEP and bare as well as oxygen-
covered Ni films are accompanied by a modification of the Co electronic structure.
A possibilty to preserve the Co electronic properties of CoOEP and to achieve at
the same time a substrate-provoked spin polarization is presented in this work by
putting the molecules on top of a graphene-passivated Ni surface. This leads to a Co
magnetization at 130 K and lower temperatures which is antiparallel aligned to the
one of the ferromagnetic film. Experimentally a magnetic coupling energy (Eex) of
(1.8±0.5) meV between in-plane aligned Co and Ni spins is found. The corresponding
exchange interaction is magnetically anisotopic, as for out-of-plane aligned spins Eex

is found to be higher. Interestingly, the electronic overlap in space of the Co 3d and
the electronic states of the substrate is in this case negligible. An indirect magnetic
interaction between the Co and Ni spins as revealed by the theoretical work of the
collaborating group of Prof. Oppeneer can explain the experimental findings. The
coupling mechanism is based on an electronic interaction between macrocyclic π and
graphene pz orbitals. However, the electronic molecule–substrate coupling is very
weak, similar as for CoOEP on HOPG, and leads to a physisorption of CoOEP on
graphene/Ni. The nitrogen atoms of CoOEP and the carbon atoms of the graphene
possess a spin polarization which is antiparallel and parallel aligned to the one of the
Co ions, respectively. The total exchange path is as follows: Ni sp states hybridize
with graphene pz orbitals, which thus mediate a weak superexchange between the spin
polarization of Ni and the pyrrolic N atoms. The spin densities of the latter couples
directly to the ones situated at the Co site in an antiferromagnetic (AFM) fashion.
From a theoretical point of view, such a coupling mechanism mediated via the π
electronic system of graphene is intriguing and has not been observed before. It allows
the design of molecular functionalities independent of the weak electronic adsorbate–
substrate interaction, while at the same time a magnetic interaction is establised via
the carbon atoms. The latter is an essential ingredient for the use of paramagnetic
molecules as building blocks of a molecular spin electronics. The results also show the
possibility to incorporate magnetic functionalities into graphene and the potential to
combine molecular magnetism with concepts from graphene-based electronics.

Special interest is paid to the contribution of the orbital as well as the spin moment
to the Co magnetization. At zero external magnetic fields, the in-plane magnetization
of the Ni film correspondingly aligns the Co magnetic moments. Thereby the spin
mS and orbital mxy

L magnetic moments contribute with values of −(1.03 ± 0.07) µB

and −(0.93 ± 0.05) µB to the entire Co magnetization, respectively. Despite the
hybridization of the Co 3d with molecular states, which makes the alignment of the
Co magnetic moments by the magnetic exchange interaction possible, mS and mxy

L are
of similar size. The emergence of significant orbital magnetism within the exchanged-
coupled system is unusual. For free transition metal atoms, nature maximizes mS as
well as mL, but hybridization and the presence of a crystal field (CF) strongly quench
mL and may also reduce mS due to the formation of low-spin states. For CoOEP
on graphene/Ni, the influence of the spin–orbit coupling (SOC) on the electronic
properties of the Co ions explains the large orbital moment mxy

L as compared to mS.
SOC mixes the ground state and the first excited state of the electronic structure
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of the Co atoms. This leads to the formation of a state with finite in-plane orbital
moment. The anisotropy in size of the orbital moment of 489% reflects its much lower
contribution to the Co magnetization by aligning it perpendicular to the surface.
Further the spin and charge distribution of the unpaired electron at the Co site is
highly anisotropic, too. Both lie perpendicular to the plane of the macrocycle, as
expected for pure CoOEP molecules being consistent with an electronically weak
interaction between CoOEP and graphene/Ni. The study of the orbital moment
and in particular its anisotropy of nanostructures at interfaces is interesting given
its importance for the orientation of the magnetic moments via the SOC. Here, it
is shown that also the orbital moment can provide a sizeable contribution to the
entire magnetization of an element within an exchange-coupled system of magnetic
nanostructures possessing interesting characteristics for potential spintronic devices.

After the adsorption of MP molecules on surfaces, the second axial coordination
site of their central metal ion still can be occupied by a further ligand. This enables
coordination chemistry of MP molecules on ferromagnetic substrates. This possibility
is used in the framework of this thesis in order to manipulate the electronic and
magnetic properties of Fe and Co atoms inside FeOEP and CoOEP molecules, which
are magnetically coupled to the magnetization of a thin magnetic film. So by dosing
with CO on CoOEP/graphene/Ni and with NO on CoOEP/O/Ni the total size of the
magnetization of the central metal ion is modified. An attachment of NO to FeOEP
on O/Co allows to tune the magnetic coupling strength between the Co magnetization
and the Fe spins and thus to control the Fe magnetization at finite temperatures. A
subsequent thermal desorption of the chemical stimuli restores the original electronic
structure of the metal atoms in all systems and shows the possibility to control the
electronic properties of the central metal ions in a reversible manner.

After dosing with CO on CoOEP/graphene/Ni/W(110), the successful formation of
carbonyl complexes modifies the CF which constrains the Co atoms compared to the
pristine state. As the SOC together with the CF determines the size of the in-plane
orbital moment, the CO uptake changesmxy

L . The latter is reduced by (77±6)%, while
the Co oxidation state of +2 is unchanged. Also the substrate-induced magnetic order
of the Co magnetic moments caused by the indirect exchange interaction between the
Co and Ni spins is not diversified. Under the reasonable assumption that the spin
state does not change, the CO adsorption induces in total a decrease of the in-plane
aligned Co magnetic moments by (37±3)%. These findings show that it is possible to
modify the magnetic moments by a chemical approach in an exchange-coupled system
of MP molecules on magnetic substrates not only by changing the spin moments but
also by altering the orbital moments. This presents an interesting approach since
usually mL is almost completely quenched in such systems due to the hybridization
of the 3d central metal ion orbitals with electronic states of the substrate and other
molecular orbitals of the macrocycle.

In contrast, the coordination of NO as axial ligand to the Co ions of CoOEP
molecules adsorbed on oxygen-covered Ni films partially oxidizes the transition metal
atoms. So the NO attachment provides the possibility to control the amount of charge
localized on the Co site while in particular more electron density is withdrawn from
out-of-plane than from in-plane 3d orbitals after the NO uptake. Out-of-plane Co
3d orbitals are shifted up in energy, while in-plane ones are less affected by the NO
attachment regarding their energies. This reflects the axial coordination of NO to the
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Co ions of CoOEP. Before and after NO uptake, an exchange interaction couples the
Co and Ni spins in a ferromagnetic fashion. The NO-induced flow of a non-integer
charge away from the Co atoms changes the Co spin moment. This together with
a potentially weaker magnetic coupling between the magnetic moments of the sub-
strate and the Co ions provokes a Co magnetization for the NO-CoOEP complexes
that is about a factor of two smaller than the one of CoOEP at 30 K. This shows
the possibility to control the Co magnetization by the chemical stimulus NO at finite
temperatures.
Unlike the strong interaction between NO and CoOEP on O/Ni, the interaction

between NO and FeOEP molecules adsorbed on an oxygen-covered Co film is weak.
Here, instead of changing the spin or orbital moments, the presence of the NO modifies
the antiferromagnetic superexchange coupling between the Fe spins of the molecules
and the magnetization of the substrate. This is caused by physisorbed NO molecules.
As a result the Fe magnetization is reduced by approximately 50% at 120 K. After
the detachment of NO, the original Fe magnetization at 120 K is restored and dosing
again with NO lowers once more the strength of the magnetic exchange coupling.
The physisorption of NO allows to control the degree of alignment of the exchange-
coupled single molecular spins, while simultaneously the magnetic properties of the
Fe ions are not changed. The virtue of a weakly interacting small ligand allows to
design the magnetic properties of the formed complex by only considering porphyrin–
substrate interactions, which presents a new prospect in the context of molecular spin
electronics.
All in all, advantage is taken of the empty sixth coordination place of MP molecules,

which are magnetically coupled to the magnetization of substrates. It is shown that
the magnetization of the central metal ions of the metalloporphyrins can be switched
at finite temperatures. To do so, a chemical switch is used. It is interesting to achieve
such a control of molecular magnetization at organic-ferromagnetic interfaces that
present model systems for a future molecular spin electronics. It is demonstrated
that this can be obtained by changing the size of the spin and the orbital moment
at the site of the central metal atoms as well as by modifiying the magnetic coupling
strength between the molecular spins and the ones of the substrate.
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[120] C. Stadler, S. Hansen, I. Kröger, C. Kumpf, and E. Umbach: Tuning inter-
molecular interaction in long-range-ordered submonolayer organic films. Na-
ture Phys. 5, 153 (2009), doi: 10.1038/nphys1176.
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T. Lau: Spin Coupling and Orbital Angular Momentum Quenching in Free Iron
Clusters. Phys. Rev. Lett. 108, 057201 (2012), doi: 10.1103/PhysRevLett.
108.057201.

133



Bibliography

[151] S. Peredkov, M. Neeb, W. Eberhardt, J. Meyer, M. Tombers, H. Kampschulte,
and G. Niedner-Schatteburg: Spin and Orbital Magnetic Moments of Free
Nanoparticles. Phys. Rev. Lett. 107, 233401 (2011), doi: 10.1103/PhysRevLett.
107.233401.

[152] P. Gambardella, A. Dallmeyer, K. Maiti, M. C. Malagoli, W. Eberhardt, K.
Kern, and C. Carbone: Ferromagnetism in one-dimensional monatomic metal
chains. Nature 416, 301 (2002), doi: 10.1038/416301a.

[153] O. Eriksson, A. M. Boring, R. C. Albers, G. W. Fernando, and B. R. Cooper:
Spin and orbital contributions to surface magnetism in 3d elements. Phys. Rev.
B 45, 2868 (1992), doi: 10.1103/PhysRevB.45.2868.

[154] S. I. Csiszar, M. W. Haverkort, Z. Hu, A. Tanaka, H. H. Hsieh, H.-J. Lin, C.
T. Chen, T. Hibma, and L. H. Tjeng: Controlling Orbital Moment and Spin
Orientation in CoO Layers by Strain. Phys. Rev. Lett. 95, 187205 (2005), doi:
10.1103/PhysRevLett.95.187205.

[155] C. F. Hermanns, M. Bernien, A. Krüger, W. Walter, Y.-M. Chang, E. Weschke,
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Zuerst möchte ich mich an dieser Stelle bei Herrn Prof. Dr. Wolfgang Kuch dafür
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f́ısica.

Vielen Dank an die gesamte AG Kuch für die hervorragende Atmosphäre in der
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