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ABSTRACT

Within this thesis, two classes of transition metal complexes are studied
on surfaces. Firstly, monomolecular layers of Fe(Il) spin-crossover (SCO)
complexes, prepared by in-situ sublimation onto Au(111) substrates and by
self-assembly on Au(111)/mica, are investigated by means of X-ray absorp-
tion spectroscopy (XAS). For a multilayer of Fe(phen),(NCS), and phenan-
throline molecules on Au(111), a partly reversible SCO transition is demon-
strated. It is found that the transition is suppressed if the Fe(phen),(NCS),
molecules are in direct contact with the Au(111) surface, possibly due to a
chemical reaction of their ligands with the gold substrate. The intact depo-
sition of Fe(bp), is demonstrated, being relatively unperturbed even when
in direct contact with the Au(111) surface. The self-assembly of Fe(bppmc),,
which results in a monomolecular layer with both linker groups bound to
the gold surface, is demonstrated by S 2p X-ray photoelectron spectroscopy.
In both cases a high-spin state of the Fe centers is observed, implying that
the strength of the ligand field would need to be increased to realize an SCO
transition of the molecules on the surface.

The second class of transition metal complexes are quasi-planar Fe
and Co octaethylporphyrin (OEP) molecules. Their magnetic properties
on non-magnetic and ferromagnetic (FM) surfaces are analyzed in the
submonolayer regime by X-ray magnetic circular dichroism (XMCD). The
angle-dependent electronic structure at the metal center of Fe and Co OEP
molecules on non-magnetic Cu(100) and oxygen-covered O/Cu(100) sub-
strates, is determined by means of XAS. Measurements of the magnetic
properties are carried out in a magnetic field of B = 5T at T = 8 K. For
Fe OEP on O/Cu, a very strong magnetic anisotropy is found, owing to the
interaction with the oxygen and resulting in a factor of five between the in-
and out-of-plane XMCD signal. The magnetism of Co OEP on O/Cu(100)
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is dominated by the contributions of the d» orbital. This results in a char-
acteristic angular dependence of the XMCD signal, due to the anisotropy of
the spin-density.

By means of XMCD measurements it is shown that the magnetic mo-
ment of the Fe centers of Fe OEP molecules can be aligned at room tem-
perature if they are deposited onto FM Ni and Co substrates. A simple
theoretical model is utilized to determine the magnetic coupling energies
from temperature-dependent measurements of the Fe and substrate mag-
netizations. A much stronger coupling is found for Fe OEP on Co than on
Ni substrates. Tailoring of the magnetic coupling is achieved by placing
atomic oxygen between the molecules and the FM Ni and Co substrates.
For the first time, an antiferromagnetic coupling of Fe porphyrin molecules
to FM substrates is realized here, as evidenced by the opposite sign of the
Fe and substrate XMCD signals.
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KURZFASSUNG

Im Rahmen dieser Arbeit werden zwei Klassen von Ubergangsmetall-
komplexen auf Oberfldichen untersucht. Als erstes werden die Eigenschaf-
ten von Fe(II)-Spin-Crossover-Komplexen (Fe(II)-SCO-Komplexen), préapa-
riert durch in-situ Sublimation und selbstorganisierte Abscheidung als
molekulare Einzellagen auf Au(111)-Substraten, mit Hilfe von Rontgen-
absorptionsspektroskopie (XAS) analysiert. Fiir eine Mehrfachlage aus
Fe(phen),(NCS), und Phenanthrolin-Molekiilen auf Au(111) wird ein teil-
weise reversibler SCO-Ubergang nachgewiesen. Sind die Fe(phen),(NCS),-
Molekiile in direktem Kontakt mit der Au(111)-Oberfliche, ist der Ubergang
vermutlich auf Grund einer chemischen Reaktion ihrer Liganden mit dem
Gold-Substrat unterdriickt. Es wird gezeigt, dass sich Fe(bp),-Molekiile
intakt auf Au(111) aufdampfen lassen und weitgehend ungestort adsor-
bieren. Das selbstorganisierte Abscheiden von Fe(bppmc),, bei dem beide
Linkergruppen an die Goldoberfliche gebunden sind, wird an Hand von
S 2p Rontgen-Photoelektronenspektroskopie demonstriert. In beiden Fal-
len wird ein High-Spin-Zustand der Fe-Zentren beobachtet, was impliziert,
dass die Starke des Ligandenfeldes erhoht werden muss, um einen SCO-
Ubergang der Molekiile auf der Oberflache realisieren zu kénnen.

Die zweite Klasse von Ubergangsmetallkomplexen ist durch quasipla-
nare Fe- und Co-Octaethylporphyrin-Molekiile (Co-OEP-Molekiile) gege-
ben. Ihre magnetischen Eigenschaften werden im Bereich unterhalb einer
Einzellage auf nicht-magnetischen und ferromagnetischen (FM) Oberfla-
chen mittels Rontgenzirkulardichroismus (XMCD) analysiert. Die winkel-
abhingige elektronische Struktur an den Metallzentren von Fe- und Co-
OEP-Molekiilen auf nicht-magnetischen Cu(100)- und sauerstoffbedeckten
O/Cu(100)-Substraten wird mittels XAS bestimmt. Messungen der ma-
gnetischen Eigenschaften sind in einem magnetischen Feld von B = 5 T

iii



KURZFASSUNG

bei T = 8 K ausgefiihrt worden. Fiir Fe-OEP auf O/Cu(100) wird auf
Grund der Wechselwirkung mit dem Sauerstoff eine sehr starke magneti-
sche Anisotropie beobachtet, die sich in einem Faktor fiinf zwischen dem
XMCD-Signal in der Ebene und senkrecht dazu niederschldgt. Der Magne-
tismus von Co-OEP auf O/Cu(100) wird durch die Beitrége des d,2-Orbitals
dominiert. Dies fiihrt zu einer charakteristischen Winkelabhidngigkeit des
XMCD-Signals auf Grund der Anisotropie der Spindichte.

Mit Hilfe von XMCD-Messungen wird gezeigt, dass sich eine Ausrich-
tung der magnetischen Momente der Fe-Zentren von Fe-OEP-Molekiilen
bei Raumtemperatur erreichen ldsst, wenn diese auf FM Ni- und Co-
Substraten abgeschieden werden. Die magnetischen Kopplungsenergien
werden durch temperaturabhingige Messungen der Fe- und der Substrat-
magnetisierung unter Anwendung eines einfachen theoretischen Modells
bestimmt. Es wird eine sehr viel stirkere magnetische Kopplung von Fe-
OEP zu Co- als zu Ni-Substraten beobachtet. Ein Mafischneidern der ma-
gnetischen Kopplung wird durch Einbringen von atomarem Sauerstoff zwi-
schen den Molekiilen und den FM Ni- bzw. Co-Substraten erreicht. Erst-
malig ist hier eine antiferromagnetische Kopplung zwischen Fe-Porphyrin-
Molekiilen und FM Substraten realisiert worden, was durch die entgegen-
gesetzten Vorzeichen der Fe- und Substrat-XMCD-Signale nachgewiesen
wird.
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INTRODUCTION

The demands of modern information technology have led in the last fifty
years to a steady progress in miniaturization of functional units. As a result
of heavy investments by the semiconductor industry in optical lithography
processes, ever smaller structures have become feasible. A transistor pro-
duced in the actual 45 nm (feature size) process occupies a surface area of
less than 0.1 um?. Similar efforts in the information storage media have at-
tained striking bit densities in the current magnetic hard disk drives, so that
today a bit is represented by the magnetization of only 107 atoms. Since the
accuracy of a structure written by lithography depends ultimately on the
wavelength of the light used in the patterning process, a great deal of work
is currently invested in developing new optical elements and light sources
to utilize light of the extreme ultraviolet range.

Instead of pushing down the structural size limits, it may be smarter to
engineer functional units atom by atom in a bottom-up fabrication approach
[1]. Handling individual atoms is clearly too costly for massive production,
but a solution may be to take advantage of self-assembling properties partic-
ular of organic molecules. In this regard, chemists have synthesized count-
less varieties of molecules, carrying the needed flexibility to this approach.
If such molecules were arranged on a surface in a controlled manner, the
formation of complex functional units, based either on properties of indi-
vidual molecules or on the interplay between molecules and surface, would
be at hand. Additionally, the two-dimensional arrangement on the surface
allows for addressing the individual units by their lateral position.

The mechanisms for a controlled assembly are typically provided
by intermolecular and molecule-substrate interactions, resulting in the
formation of highly ordered two-dimensional molecular structures (self-
assembly), as well as the local ordering of molecules (molecular recogni-
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INTRODUCTION

tion). The most common forces range from the weaker hydrogen-bond
formation and van-der-Waals interactions, to stronger ionic and covalent
bonds. The utilization of molecules to functionalize surfaces provides the
possibility to tune a variety of surface properties. Broadly speaking, one
may think of four generic properties: chemical, involving the formation of
bonds to environmental molecules, the redox behavior, and catalytic prop-
erties [2, 3]; geometric, using the conformation of molecules to modify wet-
ting and sticking behavior [4]; electric, by the formation of surface dipoles
and the modification of transport properties [5, 6]; and finally magnetic, by
tuning the molecular spin state, the magnetic anisotropy, and the magnetic
coupling [7, 8]. If bistable molecules are used, such surface properties may
be switched by an external stimulus, for example, light, temperature, or
electrical currents.

In this thesis, magnetic molecules have been investigated on sur-
faces. The complete system displays bidirectional interactions, so that
the molecules modify the surface properties, while the magnetism of the
molecules is affected by the underlying substrate. If the molecular mag-
netism can be tailored, these molecules may serve as nanoscale building
blocks for future molecular spintronic devices, in which a spin-polarized
current or a local magnetic field may be used to switch the spin of the
molecule.

In recent years, a great deal of attention has been directed towards the
study of metalorganic complexes on surfaces [9-11]. In these compounds, a
metal ion is bonded to organic ligands via coordination bonds. In transition
metal (TM) complexes, the central ion can adopt different oxidation states,
which are used in biological processes of paramount importance such as
oxygen transport in hemoglobin or light trapping in chlorophyll. The elec-
tronic and magnetic properties of the central ion are influenced significantly
by the surrounding organic ligands. The 3d electrons are subject to a ligand
tield, which lifts up their energy degeneracy. Depending on the symmetry
and strength of the ligand field, the 3d electrons arrange themselves so that
high, intermediate, and low spin states can be observed.

Here we will focus on two different classes of Fe complexes on metal-
lic surfaces. Firstly, spin-crossover (SCO) complexes are investigated. For
these molecules, the ligand-field splitting energy of the electronic levels is in
the same range as the electron—electron repulsion, resulting in a metastable
arrangement of the 3d electrons. This makes the complexes sensitive to a
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variety of tiny perturbations, such as thermal excitations, pressure, and in-
teractions with solvents or adjacent molecules. If the sensitivity of SCO
complexes could be exploited to functionalize surfaces, they may detect
small changes in a supramolecular arrangement or modifications of sur-
face properties, not accessible to a direct read-out. However, thin layers
of SCO molecules on surfaces in the monolayer regime have rarely been in-
vestigated due to limitations dictated by the preparation method. In-situ
deposition by sublimation of these complexes in UHV requires a high ther-
mal stability of the molecules. Ex-situ deposition from solution via covalent
linkage to the substrate by means of a sulfur-containing anchor group re-
quires a chemical modification of the SCO complex that might suppress the
occurrence of a spin transition.

The main questions addressed here are: How can these methods be
exploited to prepare monolayers of a particular SCO complex on metallic
surfaces? What effect has the interaction with the surface on the electronic
properties of the metal center? Will the SCO transition be preserved when
the molecule is deposited on the surface?

In contrast to SCO complexes, porphyrins are highly stable metalor-
ganic compounds. Thin layers of porphyrin molecules can be readily pre-
pared by in-situ sublimation in UHV. Porphyrins are quasi-planar com-
plexes. The central ion is four-fold coordinated by the porphyrin macro-
cycle. Two coordination sites can be occupied by additional ligands. If por-
phyrins are deposited onto surfaces the central ion is directly influenced by
the surface. This may result in a modification of the electronic properties of
the ion, but it may also affect the magnetic properties.

In the last few years, many works studying porphyrin molecules on
surfaces have been published [11], including metalation of porphyrins on
the surface [12, 13], and reversible switching of the interaction between the
central ion and the surface by coordination of NO towards the metal center
[14]. However, the magnetic properties of porphyrins adsorbed on surfaces
have rarely been investigated [15, 16], and this thesis devotes a major part
to studying the nature of the magnetic coupling of Fe porphyrin molecules
to transition-metal surfaces.

The detection of the properties of the central ion in adsorbed complexes
with coverages in the submonolayer range is always challenging, since one
monolayer of molecules corresponds to an effective transition-metal cov-
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erage of about a thirtieth of a monolayer. For the study of these minute
amounts of adsorbate, X-ray absorption spectroscopy is a pertinent tech-
nique, since it combines a high sensitivity with element specificity. Thus,
the electronic properties of the constituents of a sample can be studied inde-
pendently. Additionally, the use of X-ray magnetic circular dichroism offers
the unique possibility to measure the spin and orbital magnetic moments for
each element present in the system. Thus, if the molecules are adsorbed on
a magnetic substrate, their magnetization can be followed independently
of the much larger magnetization of the underlying substrate. The mag-
netic anisotropy and the anisotropy of the spin density at the metal center
are, therefore, investigated by angle-dependent XMCD measurements. Fur-
thermore, X-ray absorption measurements using linearly polarized light are
carried out to determine orientation-dependent electronic properties of the
3d electrons of the central ion, in particular, the anisotropy of the charge
density.

Submonolayers of Fe and Co octaethylporphyrin molecules are investi-
gated on non-magnetic and ferromagnetic surfaces. X-ray absorption tech-
niques are employed to tackle the following questions: Is it possible to
adsorb porphyrin molecules onto metallic surfaces in a controlled man-
ner? How are the electronic structure and the magnetic properties of the
molecules influenced by the presence of the surface? Can one modity,
for example, the oxidation state, the magnetic moment, or the magnetic
anisotropy? Can the molecules be magnetically aligned by an interaction
to FM substrates? Is it possible to tailor the strength or the orientation of
such magnetic coupling?



CORE LEVEL SPECTROSCOPIES
OF TRANSITION METAL
COMPLEXES

This chapter starts describing the interactions of X rays with matter in gen-
eral. I then introduce the fundamentals of X-ray absorption spectroscopy
(XAS), especially at the K, and L, 3 edges, relevant for the transition metal
complexes investigated here. In the following X-ray magnetic circular
dichroism (XMCD) is discussed in view of its angular dependence and the
orbital projected contributions to it. Different detection methods of the X-
ray absorption cross-section are presented, and an quantitative description
of the total electron yield (TEY) detection method is given, serving as the ba-
sis for the normalization of the X-ray absorption (XA) spectra. In the follow-
ing section, aspects of the electronic structure of transition metal complexes
are illustrated by means of ligand field theory. Finally, a brief introduction
to X-ray photoelectron spectroscopy (XPS) is given.



1. CORE LEVEL SPECTROSCOPIES OF TRANSITION METAL COMPLEXES
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Figure 1.1: Cross section of photoabsorption in comparison to the
one of elastic and inelastic scattering, as well as higher energy inter-
actions of X rays with a Cu metal sample. Adapted from [17].

1.1 Interaction of X rays with Matter

If X rays traverse matter of thickness x, their intensity I is attenuated ac-
cording to Lambert-Beer's law:

dl = —p(E)Idx = I = Ie *EX, (1.1)

The attenuation coefficient p(E) composes additively inter alia of the con-
tributions of elastic and inelastic scattering and of absorption. The cross
section 0;(E) = p;(E)/n, with n the density of atoms, of the respective inter-
actions is plotted in figure 1.1 against photon energy for a copper sample.
In the soft X-ray regime up to 2 keV, relevant here, photoabsorption domi-
nates over the other processes. The absorption spectrum is characterized by
distinct absorption edges reflecting successive excitations of core electrons.
These edges are denoted as K=1s, L1 =2s, Ly = 2p1/2, Ly = 2;93/2, My =3s,
etc.

The absorption process can be understood within the scope of a simple
one-electron picture. When absorbing a photon of energy E = hw, a core
electron is excited from an initial state |i) with energy E; into a continuum
of final states | f) with density p(Es) and energy E = E; + E. The transition
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INTERACTION OF X RAYS WITH MATTER 1.1

rate w;_, r connects to the absorption cross section o(E) via the photon flux
Ly, according to:

o(E) = “(nE) = % (1.2)

and can be calculated with the help of Fermi's golden rule:

27 , e -, -
Wisf = 7}<f’Hper‘l>}ZP(Ef) ’ Hper = _Z_mCA(r' t)-p

and the perturbation Hamiltonian Hp., of an incoming electromagnetic
plane wave of wave vector k, polarization vector &, and vector potential

AF 1) = Agee! 7=t  Agge—i@t 4
in dipole approximation:

2 42
et Ay o
2132
Thus, we obtain the absorption cross section using I, = A3w/(8nhc) and
equation 1.2:

27 A _ivts = R
wiyp = S|l = o e E Fli) Po(Ey) = (fIE-71i) ().

2.2
o(E) = T Ele- (F170) Po(Ep) (13)

When the electron is excited above its ionization potential, the atom is
ionized and the final state is represented by an outcoming electron (photo-
electric effect). The energy distribution of the photoelectrons provides infor-
mation about the occupied initial states. In an X-ray photoemission spec-
troscopy (XPS) experiment, this can be used to determine the composition
of a sample as well as chemical properties of the elements, as will be dis-
cussed in section 1.8. If the photon energy is scanned over a certain range,
the energy of the outcoming electron is varied. This electron is scattered
by the neighboring atoms giving rise to broad resonances above the respec-
tive absorption edges if the scattered electronic wave interferes coherently
at the position of the initial atom. The analysis of the extended X-ray ab-
sorption fine structure (EXAFS) is used to determine the local geometry in
the vicinity of an element, i.e., the distance of neighboring atoms. In contrast
to diffraction-based techniques, EXAFS does not require an ordered crystal.

Below the ionization potential, an electron can be excited to unoccu-
pied atomic states. By scanning the photon energy in a small region around

7



1. CORE LEVEL SPECTROSCOPIES OF TRANSITION METAL COMPLEXES

an absorption edge, the spectrum is a measure of the unoccupied density
of states. These states are highly important because they constitute the va-
lence shell of the atom, which mainly determines its properties. Such mea-
surements are the fundament of near edge X-ray absorption fine structure
(NEXAFS) spectroscopy. With the availability of X-ray optics in the soft
X-ray regime, the L,3 edges of transition metals and the K edge of light
elements found in organic systems became accessible. The spin-orbit split-
ting of the 2p core levels at the L, 3 edges provides the possibility to carry
out magnetic measurements by X-ray magnetic circular dichroism (XMCD)
spectroscopy. Thus, X-ray absorption spectroscopy (XAS) in the soft X-ray
regime is very well suited to study the properties of Fe and Co transition
metal complexes investigated within the scope of this thesis.

1.2 Near Edge X-ray Absorption Fine Structure

NEXAFS spectroscopy! deals with the analysis of the strong resonances
found in the vicinity of an absorption edge. In order to interpret the ob-
served spectra, the expression for the absorption cross section, equation 1.3,
has to be further evaluated. The calculation, boils down to the evaluation of
the matrix element. It can be carried out in the basis set of atomic orbitals
(AOs). This is of fundamental interest since each basis set can be expressed
as a linear combination of the AO. In the one-electron picture, the initial
state is given by a core AO and the final state by a valence orbital. Using
AOs of the form:

in,1,my,s,ms) = Ry, 1(r) Y1, |5, ms),

where 7 is the principal, | the angular, and s the spin quantum number, the
matrix element factors into radial, spin, and angular parts:

(', I',my, s, mg|P|n,1,my,s,ms) = Sy (n', U'lr|n, (U, my|7|L,my).  (1.4)

For a given transition, s and m; have to be preserved, since the dipole op-
erator does not act on the spin. Tuning the photon energy to a certain ab-
sorption edge, 1, I, n’, and I are fixed, and the radial part just determines
the strength of the corresponding resonance. The radial component of the

! In the context of this thesis, I will refer to it with the more general term XAS since all
absorption measurements are carried out in the vicinity of an absorption edge.
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initial state R,, ;(7) is localized at the core, thus only the density of states at
the position of the element, selected by the photon energy, are probed. The
full angular dependence is contained in the angular part, since the radial
part is a scalar.

For dipole transitions into unoccupied final states, the absorption cross

section is given according to equation 1.3:
47%e?
2, G= ——ER= [(n', U'|rn, 1|2, (1.5)
c

Here, R denotes the squared radial part and G contains the photon energy
and a constant. The intensity of a certain transition depends on the relative
orientation of the transition matrix element and the polarization vector. This

can be used in an angle-dependent measurement to identify the orientation

o(E) = GRIE- (I, m|F|l, m)

of the atomic or molecular orbitals.

A close inspection of the transition matrix element reveals that nonzero
values are only obtained if the dipole selection rules are fulfilled:

+1 left circular
As =10 Amg =0 Al = +1 Amy = 0 linear
—1 right circular

Thus, from an s initial state, only transitions into p orbitals can be excited.
For a p initial state, d or s orbitals can be reached. At the Ly 3 edges (2p ),
and 2p3 ; initial states), the spin-orbit coupling is dominant and #; and 1,
are not good quantum numbers anymore. The dipole selection rules change
as follows:

+1 left circular
Aj=0,%£1 As =0 Al = £1 Amj = 0 linear
—1 right circular

1.3 X-ray Natural Linear Dichroism

The polarization dependence of the X-ray absorption cross section can be
exploited to determine the orientation of molecular bonds and orbitals. The
intensity of a certain transition in angle-dependent XAS measurements de-
pends on the relative orientation of the matrix element and the polarization
vector of the X rays as follows from equation 1.5. The consequence can be
easily understood within the one-electron model.
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Figure 1.2: Unoccupied p orbital probed with linearly polarized X
rays of wave vector k. Illustrated are the definitions of the zenith
angles of the polarization vector £ and the orbital vector 6.

1.3.1 Angular Dependence at the K Edge

Let us consider linearly polarized X rays exciting an s electron to an unoc-
cupied p orbital, e.g., from 1s to 2p at the K edge or from 2s to 3p at the
L; edge. Since the charge distribution of an s orbital is isotropic, the angu-
lar dependence of the matrix element (p;|7|s), i = x,y, z solely originates
from the orientation of the p orbital excited to, resulting in a matrix ele-
ment aligned along the symmetry axis of the respective p orbital. Due to the
isotropic atomic initial state, this so-called search-light effect is also valid for
molecular orbitals, where the final state is not necessarily of pure p charac-
ter. Prominent examples are 77* and o* molecular orbitals. These orbitals
are the antibonding generally unoccupied counterparts of the 77 and o or-
bitals participating in a covalent bond. Single bonds possess one o* orbital
along the interatomic axis. Double bonds display a c* and a perpendicular
7r* orbital, while triple bonds exhibit a c* orbital and two 7* orbitals form-
ing a plane perpendicular to the bond axis. The orientation of these orbitals
and, thus, the direction of the bond can be determined from the angular
dependence at the K edge.

Figure 1.2 represents an unoccupied p orbital probed with linearly po-
larized X rays. The intensity of the corresponding resonance is given by
the dot product of the orbital vector o, defined by the symmetry axis of
the orbital, and the polarization vector € of the X rays. If all molecules are
adsorbed in the same way, but with random azimuthal orientations, the
resulting resonance intensity for a given incidence angle I(6) is obtained
by integration over all azimuthal directions in spherical coordinates. The
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X-RAY NATURAL LINEAR DICHROISM 1.3

zenith angles of the orbital ¥ and the polarization vector 0 are defined in
tigure 1.2. The corresponding azimuth angles ¢ and ¢ are eliminated by the
integration due to the assumed symmetry of the system:

1 27 1 27 7 /sindcos @ sin0cos P\ \ 2
1(0) = 7 /(5 Z)Zd(p = E/ ((sinﬁsin@) . (sin@sind))) do
0

0 cos ¥ cos 6

= cos20cos® 9+ % sin? @sin? 9.

We can now determine the tilt angle 9 of a molecular orbital, relative
to the surface normal by measuring XAS at two different incidence angles.
Maximum contrast would be obtained by measuring into two orthogonal
directions, e.g., 61 = 0° and 6, = 90°. Since an incidence angle of 0° corre-
sponds to a k vector parallel to the surface, 6; is chosen close to 0° (usually
20°) due to technical limitations. The ratio of the corresponding resonance
intensities is given by:

1(61) . cos? 01
61,90°) = = sin?6; +2
1(01,90°) = Jrggey = SIn° 01 +200 55
2 cos? 6y
= 19: 1— . 1.6
arCCOS\/ 7(61,90°) — 1+ 3cos2 6, (16)

This offers a direct method to determine the orientation of a particular
molecular orbital. However, it relies on the assumption that this orbital dis-
plays the same zenith angle J for all molecules. With increasing disorder,
the resonance intensity becomes independent of the incidence angle result-
ing in a ratio of 7(61,6,) = 1 and an apparent orientation of the orbital of
0 =54.7°.

1.3.2 Angular Dependence at the L, ; Edges

At the L, 3 edges, an electron is excited from a 2p initial state to an unoccu-
pied 3d (or 4s) orbital. This situation is more complex than at the K edge,
since it involves three possible initial p orbitals with an anisotropic charge
distribution and five final 4 orbitals.

In table 1.1 the oscillator strength |- (d;|7|p;)|? is evaluated for linearly
polarized light with the polarization vector € aligned into x, y, z directions.
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dp de dy: dyy dpop
pr 2 0 0 0 6
p, 0 0 0 6 0 g
p. 0 6 0 0 0
pp 0 0 0 6 0
p, 2 0 0 0 6 &

p. 0 0 6 0 O

p. 0 6 0 0 0

Py
p. 8 0 0 0 0

o
o
o)
o
o

oy

~Ny

Table 1.1: Oscillator strengths (in relative units) for transitions be-
tween p and d orbitals in cubic symmetry and the polarization vector
aligned along x, y, z Cartesian coordinates.

Note that for each Cartesian coordinate of € and given d orbital, there is only
one initial p orbital with nonzero oscillator strength. For each of the final d
orbitals we have to sum over all p orbitals resulting in a specific vector that
describes the sensitivity of the individual 4 orbital to a certain polarization
direction (table 1.2). The intensity of the corresponding resonance can then
be obtained by evaluating the dot product between this vector and &.

Here it should be mentioned that the assignment of observed reso-
nances to unoccupied final orbitals cannot be done on a one-to-one basis as
it would be suggested by the one-electron model. In fact, due to the interac-
tion of the created core hole with the electrons of the d shell, one has to ac-
count for the multi-electronic nature of the initial and final state represented
by 2p®3d" and 2p>3d"+1, respectively. This leads to different energetic reso-
nance positions depending on the arrangement of 3d and 2p electrons due
to the Coulomb interaction. A rigorous treatment can only be done by cal-
culating all possible transitions within the framework of multiplet-theory
codes.

In contrast to the K edge, the angular dependence of XAS at the L3
edges is not suitable to determine the orientation of an adsorbed molecule
due to the higher number of possible transitions. However, once the ori-
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d 2 dxz d z dxy dxz_ 2

z Y y
2 6 0 6 6
2 0 6 6 6
8 6 6 0 0

Table 1.2: Oscillator strengths (in relative units) summed over all ini-
tial p orbitals with the polarization vector €||x, y, z.

entation of the adsorbate is known from the K-edge angular dependence, it
can be a powerful tool to investigate the orbital occupation of a 3d transi-
tion metal center within a molecular complex. Even more, in combination
with XMCD measurements the magnetic properties can be separated into
the contributions of the individual 3d orbitals.

The presented formalism can be generalized in terms of an angle-
independent contribution and the deviation given by the quadrupole mo-
ment Q of the charge distribution [18-20]. The absorption intensity for a
transition to an unoccupied valence state |®?,) with angular momentum [’
using linearly polarized X rays with the E vector along o = x, y, z coordi-
nates is given by [20]:

- ~ ! 2143, ; -
Il = n} GR 1 - l/ q)l/ ’ 1.7

= 3(21’+1)< 2 (7l Qacl >> (17
where 7 denotes the orbital-projected number of holes. The quadrupole
moment operator is a symmetric tensor of second rank with vanishing trace.
In space representation, using spherical coordinates, it is given by:

3ratp
Qup =6up — 5~
1—3sin?0cos?¢p —3sin’Osindcos¢ —3cosOsinbcosp
= | —3sin’Osinpcos¢p 1—3sin’Osin’¢p  —3cosHsinHsin ¢
—3cosfsinfcos¢p —3cosBOsinbsin ¢ 1 —3cos?0

1.4 X-ray Magnetic Circular Dichroism

XMCD utilizes the difference in absorption of left and right circularly po-
larized X rays caused by a magnetization of the unoccupied orbitals. The

13
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Figure 1.3: Intensities (in relative units) for transitions between spin-
orbit and exchange-split initial p3/, states to ligand field-split final
spin-up d orbitals when excited with left and right circularly polar-
ized X rays.

beauty of XMCD lies in the existence of sum rules that link the integrated
intensity of XAS and XMCD spectra to ground state properties of the va-
lence states. This is the number of empty states, the spin moment, and the
orbital moment. Unlike conventional magnetometry, XMCD combines the
spectroscopic and the magnetic information, allowing for element-selective
magnetization measurements.

XMCD was first predicted by Erskine and Stern in 1975 for the M3
edges of Ni [21]. The first XMCD was measured at the Fe-K edge by Schiitz
et al. (1987) [22]. XMCD can be understood within the one-electron picture.
For this thesis the 3d orbitals of Fe and Co transition metal ions, affected
by the presence of a ligand field, are of main importance. Their final states
are given by the 3d orbitals in cubic symmetry. The initial 2p orbitals are
split into 2p /, and 2p3, subsets due to a strong spin-orbit coupling of 10
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to 20 eV. The degeneracy of this subsets is lifted in the presence of an ex-
change interaction. These initial and final states can be expressed as a linear
combination of AO, and the intensity of the individual transitions can be
calculated by evaluating the angular part of the transition matrix element
in equation 1.5. The resulting intensities are given in figure 1.3 for spin-
up d orbitals (ms = 1), left and right circularly polarized X rays with k||Z,
and Z being the quantization axis for both the spin and the ligand field. By
summing the transitions for all singly occupied d orbitals, we obtain the in-
tegrated XMCD signal. Considering, for example, a high-spin 3d° Fe3™ ion,
here, all d orbitals are filled with one electron and, thus, contribute to the
XMCD signal. For a 3d° low-spin state, four electrons are paired, and only
one orbital accounts for the XMCD signal, whereas five contribute to the
XAS signal.

The transition can be envisaged as a two-step process. In a first step, a
circularly polarized photon is absorbed, transferring its angular momentum
to the excited electron. When excited from a spin-orbit split level, the mo-
mentum is carried as a spin and orbital polarization of the photoelectron.
In a second step the photoelectron is inserted in the unoccupied final states,
serving as a detector of spin and orbital polarization. The spin polarization
at the L3 and L, edge is of opposite sign, due to opposite spin-orbit coupling
of the 2p initial states, I + s and | — s, respectively. A spin polarization of the
photoelectron only occurs for spin-orbit split initial states, e.g., at the L, 3 or
M, 3 edges. At the K edge, no such spin polarization is possible, since the
initial state orbital momentum is zero (1s — 2p). However, there still exists
a dichroism effect if the final state exhibits an orbital polarization [23, 24].

1.4.1 Sum Rules

The sum rules connect the integrated intensity of the spectra to ground state
properties of the system, thus building the fundaments for a quantitative
analysis of XAS and XMCD data. The sum rules were derived by Thole and
Carra et al. in 1992 and 1993 [25, 26]. The validity of the sum rules had been
experimentally verified in 1995 by Chen et al. [27] by high-precision X-ray
absorption experiments, detecting the total electron yield and the transmis-
sion of thin Fe and Co foils simultaneously.

In the context of this thesis, the d orbitals studied at the L, 3 edges are of
major importance. Under the influence of an ligand field, the valence states
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Figure 1.4: Upper panel: Co-L,3 XA spectra of 5 ML Co/Cu(100)
taken with left and right circularly polarized X rays (red and blue).
Additionally, the polarization-averaged spectrum (black) and its in-
tegrated intensity (dashed) after subtraction of the contributions
of transitions into the continuum (gray) is shown. Lower panel:
XMCD intensity difference (black) and corresponding integrated sig-
nals (dashed), see text.

split into symmetry-adapted orbitals. The ligand field around the central
ion of porphyrins is basically of Dy, symmetry and the valence states can
be expressed as the d orbitals in cubic symmetry with the quantization axis
along the symmetry rotational axis of the ligand field. The sum over all
2p — 3d transitions is connected to the number of 3d holes in the valence
shell. Experimentally this quantity is determined by integrating the inten-
sity over the L3 and L, edges.

Figure 1.4 shows the XAS signal at the Co-L; 3 edges for magnetically
saturated 5 ML Co/Cu(100) taken with left and right circularly polarized
X rays? I~ and I'*. The XMCD (lower panel) spectrum, given by the dif-

ZXMCD depends on the relative alignment of the magnetization of the sample and the
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ference of these two spectra AI = [~ — I*, contains the magnetic part of
the signal. The nonmagnetic part is obtained by averaging the initial spec-
tra, commonly referred to as white line. Contributions of transitions into
the continuum of states above the ionization potential are separated by sub-
traction of an ad hoc step function Isep [27]. The function consists of two
Fermi functions centered at the L3 and L, edges with relative heights of
2:1, reflecting the occupation of the p3/, and p;/, levels. Contributions
from 2p — 4s transitions can be neglected since their intensity is smaller by
a factor > 20 compared to the ones from 2p — 3d transitions, mainly due
to their smaller radial overlap [28].

The integrals over the L3 and L, edges can be obtained from the XMCD
spectrum and the white line after subtracting the step function:

Ad= | AIGE, A= [ ((I7+17) /2= lup)dE, i=2,3.

i

The charge sum rule relates the integrated intensity of the white line
to the number of holes 1, in the valence shell. For the L,3 edges (I' = 2),
it follows from equation 1.7 when summing over all d orbitals weighted
with their respective orbital-projected number of holes n.. Defining Q¢ =
(di|Qaxld;), C = %GR, andn, =Y, n;l, it yields [19]:

[As + AsJa = C(my + 1) = CYn, (1 + %Q;), (1.8)

where ng = %Zi Q! ni is the anisotropy of the charge density. a = x,y,z
denotes the direction of the electric field vector and the k vector when using
linearly (B = —4) and circularly (B = 2) polarized X rays, respectively. Since
Qup has a vanishing trace, the anisotropic contribution cancels if an average
over all three Cartesian coordinates is performed. In this case, the integrated
intensity is directly proportional to the number of d holes. The same result
can be obtained in a single measurement if the molecular complexes are
oriented randomly, e.g., in an polycrystalline sample. If the molecules are
adsorbed on a surface and display random azimuthal orientations, such a
spectrum can be obtained by measuring at a certain incidence angle. This
so-called magic angle ensures that the signals along all Cartesian coordi-
nates contribute equally to the resultant spectra. Note that the correspond-

photon angular momentum. Conventionally, I~ and I are defined such that their differ-
ence is negative at the L3 edge.
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ing incidence angle 6 between the k vector and the surface is different for
linearly and circularly polarized X rays, being 54.7° and 35.3°, respectively.

The spin sum rule relates the integral over the L, 3 edges of the XMCD
intensity difference to the spin magnetic moment. Additionally, it contains
the magnetic dipole operator T, that expresses the anisotropy of the spin
density. It couples the charge and spin density according to T, = ¥, QapSp-
For transition metal complexes, the spin-orbit splitting of the 3d electrons is
small (~ 50 meV) compared to a typical ligand-field splitting (~ 1 to 2 eV).
As a consequence the spin density directly follows the charge density and
T, can be expressed as a product of the orbital-projected spin moment p
and the quadrupole moment of charge uf) = —%(T[X) = —ﬁ Y Qi
[19]. Assuming that the magnetization and the k vector are collinear, the
spin sum rule is then given by:

C C . 7
AAs —2AA ]y = —— (1o 4+ u%) = —— 1(1+—Q1>. 1.9
[AA3 2)a uB(“S up) HB;“S 5> (1.9)

The presence of uf, can be understood considering that an anisotropic
charge density also implies an anisotropic spin density. In turn, it vanishes
for spherical charge distributions, e.g., in spherical or cubic symmetry. This
is the reason why it is usually neglected for metallic samples. Again, pg
can be obtained by averaging over all Cartesian coordinates or measuring
at the magic angle (8 = 35.3°). This requires the sample to be magnetized
in the same direction, generally only possible in strong magnetic fields and
low temperature. It is important to realize that, although equations 1.8 and
1.9 both contain Q! their angle-dependent behavior is not the same, due
to the difference in n;l and ug. For example, if an orbital d; is fully empty
it contributes intensity to the white line, but not to the XCMD since its two
holes have opposite spin, due to the Pauli exclusion principle. In contrast to
the charge sum rule, the integrals over the L3 and L, enter as a difference,
meaning that the intensity has to be well-separated. This is indeed the case
for the later transition metals owing to the strong spin-orbit splitting of 2p
core states. For the early transition metals, however, the condition is not
fulfilled and this sum rule cannot be applied [29].

The orbital sum rule connects the integrated XMCD intensity with the
orbital momentum along a given direction:

[AAs + AA] = ——uf. (1.10)
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d,» dyz d

z yz X Y X

5 3 6 3 3 8 0 12 0 0

5 6 3 3 3 8 12 0 0 0

2 3 3 6 6 —4 0 0 12 12
circular polarization circular dichroism

Table 1.3: Oscillator strengths (in relative units) of the individual d
orbitals probed with circularly polarized X rays (left) with wave vec-
tor k| |x, y,z. For XMCD (right) magnetic saturation along the direc-
tion of the wave vector is required in addition.

Here, no additional angle-dependent term enters because the orbital mo-
mentum is anisotropic by definition. The measurement, again, requires
that the sample is magnetically saturated along the measurement direction.
The importance of uf stems from the fact that it is related to the magneto-
crystalline anisotropy via the difference of the orbital moment along the
easy and hard magnetization axes of a magnetic sample. Applying the or-
bital sum rule is demanding since the L3z and L; edge are of opposite sign.
Thus, the sum is small and the determination of uf becomes sensitive to
tiny slopes or bendings in the measured spectra.

Evaluating the matrix element of the quadrupole moment of charge in
the sum rules yields the intensities for the individual d orbitals to the XAS
and XMCD signal. The final-orbital resolved intensities are depicted in ta-
ble 1.3 [19]. For XMCD, the magnetization of the orbitals has to be aligned
collinear with the k vector.

When using electron yield detection, the absorption cross section is not
determined in absolute units, mainly because the conversion efficiency of
X rays into secondary electrons enters as an unknown constant. Therefore,
in order to apply the spin- and orbital-moment sum rules, they are usually
normalized to the isotropic charge sum rule (based on a coordination aver-
aged measurement as indicated by &). Furthermore, if the magnetization of
the sample and the k vector of the incident X rays are not collinear (indicated
by « and &), only the projection of the moments onto k is measured. This
is reflected in the formula by a factor cos ¢. Finally, the degree of circular
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polarization P, enters as well. We obtain:

nyup [AA;; — ZAAz]OC/
P.cos¢p [Az+ Ar]y

Hs + Hp = — (1.11)

2 nyup [AA3 + AAZ](X/
== . 1.12
L 3P.cos¢p [Az+ Arly (1.12)

Note that the number of 4 holes enters as an input parameter. If the sample
is not magnetically saturated the spin and orbital moment, and the term de-
scribing the asymmetry of the spin density have to be replaced by the ther-
mal expectation values of the corresponding operators: s — —2(S4)5E,
= ~7(T) B2, e — — (Lo,

The ratio of the orbital and spin moment can be derived by normalizing
the orbital sum rule to the spin sum rule:

[AA3 + AAz](X/
[AA3 —2AAz]

M
ps + up

2
== 1.13

: (113)
The ratio is obtained solely from the XMCD spectrum and without addi-
tional input parameters. Furthermore, it does not require magnetic satura-
tion. uf, cancels out for a measurement at the magic angle.

1.5 Detection of the Photoabsorption Cross Sec-
tion

XAS and XMCD rely on the determination of the photoabsorption cross sec-
tion in the range of an absorption edge. A direct approach to measure the
absorption cross section experimentally can be realized in a transmission ex-
periment, detecting the transmitted photons as a function of photon energy.
Unlike gas-phase experiments, such a set-up is not easily realized when
studying molecules adsorbed on surfaces, since it necessarily involves very
thin substrates. In addition, the obtained signal is dominated by the contri-
butions of the substrate. Alternatively, fluorescence photons or Auger elec-
trons produced by the annihilation of the core hole can be used as a measure
of the cross section. In figure 1.5 (a) the two decay processes are shown. An
electron is excited from a core level to an unoccupied state. The created core
hole is filled with an electron, and the energy is used to extract an electron
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Figure 1.5: (a) Photoabsorption of an electron and decay of the core
hole by fluorescence or Auger effect. (b) Cascade of low-energy elec-
trons generated by an Auger electron, and detection of the resulting
current.

in an Auger process or to emit a fluorescence photon. In (b) the generation
of secondary electrons by an initial Auger electron is depicted. The photons
impinging the surface penetrate into to sample and are thereby attenuated
according to their mean free path. The generated electrons are scattered in
the sample and excite additional electrons. Only electrons that have suffi-
cient energy to overcome the surface potential barrier can contribute to the
measured signal, given by the detection of the extracted electrons or the
drain current of the sample.

The detection of electrons has the advantage of a high surface sensitiv-
ity, since the mean free path of electrons is much smaller than that of X rays.
In addition, the Auger decay dominates over fluorescence at the K edge of
N and C and at the L 3 edges of transition metals by more than two orders
of magnitude [30]. The produced Auger electrons undergo inelastic scatter-
ing processes in the solid, generating an avalanche of low-energy electrons.
The Auger electrons of a certain transition can be discriminated from other
electrons using an energy filter with pass energy centered around the Auger
transition. This detection method is called Auger electron yield (AEY). Since
it is strongly transition-selective, it ensures a high signal-to-background ra-
tio. A problem occurs if photoelectron peaks enter or leave the energy win-
dow when the photon energy is varied. A photoelectron peak that stays in-
side the energy window only increases the contribution of the background.
In partial electron yield (PEY), all electrons above a certain threshold are de-
tected. In that way, also Auger electrons that suffered an energy loss due to
inelastic scattering contribute to the signal, while low-energy electrons are
filtered out. This results in a higher signal but also decreases the signal-to-
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background ratio. Such measurements can be carried out by simply using
a retarding grid in front of an electron multiplier allowing for a high accep-
tance angle of the detector. A third possibility, referred to as total electron
yield (TEY), is to detect all electrons that leave the sample. Since no energy
filtering is involved, this can be realized by simply measuring the drain cur-
rent of a sample. TEY yields the highest signal but also the lowest signal-
to-background ratio of the described electron-detecting methods. However,
the simple setup makes it less sensitive to variations in measurement ge-
ometry, providing the stability and reproducibility which is advantageous
for normalization of the recorded spectra. Furthermore, it is the only of
the above described electron-detecting techniques that allows for measure-
ments in an applied magnetic field.

The XAS measurements presented in this thesis were acquired by TEY.
Considering a sample with a depth-dependent absorption coefficient p(x),
the contribution of electrons generated in a depth x to the TEY signal is
given by [31]:

—fl//\g(x’)dx’ — fu(x’)dx’
dY, = neNpyp(x)p(x)e © dx, Npp(x) = NOe 0 ,

where A,(x) is the effective electron escape depth, N,,(x) the number of
photons attenuated by the overlying layers and #, is the average number
of electrons produced by one absorption event, i.e., the electron gain factor.
The TEY signal is calculated by integrating over the sample thickness:

(0.¢]

Ye — n@Ngh/e
0

7x "1 Ao "'
() $1/20() ¢ s, 114

1.6 Normalization of Spectra

The main goal of the normalization is to separate the photoabsorption cross
section of an adsorbate from undesired energy- or time-dependent compo-
nents in the measured signal. These are contributions of the substrate, the
transmission function of the beamline and instabilities of the X-ray beam.
In order to choose a proper normalization scheme, a detailed picture has to
be developed of how these contributions enter into the measured signal.
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Given a homogeneous sample with absorption coefficient pc, the inte-
gral in equation 1.14 evaluates to:

0 Hc

Y, = nnghm.

Typically the mean free path of soft X rays 1/uc is longer by two orders
of magnitude than the one of electrons. In this case, we can approximate
pc/(1/Ae + uc) =~ Acpc. However, for non-perpendicular X-ray incidence,
uc has to be replaced by pic/ sin 8, with 6 the angle between the surface and
the k vector of the X rays. This leads to an effective decrease of the mean
free path. For incidence angles very close to 0°, sin0/uc > A, is no longer
valid. The TEY signal saturates and it is not proportional to pc any longer
[32].

If the sample consists of an adsorbate on a substrate of absorption coef-
ficients 14 and pc, and a material-independent electron mean free path and
electron gain factor, integrating equation 1.14 leads to:

_ 0 — (£ +pa)Ax HA — (£ 4ua)Ax Hc
Yo = 1Ny, ((1 — e (etua) >1/7\e—+PLA + (e (Getra) >m>

Where Ax is the thickness of the adsorbate layer. Note that as long as the sig-
nal does not saturate, measuring at grazing incidence angles increases the
overall signal by 1/ sin 6 since (4 ¢ is replaced by 4 ¢/ sin 8. The signal-to-
background ratio is hardly influenced since the exponents in the damping
factors are dominated by 1/A,. The dependence of the signal-to-background
ratio on Ax can be used as a measure of the thickness or the amount of an ad-
sorbate. If sin@/p4 > A, is not fulfilled the damping factors also contribute
to the saturation effects at higher thicknesses Ax of the adsorbate layer [32].
The spectra presented in this thesis were measured from adsorbates with
coverages in the monolayer regime and at incidence angles bigger than 20°,
consequently the importance of saturation effects is ruled out.

It is instructive to rewrite the last equation in order to stress the energy
dependence of the different constituents for 1/p4 ¢ > A,:

ysamPle(E) — m,EA1I(E)(kiAetin (E) + koAepc(E)),
ki =1 —e (WAetpa)dx po o= (1/Aetpa)Ax

Here, A; is the illuminated area. The energy dependence of the photon flux
density I(E) = Ngh(E) /A1 mainly arises from the transmission function of
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the beamline containing reflectivity changes of the X-ray optics and absorp-
tion of X rays due to contaminations of the beamline. The electron gain is
basically proportional to the photon energy: n, = m.E [33]. The energy de-
pendence of A, and m, can be neglected due to the small range the photon
energy is scanned. The one of the exponents is suppressed because they are
dominated by 1/A,.

To separate p(E) from the contributions of the photon flux density
I(E) and the substrate uc(E), the spectra of the “clean” substrate Y<'¢a"(E)
is always measured before adsorbing the adsorbate:

Yelean (EY = m,EA1I(E)Aepic(E),  Y81Y(E) = m,EALI(E)Aepc(E).

For both measurements the signal of a gold grid Y84 (E) is recorded in
parallel. Dividing the signal of the sample and of the “clean” substrate by
the respective signals of the grid yields:

sample A F‘A(E) HC(E) Al .LLC(E)
ysampl E:_1<k—+ ;Y (E) = - :
gria  (F) A\ "uc(E) T P uc(E) grid (E) Ay pg(E)

By this procedure the energy-dependent modulation by the photon flux
density cancels out. Furthermore, time-dependent features in the signal due
to instabilities of the X-ray beam are removed. This is only possible since the
two signals are recorded simultaneously. The obtained signals can now be
divided by each other:

Ysample(E) (E) K (E)

grid HaA 1 HA
= =k + k = Y E)=—" +1.
Yelean(E) Yuc(E) 7 aclB) =1 uc(E)

Evaluating this expression in the pre-edge region E( of the adsorbate, i.c.,
pa(Eg) = 0, provides the damping constant of the substrate k,. Dividing by
the latter yields Y, c(E), such that Y, ,c(Eo) = 1.

Alternatively the signal can be normalized by subtracting the signal of
the “clean” substrate. Here the damping of the substrate signal in the sam-
ple has to be compensated by multiplying by the already obtained damping
constant ky, i.e., scaling the two spectra to fit in the pre-edge region:

A1 pa(E)

__ ysample _ clean e
YA/G(E) - Ygrid (E) kZYgrid (E) - kl AZ FLG(E) .
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Finally, pc and pg can be approximated by linear functions if they are
smoothly varying in the range the photon energy is scanned. Then multi-
plying® with these functions provides a signal proportional to the absorp-
tion coefficient. For the spectra presented in this thesis both normalization
procedures are applied as a crosscheck. In addition the scaling contains use-
ful information when comparing the signals of different samples. Y, ,c(E)
is a measure of the adsorbate signal relative to that of the substrate, and
is geometry independent. Y, ;(E) is especially valuable when comparing
adsorbates on different substrates.

There are, however, various difficulties that might complicate the nor-
malization procedure. First of all, the X rays provided by the beamline are
not purely monochromatic. For example, the second order of the monochro-
mator produces a component with double the energy. In this case, the sig-
nals of the sample, of the “clean” substrate, and of the grid Y(E), have to
be replaced by Y(E) + k3Y(2E). The ratio k3 of the second to the first order
component depends on the energy range and the settings of the monochro-
mator, and is normally of the order of 5%. This modifies the normalized
signals according to:

k1 ua(E)
Y, ~(E) = L. +1,
A k2 pc(E) + k3%uc(215)
A na(E)
Yﬁ‘l/G(E) - k1A—2 ' 1(2E) '

uc(E) + ks 757 1e (2E)

For small amounts of adsorbate, pt4(2E) = 0 can be assumed. There may,
however, be two complications. On the one hand, pc g(2E) might not be
smoothly varying with energy, which could become severe if a resonance
of the substrate falls in the energy range of 2E. In this situation, the value
of k3 was reduced by operating the monochromator at constant fixed focus
(cff) values of 1.6 instead of 2.25. On the other hand, I(E) might approach
0. This is especially troublesome at the C-K edge, where the intensity drops
by more than one order of magnitude, due to carbon contaminations of the
beamline. However, since this effect is restricted to a very small energy
range (~2 eV), it can be compensated by adding a constant to Y8"4(E). This
constant can now be adjusted such that the artifact vanishes.

3For Y, sc(E), unity has to be subtracted before multiplying. In order to distinguish the
two ways of normalization, it is added afterwards again.
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Figure 1.6: d orbitals in cubic symmetry. Indicated are, in addition,
the positions of an octahedral arrangement of point charges.

For most of the spectra presented in this thesis the adsorbate signal is
normalized to the substrate signal (Y4 /C), indicated by “XAS (arb. units)”
on the y axis. This signal is independent of the ratio of the illuminated
areas on the sample and on the grid (A1/Ajy) and, thus, provides with the
possibility to compare the signals of adsorbates on the same substrates. If
the signals of adsorbates on different substrates are presented in one graph
the adsorbate signals is normalized relative to each other by normalizing
to their edge jump, i.e., the post-edge region, after subtracting unity from
Yasc Such a normalization is indicated by “Norm. XAS (arb. units)” on the
y axis. However, for small adsorbate signals, the edge jump cannot always
be determined reliably due to small bendings of the spectra. In that case,
the spectra are scaled consistently to each other. The normalization of the
XAS spectra was carried out with Mathematica* routines programmed in
the framework of the thesis. For the XMCD spectra, pairs of spectra for left
and right circularly polarized X rays were always treated in the same way
to prevent artifacts in the difference spectra.

1.7 Ligand Field Theory

The multitude of electronic configurations, which the 3d electrons of the
central ion of a transition metal complex can adopt, is a result of its elec-
tronic interaction with the organic ligands. Simply put, the effect of the
ligands can be regarded as an electrostatic field at the metal site. In this
model the ligands are represented by point charges, arranged around the
metal center, thereby displaying a characteristic symmetry. The model is re-
ferred to as crystal field theory (CFT). Although it neglects the geometry of

4© Wolfram Research
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Figure 1.7: Splitting of d orbitals under the influence of octahedral,
symmetric tetragonal-distorted, and square-planar arranged point-
charges. In brackets the corresponding point-symmetry groups are
given.

the molecular orbitals (MOs) of the ligands and their hybridization with the
atomic orbitals (AOs) of the metal center, many of the physical effects can
be readily explained within this model.

In figure 1.6 the d orbitals in cubic symmetry are shown. An octahedral
crystal field is given by six point charges equidistantly placed on the three
Cartesian axes. Due to their distinct charge distribution, the individual 4
orbitals are differently affected by the electrostatic interaction with the lig-
ands. If we assume negative point charges, the orbitals that display charge
density on the Cartesian axes are more strongly repelled than the others.
For the given symmetry, the orbitals group into two degenerate subsets re-
ferred to as ey (d,2, dxz_yz) and taq (dyz, dyz, and dyy). It is worth mentioning
that each of the subsets displays an isotropic charge distribution. For histor-
ical reasons, the energetic splitting between the two subsets is referred to as
10Dg. The energy levels for this situation are depicted in figure 1.7. When
introducing a tetragonal distortion by weakening the ligands on the z axis
or increasing their distance to the center, the d,», dy;, and d,, orbitals are
lowered in energy (tetragonally distorted)—even more so if these ligands are
absent (square planar). The symmetry point group for the latter two cases
is Dyy,. In this symmetry, d; and d,, are the only degenerate orbitals, form-
ing an orbital denoted as d,. The symmetry of the ligand field for the SCO
complexes, discussed in chapter 3, can be approximated by an octahedral
symmetry, whereas for the porphyrin molecules, presented in chapter 4, it
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Figure 1.8: Metal-ligand charge transfer. Donation from a ligand o
orbital into an metal d orbital (left) and back donation from a metal d
orbital into a ligand 7r* orbital (right).

can be approximated by a square planar or tetragonally distorted symmetry.

In ligand field theory (LFT) each point charge is replaced by MOs.
These MOs may covalently interact with the AOs of the metal center. The
resulting energetic splittings can be calculated within the framework of den-
sity functional theory (DFT) calculations [34-37]. One important difference
to CFT is the possibility for charge transfer between metal and ligand or-
bitals of the same symmetry. The two most prominent transfer processes
are sketched in figure 1.8 [38—40]. In the first case charge is transfered from
an occupied o orbital at the ligand site to an unoccupied metal d orbital (o
donation). In the second case the charge transfer takes place from an oc-
cupied 4 orbital into an unoccupied ligand 7* orbital. These two processes
may occur at the same time, and stabilize each other. It is important that the
donation and back donation involves specific orbitals. For the charge trans-
fer between the metal center and a porphyrin macrocyle, donation takes
place into the d 22 orbital, whereas back donation involves the d (dyxz, dyz)
orbital. In the presence of axial ligands, donation into the d,» orbital may
take place. The extent of charge transfer depends on the ratio of ionic and
covalent character of the coordination bond [38, 41, 42].

1.8 X-ray Photoelectron Spectroscopy

Unlike XAS, X-ray photoelectron spectra are recorded at fixed photon en-
ergy, and the excited electrons are detected energy resolved by means of a
hemispherical mirror analyzer (HMA). Besides the photoemission of core-
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Figure 1.9: Scheme of the energy levels relevant for XPS. Indicated
are the relative energetic positions of the Fermi levels Er, the work
functions ¢, and the vacuum levels E,,. of sample and spectrometer,
together with the kinetic energy Ey, and the binding energy Ep of
the photoelectron, as well as the excitation energy Ecx. = hv.

level electrons, the resulting spectra contain contributions from Auger elec-
trons and low-energy secondary electrons, which can be separated by their
energetic position. The final state for a photoemission process is given by
an outcoming electron and a core hole at the excited ion. Besides energy
conservation no selection rules have to be fulfilled (cf. equation 1.3). X-ray
photoelectron spectroscopy (XPS), therefore, probes the occupied density of
states of a sample, whereas XAS probes the unoccupied density of states.
Since the binding energies of the core electrons are characteristic of each el-
ement, and their density of states is highly localized, XPS provides a means
to determine the composition of a sample in a quantitative manner.

A scheme of the detection process is given in figure 1.9. Core electrons
of the sample are excited by photons of excitation energy Eexc = hv. The
electrons leave the sample and are detected by the spectrometer at their ki-
netic energies Ey;,. Since the spectrometer and the sample are electrically
connected, their Fermi levels Er are aligned. The binding energy Ep of the
electrons can be determined from the energy conservation law:

Ep = hv — Eyjn — Pspec ,

where Pspec 18 the work function of the spectrometer5 . Note, that the work

5The work function is the minimum energy needed to excite electrons from a sample
into the vacuum at T = 0 K. Since this definition is of limited meaning for the spectrometer,
its work function has to be regarded as an effective value.
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function of the sample ¢sample does not enter into the equation.

In a first approximation, the binding energy of the photoelectron is
given by the binding energy of the initial core level. The binding energy is
not only characteristic of each element, but also depends on the charge den-
sity in the ground state (initial state effect). However, when the photoelec-
tron is emitted, the remaining electrons rearrange to screen the generated
core hole. The extent of the screening strongly depends on the properties of
the valence electrons (final state effect). These two effects result in differences
of the observed binding energies up to several eV. These so-called chemical
shifts provide sensitivity to the chemical state of a given element.

The spectral profile of an electron that has been photoemitted from one
core level is given by a Voigt function, i.e., the convolution of a Lorentz and
a Gauss function. Their weighting reflects the ratio of the contributions of
life time and experimental broadening. Since part of the electrons undergo
energy losses, due to inelastic scattering events in the sample, the main peak
is subseeded with an inelastic tail to lower kinetic energies. These contribu-
tions are removed from the spectrum by means of a Shirley background, as-
suming that at a given energy all photoelectrons with higher kinetic energy
contribute equally to the inelastic tail. Besides these uncorrelated energy
losses there can also be characteristic energy losses by excitation of an addi-
tional electron. Within this two-electron process part of the energy is used
to excite the second electron to an unoccupied (shake-up) or unbound (shake-
off ) state. This results in additional structures at lower kinetic energies.

In the context of this thesis, XPS is mainly utilized to probe the chemical
state of sulfur with a binding energy in the range of 162 eV. For measure-
ments of small fractions of sulfur, X-ray guns with typical excitation ener-
gies of 1253 eV and 1486.7 eV are not practical, because the photoemission
cross section decreases with increasing energetic distance between the bind-
ing energy and the excitation energy Eexc — Ep [43]. By using synchrotron
light, the photon energy can be tuned to measure at smaller kinetic energies
and, thus, higher XPS signals, as well as higher energy resolution. The anal-
ysis is carried out with the program Casa XPS°. The spectra are fitted with a
linear and a Shirley background, and pseudo Voigt functions, given by the
product of a Lorentz and a Gauss function.

6© 2005 Casa Software Ltd
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In this chapter details on preparation of samples and measurements are
given. In the first section, the design of a water-cooled evaporator for in-situ
sublimation of organic compounds is presented. This evaporator has been
developed within the framework of this thesis, and has been used for the de-
position of the Fe complexes. In the following section the ultra high vacuum
(UHV) chambers, employed for sample preparation and measurements, are
described. In section 2.3 the generation of synchrotron radiation is briefly
introduced, and the beamlines at which the experiments were carried out
are presented. The last section concerns the preparation of the substrates
and their characterization.

2.1 Design of an Evaporator for Organic Com-
pounds

Evaporators for organic compounds are commercially available, however,
none of these fully fulfilled the requirements for the preparation samples.
Most particularly, the commercially available evaporators lacked the capa-
bility to function while pointing downwards and to provide a reliable detec-
tion of the flux during the preparation. Therefore, an evaporator for organic
compounds has been developed and built in order to overcome these re-
strictions.
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Figure 2.1: Drawing of the main components of the molecule evap-
orator. The close up shows the mounting of the microbalance, the
crucible, the filament and the shutter on the water-cooling shield.

A sketch of the design is shown in figure 2.1. The main components
are: a closable tantalum crucible from which the molecules are sublimated,
a cage-like filament facilitating a radiative heating of the crucible, a mechan-
ical shutter to control the evaporation time, a quartz microbalance for online
detection of the molecular flux, and a water-cooling system to thermally sta-
bilize the microbalance and prevent heating of the environment.

The crucible is made of two tantalum cylinders that are screwed into
each other. The one end is then screwed onto the support inside the fila-
ment cage. The other end contains a reservoir for the material and an open-
ing through which the molecules are sublimated onto the substrates. This
design allows for an evaporation geometry where the opening of the cru-
cible is pointing downwards. The crucible is inserted into the evaporator
by means of a hollow stainless steel cylinder with two teeth fitting into the
corresponding pockets of the crucible.

The heating is achieved by means of a tantalum wire with a thickness of
0.25 mm mounted through the holes of three macor rings resulting in a cage-
like appearance. The rings are held by four 1 mm thick stainless steel rods
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Figure 2.2: Picture of an assembled molecule evaporator, mounted on
a linear-motion device. The electrical and mechanical feedthroughs
are mounted on a cluster flange.

and separated from each other by ceramic bushes of 2 cm. The assembly
is fixed by spot welted swellings before and behind the outer macor rings.
The heating cage is mounted inside the water-cooling system by the elastic
force of tantalum foil, which in addition serves as a passive heat-radiation
shield. The crucible is heated by the radiation of the filament and is placed
in the middle of the cage. The temperature is detected directly behind the
crucible by means of a type-K thermocouple. The position of the crucible
can be adjusted by six screws at the base plate that holds the crucible via a
hollow stainless steel rod. Three of the screws are screwed into the water-
cooling system and three are pressing against it. The water-cooling system
is made of two hollow stainless steel cylinders! welded into each other, in
which the water circulates.

During evaporation, the flux of the molecules is detected by a quartz
microbalance mounted directly onto the evaporator. A commercial 6 MHz
quartz is used as a microbalance after sawing off its cover. The quartz is
thermally stabilized by coupling it to the water-cooling system via its copper
mounting. The frequency shift of the quartz is proportional to the amount
of evaporated material. The frequency of the quartz is determined by a
frequency counter.

A picture of an assembled evaporator is shown in figure 2.2. The assem-
bly described above is mounted on a CF38 linear motion with 15 cm travel

Hard-soldered copper cylinders, that have been used earlier, caused several UHV
leaks.
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length. The feedthroughs for the connections of the filament, the thermo-
couple, the microbalance, as well as the rotation for the shutter are mounted
on a cluster flange. The evaporator is mounted onto a UHV chamber behind
a VAT CF38 gate valve, so that it can be pumped independently of the cham-
ber by a small UHV pump stand. This set up allows the refill and exchange
of molecular material while the chamber is kept fully operational. Once
UHYV conditions are achieved, the gate valve is opened, and the evaporator
is inserted into the chamber by its linear motion. The distance between the
crucible and the sample during evaporation of the molecules is in the range
of 10 cm to 15 cm depending on the flange which the evaporator is mounted
to. Typical evaporation rates are in the range of 0.05 ML/min correspond-
ing to frequency shifts in the range of 1 Hz/min. The tube-like ending of the
crucible results in a focused molecular beam with a homogeneous center of
2 cm at the position of the sample.

2.2 Experimental Set Ups

Three different experimental set-ups have been employed to perform the
experiments. The XAS measurements as well as the sample preparation
were carried out in UHV. Tunable X rays were provided by the synchrotron
facilities in Berlin and Grenoble, BESSY II? and ESRF3. Two UHV chambers
were used for measurements at the beamlines UE56/2 and PM3 at BESSY 1I.
The measurements at ESRF were carried out at the high-field magnet end-
station at the beamline IDO0S.

All XAS experiments were carried out by measuring the total electron
yield (TEY), cf. section 1.5 and 1.6, via the drain current of the sample. Since
measurements of adsorbates in the submonolayer regime result in small
XAS signals, corresponding to currents in the pA range, special care must be
taken to minimize electrical perturbations. A resistance higher than 20 GQ
between sample and ground potential turned out to be imperative for cur-
rent measurements with noise levels below 0.1 pA. A basic scheme for the
XAS measurements is given in figure 2.3. The sample is mounted on a ro-
tatable manipulator, allowing for the variation of the X-ray incidence angle.

ZHelmholtz-Zentrum Berlin fiir Materialien und Energie (formerly Berliner
Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung mbH)
3European Synchrotron Radiation Facility
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Figure 2.3: Basic XAS measuring scheme showing the propagating X
rays, the sample, grid, and coils for magnetic measurements.

For the magnetic measurements, a magnetic field can be applied along the
k vector of the X rays. The TEY of a gold grid is recorded in parallel to that
of the sample. By normalizing the signal of the sample to that of the gold
grid, instabilities of the beam, being responsible for part of the noise, cancel
out. Within the framework of this thesis such a gold grid was constructed.
The gold grid is mounted rotatable in a CF38 double cross allowing for an
in-situ deposition of gold material from an e-beam-heated tungsten crucible.
The cross is mounted between the UHV chamber and the beamline, for the
experiments performed at BESSY II.

The experiments described in chapter 3 and section 4.2 were carried out
in UHV chamber 1, depicted in figure 2.4 and 2.5. The sample is mounted
on an Omicron sample plate which can be inserted into the manipulators
and transferred inside the UHV chamber. It is possible to transfer samples
into and out of the chamber by means of a separately pumped load-lock.
Sample preparation and measurements are carried out on manipulator 1.
The sample stage can be rotated around both the polar and azimuthal an-
gles. The sample can be heated resistively and cooled by liquid nitrogen.
Since such multifunctionality is not compatible with measurements at low
temperatures, a second manipulator was set up in the framework of this
thesis and mounted to the chamber with an angle of 60° to the horizontal.
Manipulator 2 is cooled with liquid He to allow for measurements down
to 18 K, this is desirable for studying SCO molecules. The newly designed
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Figure 2.4: Side view of UHV chamber 1 without components. Indi-
cated are the positions of the manipulators, the in-vacuum transfer,
and the height at which the X rays traverse the chamber.
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Figure 2.5: Top view of UHV chamber 1 without components. Indi-
cated are the orientations for LEED, Auger, and XPS measurements.
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Figure 2.6: Sample holder used in conjunction with manipulator 2.
Ilustrated are the sample mounted on an Omicron sample plate and
held with two springs. The Cu cap is depicted transparently.

sample holder is shown in figure 2.6. Here, the sample is held in a Cu block
with a Cu cap covering all but a 10 mm by 15 mm section of the sample
in order to provide the beam with access to the sample surface. Around
the Cu block a passive heat shield made of tantalum foil is mounted. XAS
measurements are carried out on both manipulators. XPS measurements
are performed on manipulator 1 with the sample surface perpendicular to
the axis of a hemispherical mirror analyzer (HMA) and linearly polarized X
rays with an incidence angle of 45°. Sputter gun and molecule evaporators
are mounted to varying flanges. A screen and a gun for low-energy elec-
tron diffraction (LEED) and a cylindrical mirror analyzer (CMA) for Auger
spectroscopy are used for sample characterization.

The experiments presented in sections 4.5 and 4.7 were carried out in
UHYV chamber 2, shown in figure 2.7. The chamber consists of two levels.
For XAS measurements, the lower level is equipped with an in-situ water-
cooled coil system providing applied magnetic fields up to 50 mT [44, 45].
A Cu(100) single crystal is screwed to a tantalum plate mounted to a lig-
uid He flow cryostat. The extraction of all excited electrons is ensured by
means of a metal ring on a positive potential of 1.4 kV, mounted close to the
sample position. Sample preparation is carried out at the upper level of the
chamber. Since the LEED Screen and the Auger system are opposing each
other, medium-energy electron diffraction (MEED) can be carried out dur-
ing deposition of metal films, serving for an accurate calibration of the film
thickness. The molecule evaporator is mounted behind a CF38 gate valve,
as described in section 2.1.

For the experiments described in section 4.4 a permanently installed
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Figure 2.7: Top view of UHV chamber 2 without components. In-
dicated are the orientations for LEED and Auger measurements, as
well as the orientation of the metal and molecule evaporator, and the
sputter gun, together with the X-ray propagation direction. In the
middle of the chamber the in-vacuum coil system is shown.

end-station at the beamline ID08 at the ESRF were used. XAS and XMCD
measurements were carried out in a barrel-like chamber housing a super-
conducting magnet in a liquid He bath. The samples were prepared in a sep-
arate UHV chamber equipped with a scanning tunneling microscope (STM)
for the characterization of the sample. The sample is transferred into the
chamber of the superconducting magnet in a two-step transfer including an
in-vacuum hand over.

2.3 Synchrotron-Radiation Measurements

XAS techniques require tunable X rays of high brilliance. For the exper-
iments presented in this thesis, such X rays were provided by the syn-
chrotron radiation sources BESSY II and ESRF. For the generation of syn-
chrotron radiation, electrons are accelerated to relativistic energies and kept
on a circular orbit in an UHV storage ring by means of dipole magnets
(bending magnets). The electron storage rings of BESSY II and ESRF have
a perimeter of 240 m and 844 m and operate at 1.6 GeV and 6 GeV, respec-
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tively. The radiation is generated by the deflection of the electrons by mag-
nets. Due to the relativistic electron energy, the directional characteristic of
the radiation is given by a narrow cone tangential to the electron orbit. By
means of a monochromator the energy of the X rays can be selectively tuned.
Since soft X rays are strongly absorbed by air, the X rays are guided in an
UHYV tube to the experiment. In addition to the dipole magnets, insertion
devices are placed at straight sections of the storage rings. The experiments
described in chapter 3 and section 4.2 were carried out at a bending-magnet
beamline, whereas for the experiments presented in sections 4.4, 4.5, and
4.7 an undulator was utilized. The latter consists of an array of permanent
magnets which force the electrons on an oscillatory trajectory. The emitted X
rays coherently interfere which each other, thereby the intensity scales with
the number of periods to the power of two. In contrast to bending magnets,
the emission spectrum of undulators is given by discrete peaks.

The experiments described in chapter 3 and section 4.2 were carried out
at the bending-magnet beamline PM3 at BESSY II. The beamline provides
X rays in the range of 200 eV to 1200 eV with horizontal linear or circu-
lar polarization. The beamline is equipped with an SX700 plane grating
monochromator. A 1200 mm~! grid has been used. The X-ray spot size at
the sample position has been ~ 0.3 mm?. Typical flux densities have been
in the range of 10'® photons/(s m?). Due to the continuous spectrum of
the bending magnet, the second order component of the X rays, passing the
monochromator, can be as high as 20%.

The experiments presented in section 4.5 and section 4.7 have been per-
formed at the undulator beamline UE56/2-PGM2 at BESSY II. The beamline
provides X rays in the range of 60 eV to 1300 eV with horizontal or vertical
linear as well as circular polarization. Due to the discrete spectrum of the
undulator, contributions from the second order of the monochromator in
the X rays are below 5%. Spectra below 500 eV photon energy were mea-
sured using the first harmonic of the undulator. For spectra above 500 eV
the third harmonic was used. In the latter energy range a circular polariza-
tion degree of 85% is provided by the beamline [46]. Typical flux densities
have been in the range of 101”7 photons/(s m?). Energy resolutions were set
typically to 150 meV and 300 meV at the N-K edge and the Fe-L, 3 edges,
respectively. The beamline features a refocusing mirror as the last optical
element. Since this is positioned close to the experiment it suffers from the
contamination of carbon. This results in a drop of intensity by almost two
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orders of magnitude at the C-K edge.

The experiments described in section 4.4 were carried out at the un-
dulator beamline ID08 at ESRF. The beamline provides X rays in the range
of 400 eV to 1500 eV with horizontal and circular polarization. The beam-
line is equipped with a spherical grating monochromator. All spectra were
measured using the first harmonic of the undulator, providing a circular
polarization degree of 100%.

For the spectra presented in chapter 4, the photon energies at the Fe-L 3
edges have been calibrated relative to each other and to the XAS signal of
an 15 ML Fe/Cu(100) sample (L3 maximum at 707.7 eV).

Radiation Damage Effects

When measuring organic molecules with intense X rays, a possible degra-
dation of the molecules by the X rays is an important concern. Damage to
a molecule is usually not the consequence of direct interaction between the
atoms of the molecule and the X rays, more often such damage is the result
of an interaction with secondary electrons produced by the absorption of X
rays by the substrate [47, 48]. Sensitivity to X ray-induced damage varies
depending on the system being investigated. XAS studies of Mnj, showed
strong X ray-induced effects, because the complexes are highly sensible to
reduction [49]. Measurements of aliphatic SAMs on Au(111) also showed
severe degradation effects [47, 50, 51]. However, these effects were largely
reduced for SAMs with aromatic constituents [52].

Most of the measurements within this thesis were carried out on Cu
and other transition metal substrates. In contrast to Au, the cross section,
and thus the amount of secondary electrons experienced by the adsorbate,
of Cu is 7 times lower in the energy range of the Fe-L, 3 edges and about
3 times lower in the range of the C- and N-K edges [53]. Furthermore, all
investigated molecules display a strong aromaticity. The proximity to the
surface may also stabilize the molecule, since this allows a rapid decay of
additional electrons at the molecule [54]. None of the presented samples
showed a change in the XA spectra that could be correlated with the illumi-
nation time. Although this does not mean that the molecules are not modi-
fied at all, the properties that are probed in XAS and XMCD measurements
were not affected.
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Figure 2.8: MEED intensity oscillations of Co (upper panel) and Ni
(lower panel) films deposited onto Cu(100) and O/Cu(100) [24].

2.4 Substrate Preparation

Au(111) and Cu(100) single crystals were cleaned by repeated sputtering
and annealing cycles. Sputtering was carried out by Ar™ bombardment un-
der incidence angles of between 30° and 60° to the substrate surface. Suc-
cessively, the Au(111) and Cu(100) crystals were heated to 950 K and 800 K,
respectively. Through this procedure, atomically flat surfaces, virtually free
of contaminations, were obtained, as was verified by XPS, Auger, and LEED
measurements.

O/Cu(100) substrates were prepared by annealing a Cu(100) single
crystal at 500 K in an oxygen atmosphere. 1200 Langmuir of O, were dosed
at an oxygen pressure of 2x107% mbar. This results in a (v/2 x 21/2)R45°
reconstruction of the Cu surface as depicted in figure 2.10 (middle panel).
The amount of atomic oxygen on the surface corresponds to a coverage of
0.5 ML.

FM Co and Ni films were prepared by means of e-beam evaporation
onto Cu(100) and oxygen-covered, reconstructed O/Cu(100) single crystals.
During the deposition, the amount of evaporated material was monitored
by MEED intensity oscillations. For this measurement it is essential that the
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Figure 2.9: LEED patterns of Cu(100) and O/Cu(100) substrates and
after the deposition of 4 ML of Co and Ni. The Cu(100) unit cell is
highlighted by a white square [24].

sample can be placed between an electron gun and the fluorescent screen.
An electron beam of 5 keV was supplied by the electron gun of the Auger
system (cf. section 2.2), hitting the sample at grazing incidence angles of ~
5° with respect to the sample surface. The diffraction pattern was visualized
by an opposing LEED screen. The intensity of the (00) spot was recorded vs.
time by means of a CCD camera. The intensity oscillates as a function of the
surface roughness, being maximum when a ML is completed.

In figure 2.8 MEED intensity oscillations of Co and Ni films deposited
onto bare and oxygen-covered Cu(100) single crystals are shown. For both
materials a layer-by-layer growth is observed. The decrease of the ampli-
tude of the intensity oscillations reflects an increasing deviation from pure
layer-by-layer growth with increasing thickness. The overall drift of the in-
tensity can be attributed to instabilities of the emission of the electron gun.
In the presence of oxygen the layer-by-layer growth is stabilized which is
referred to as surfactant growth. Thereby the oxygen floats on top of the
surface, as it is known* from STM and Auger measurements [59] and de-
picted in figure 2.10 (right panel).

4There is an on-going debate to which extent oxygen atoms might be incorporated into
the metallic films during the growth [55-57]. Up to 30% of incorporated oxygen atoms
have been deduced indirectly from surface stress measurements [55]. These results have
been questioned by Liu et al. by means of STM measurements [56, 58].
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Figure 2.10: Sketch of the position of atoms in the last two metal
layers for Ni and Co on Cu(100), for the surfactant-grown films, and
the (v/2 x 21/2)R45° reconstructed O/Cu(100) substrate.

Figure 2.9 shows LEED patterns of the substrates obtained before and
after deposition of Ni and Co onto a bare (uppper row) and oxygen-covered
(lower row) Cu(100) single crystal. The electron energies vary between
176 eV and 217 eV. The white square highlights the unit cell of Cu(100).
On Cu(100), Ni and Co films adopt a pseudomorphic growth, as is reflected
by the p(1 x 1) LEED pattern. O/Cu(100) presents a (1/2 x 21/2)R45°, so-
called missing row, reconstruction of the surface (figure 2.10), and domains
with perpendicular orientations of the Cu rows. This results in several ad-
ditional spots visible in the respective LEED pattern. If Ni or Co material is
deposited on top of such a substrate, the oxygen floats on top of the surface
resulting in a c(2x2) superstructure of half a monolayer of atomic oxygen,
as reflected by the LEED pattern. The oxygen is located at fourfold hollow
sites of the Ni and Co films, as shown in figure 2.10.

The magnetic properties of the FM films vary depending on the thick-
ness of the film. The Curie temperature T¢ is strongly reduced with respect
to the bulk values of 1388 K and 627 K of Co and Ni, respectively [60]. This
is the result of the reduction in magnetic correlation length perpendicular
to the surface, as it is described by the so-called finite-size law [61]. While the
easy axis for Co films lies in-plane along (110) directions, Ni films undergo
a spin-reorientation transition (SRT) from in- to out-of-plane at a thickness
of 11 ML [59, 62, 63]. The SRT is shifted to smaller thicknesses upon the
adsorption of adsorbates [59, 63].

On top of these substrates, Fe complexes were deposited by means of
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sublimation from a Knudsen cell (cf. section 2.1).
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SPIN-CROSSOVER
MOLECULES ON SURFACES

3.1 Introduction

The spin-crossover (SCO) phenomenon in transition metal complexes relies
on a metastable arrangement of the 3d electrons of the central ion in the
ligand field constituted by the surrounding atoms. A minute balance be-
tween the electron—electron repulsion, favoring a parallel arrangement of
their spins according to Hund’s rule, and the ligand-field splitting, in favor
of a pairwise filling of the lower energy levels, is necessary. The former leads
to a maximum total spin (high spin, HS), while in the latter case a minimum
total spin (low spin, LS) is displayed. The energy differences determining
the spin state are in the order of meV. This makes the transition sensitive
to a variety of tiny perturbations, such as thermal excitations, pressure [64],
and interaction with solvents or adjacent molecules [65].

A temperature-induced SCO transition had first been reported in 1931
by Cambi et al. [66, 67]. Such a transition occurs, if the LS state is slightly
higher in energy then the HS state. Due to its higher multiplicity, the en-
tropy of the HS state is higher than that of the LS state. As a result the HS
state is stabilized at higher temperatures. While the SCO transition for com-
plexes in solution can be described by Boltzmann statistics and acts on a
temperature scale in the range of 100 K, intermolecular interactions of these
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complexes in their solid phase result in cooperative transitions, giving rise
to a complex temperature-dependent behavior. Abrupt changes of the spin
state, hysteresis, and multiple transition phenomena have been reported
[68, 69]. Decurtins et al. [70, 71] reported on a photo-induced switching of
the spin state in 1984. By irradiation with light, the HS state can be popu-
lated at the expense of the LS state. At low temperatures, the energy barrier
between the LS and HS states, due to the large difference in metal-ligand
bond length, cannot by overcome by thermal excitations, as a consequence
the spin state is trapped. This phenomenon is referred to as light-induced
excited spin-state trapping (LIESST) [72]. These effects have been extensively
studied by Mdossbauer spectroscopy [73, 74], SQUID [75], X-ray diffraction
[76-78], as well as XAS [79-81] and EXAFS [82, 83] measurements. The ex-
istence of bistable states and the pronounced change of color, concomitant
with the spin transition, led to the prospect of utilizing these complexes in
data storage devices and displays [84].

The vision of exploiting the high sensitivity of SCO complexes to func-
tionalize surfaces is appealing, since they may sense tiny changes in a
supramolecular arrangement, or changes in the properties of a surface, that
are not accessible to a direct read-out. The sensitivity of SCO molecules is a
strength on the one hand, but on the other hand, it makes the preparation
a challenge. The smallest influence on the electronic structure could shift
the balance of the metastable arrangement of the d electrons to one or the
other side. The formation of hydrogen bonds, intermolecular stress within a
monolayer, or hybridization of the molecular orbitals with those of a surface
will likely suppress the transition.

Thin layers of SCO molecules on surfaces in the monolayer regime
have rarely been investigated due to the limitations dictated by the prepa-
ration method. The in-situ deposition by sublimation of these complexes in
UHYV requires a high thermal stability of the molecules [85]. In addition,
many SCO complexes form salts, resulting in high sublimation tempera-
tures, due to the ionic interaction. A flexible approach is the deposition of
the molecules by means of electrospray ion-beam deposition [86, 87], but it
requires a great technical effort. The in-situ deposition of large molecules by
dosing a solution through a fast operating pulse valve into UHV has also
been reported [88, 89]. Matsuda et al. [90] report on an SCO transition of
a 30 nm thick film of Fe(bpp),(BF,), (bpp = 2,6-bis(pyrazol-1-yl)pyridine),
prepared by spin coating onto a glass substrate. However, this method is

46



IRON PHENANTHROLINE COMPLEXES 3.2

not suited to obtain a well-defined arrangement of molecules in the mono-
layer regime, since it provides no mechanism to remove residual adsorbates
from the surface inherent to ex-situ deposition methods. Such layers can be
obtained through the deposition of molecules onto gold surfaces from solu-
tion by means of a sulfur-containing anchor group. The formation of well-
ordered monomolecular layers is frequently described in literature and re-
ferred to as a self-assembled monolayer (SAM) [91-94]. However, it usually
requires a chemical modification of the SCO complex that might suppress
the occurrence of the spin transition. A preparation of SCO molecules as
Langmuir-Blodgett films has also been reported in [95, 96].

In the context of this thesis various SCO complexes have been investi-
gated as molecular layers in the monolayer regime. In section 3.2 the results
obtained by in-situ sublimation of Fe(phen),(NCS), and Fe(phen),(NCSe),
onto Au(111) and NaCl/Cu(311) substrates are described. Section 3.3
presents XAS measurements of 5 ML and 1 ML of Fe(bp), on Au(111). A
self-assembled monolayer of Fe(bppmc), was investigated by means of S
2p XPS, and Fe-L, 3 and N-K XAS, presented in section 3.4. The spin state of
the molecules on the surface is determined by the comparison of the Fe-L, 3
XAS signal to that of the bulk material. The influence of the spin transition
on the electronic structure of the N atoms of the ligands is investigated by
means of N-K edge XAS.

3.2 Iron Phenanthroline Complexes

Fe(II)(phen),(NCS), (phen=1,10-phenanthroline) was the first synthetic
Fe(Il) complex reported to show a spin-crossover transition [97].
Fe(phen),(NCS), is a neutral SCO complex. The central, divalent Fe ion
is surrounded by two bidentate phenanthroline ligands and two monoden-
tate isothiocyanate ligands, which compensate the positive charge of the Fe.
A structure formula is given as an inset of figure 3.1 (upper panel). The
complex shows a pronounced LIESST effect and has been widely studied as
a bulk material [77, 80, 97, 98]. It shows a cooperative SCO effect with an
abrupt transition centered at 176 K [98]. For Fe(phen),(NCSe),, the isoth-
iocyanate ligands are exchanged with isoselenocyanate. For a high-quality
single crystal of Fe(phen),(NCSe),, an abrupt transition centered at 235 K
was reported [78]. However, it was pointed out that the SCO behavior crit-
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Figure 3.1:  Fe-L,3 XAS signals from bulk material of
Fe(phen),(NCS), (upper panel) and Fe(phen),(NCSe), (lower panel)
recorded by consecutive temperature-dependent measurements.

ically depends on the method of sample preparation. The SCO transition
was monitored at the Fe-L; 3 as well as the Fe-K edge for Fe(phen),(NCS),
and Fe(phen),(NCSe), [79-81]. XAS measurements at the N-K edge have
not been carried out so far.

Figure 3.1 shows temperature-dependent XA spectra at the Fe-
Ly3 edges of the bulk material of Fe(phen),(NCS), (upper panel) and
Fe(phen),(NCSe), (lower panel). The samples were prepared by stamping
the powder of the molecules into an indium foil. For Fe(phen),(NCS),, the
typical signatures of the HS and LS states could be observed at the Fe-L, 3
edges [79, 81] for spectra taken at 300 K and about 180 K, respectively. The
change of the Fe-L; 3 XAS signal is fully reversible, as can be seen from suc-
cessive measurements at 300 K, 177 K, 300 K, and 179 K. The spectra were
recorded at the bending magnet beamline PM3 at BESSY. No time depen-
dence of the spectra at constant temperature was observed, indicating the
absence of beam-induced damage or spin transition (soft X-ray induced ex-
cited spin-state trapping [80]) of the molecules on the time scale of several
measurements (~ 1 hour). The spectral shape can be understood consider-
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ing the change in occupation of the 3d levels [99]. For a ligand field with
cubic symmetry, the 3d levels split into t>¢ (dyy, dxz, and d;) and e (dxz_yz
and d,») manifolds. In the HS state, both manifolds are partly filled and
thus contribute to the Fe-L;3 spectra. In the LS state, the 5, manifold is
completely occupied. Hence, only the e, manifold contributes to the Fe-L, 3
spectra, so that the Fe-L;3 edges are shifted towards higher photon ener-
gies with respect to the HS case. This effect is additionally enhanced by the
increase of the ligand field splitting in the LS state.

The evaluation of the branching ratio presents a more general approach
to distinguish the two possible spin states by means of Fe-L; 3 XAS [100,
101]. This is the ratio of the integrated area of the L3 to L, peaks according
to As/(As + Az), Ai = [i, I(E)dE, where I(E) is the XAS intensity of the
p — d transition (cf. section 1.4.1). Differences in the branching ratio are a
consequence of a different spin-orbit splitting of the 3d electrons for the two
spin states. In the absence of a 3d spin-orbit splitting, the statistical branching
ratio of 2/3 would be observed, reflecting the occupation of the 2p;,, and
2p1 ), levels. This value is expected for an LS arrangement of the d® electrons
since S = 0. For the spectra shown in the upper panel of figure 3.1, values
of 0.78 and 0.69 are found for the branching ratio of the Fe-L; 3 XAS signals
at 300 K and 170 K, respectively.

For Fe(phen),(NCSe),, the spectral shape of the Fe-L3 edge indicates
a mixture of HS and LS states at room temperature. The ratio of HS
to LS states is estimated as 2:1, by comparison to the Fe-L;3 spectra of
Fe(phen),(NCS),. At 179 K a predominant LS signal is found, correspond-
ing to a HS-LS ratio of 1:10.! The presence of a mixed spin state for the
two temperatures indicates a much broader spin transition as compared to
Fe(phen),(NCS),, which would be expected if the spin transition were less
cooperative. The discrepancy to reference [78] might be attributed to a lower
degree of order in the micro-crystalline powder of the molecules measured
here.

The rearrangement of the Fe 3d electrons is accompanied by a modifica-
tion of the molecular structure. X-ray diffraction measurements have shown
that the iron—nitrogen bond length is reduced by 10% upon spin transition
[102]. The influence of the rearrangement of the Fe-3d electrons on the elec-

IMeasurements at elevated temperatures had not been carried out, due to the risk to
contaminate the UHV chamber with indium (melting point: 429.75 K) used as a support
for the molecular powder.
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Figure 3.2: N-K XAS signal of Fe(phen),(NCS), (upper panel) and
Fe(phen),(NCSe), (lower panel) as bulk materials recorded by con-
secutive temperature-dependent measurements.

tronic structure of the nitrogen ligands, can be probed at the N-K edges. In
tfigure 3.2 the corresponding XA spectra are shown for the bulk material
of Fe(phen),(NCS), and Fe(phen),(NCSe),. A pronounced temperature-
dependent change of the N 7* resonances is found for Fe(phen),(NCS),.
This change is fully reversible. The spectra recorded at room temperature
show a peak at 399.1 eV with a shoulder at 399.8 eV. For the spectra at low
temperature, a double peak with maxima at 399.4 eV and 400.1 eV is ob-
served. The area ratio of the two peaks of approximately 2:1 suggests an
assignment of the lower energy peak to the nitrogen atoms of the phenan-
throline ligands, whereas the peak at higher energy can be assigned to the
isothiocyanate ligands. At higher temperature the splitting of the peaks is
reduced. However, a simulation of the observed XA spectra by means of
density functional calculations [103, 104] would be necessary to substanti-
ate the proposed assignment. For Fe(phen),(NCSe),, a much smaller change
of the N-K XAS signal is visible. This can be attributed to the presence
of a mixture of spin states. But for low temperatures, the two peaks are
hardly separated. This indicates that the electronic modification at the ni-
trogen site upon the spin transition is smaller for Fe(phen),(NCSe), than for
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Figure 3.3: Temperature-dependent Fe-L, 3 XAS signal of a multilayer
of Fe(phen),(NCS), and phenanthroline on Au(111). The six spectra
have been measured in the sequence indicated by the order in the
legends.

Fe(phen),(NCS),.

Our focus is to study the SCO transition of Fe(phen),(NCS), and
Fe(phen),(NCSe), on surfaces. Since these are neutral complexes,
the preparation is attempted by in-situ sublimation of the molecules.
Fe(phen),(NCS), was evaporated in UHV from a Knudsen cell at 500 K.
The evaporation process is accompanied by the production of N- and C-
containing fragments, as seen from a strongly enhanced relative intensity of
the C- and N-K XAS signals from a deposition at lower temperatures. Sev-
eral attempts to inhibit the production of fragments were performed: The
deposition rate was reduced to evaporate at lower temperatures, the tanta-
lum crucible of the evaporator (cf. section 2.1) was replaced by an open glass
crucible to increase the evaporation efficiency by the cylindrical geometry
and to exclude a potential interaction of the molecules with the tantalum
crucible. However, the production of fragments could not be suppressed,
but seems to be an inherent part of the evaporation process.
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Figure 3.3 shows the Fe-L, 3 edges of Fe(phen),(NCS), on Au(111) with
an effective coverage of approximately 5 ML. The coverage is deduced from
the intensity of the Fe-L3 signal and the size of the molecule. However, the
complexes are incorporated in a layer of N- and C-containing fragments, as
will be discussed below. The initial spectrum at room temperature displays
a shape consistent with a mixed spin state of predominant LS character.
When heated to 355 K, spectral weight is shifted to lower photon energies,
as would be expected for an increase in the number of molecules presenting
a HS state. However, the increase in temperature might also cause a chem-
ical reaction with the fragments or desorption of molecules. Subsequently,
the sample was cooled to 130 K and a sizable shift of intensity to higher en-
ergies is observed. This is a clear indication of a transition from HS to LS
states, since a decrease in temperature cannot result in chemical reactions or
desorption of molecules. In turn, this proves that the Fe signal observed in-
deed stems from intact Fe(phen),(NCS), molecules. Already the occurrence
of an LS state indicates the presence of intact Fe(phen),(NCS), complexes,
since a disintegration of the molecules results in a reduced ligand field, fa-
voring a HS state. The Fe-L; 3 spectrum at 130 K is similar to the spectrum
for bulk Fe(phen),(NCS), at 177 K, shown in the upper panel of figure 3.1.
The peak at 707.7 eV can be attributed to a residual HS Fe species of approx-
imately 20%. The lower energy peak at 707.7 eV gains intensity, when the
sample is heated up again to 377 K (lower panel), signifying an increase of
the percentage of molecules displaying a HS state. In addition, the overall
intensity decreased, implying a desorption of molecules from the surface.
When the sample is cooled down to 157 K, the LS signature in the spec-
trum is restored again. However, the percentage of molecules displaying a
non-variable spin state seems to be increased.

In contrast to the Fe-L,3 XAS signal, the C- and N-K edge XAS sig-
nals relative to the Fe XAS signal are reduced by a factor 2 when heating
the sample the second time to 377 K. This implies the presence of N- and
C-containing fragments on the surface. When the sample is heated, these
fragments desorb from the surface and also cause a desorption of some of
the Fe-containing molecules. The behavior with respect to the sulfur can be
best followed by means of XPS. The area ratio of the N 1s, C 1s, and S 2p
XPS peaks before and after heating up was 5:1, 5:1, and 1:1, respectively.
This implies that the fragments do not contain sulfur. Thus, these fragments
are most likely phenanthroline molecules, produced during the evaporation
process by the reaction of Fe(phen),(NCS), molecules with each other.
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Figure 3.4: S 2p XPS spectra of a multilayer of Fe(phen),(NCS), and
phenanthroline on Au(111) excited with 260 eV at 300 K and 377 K.
The green line shows the fit for sulfur assigned to the thiocyanate
ligand of the complex. The blue line represents a sulfur species of
disintegrated complexes.

In figure 3.4, the S 2p XPS spectra are shown, measured with an excita-
tion energy of 260 eV before (upper panel) and after (lower panel) heating
the sample to 377 K. The spectra are fitted with two doublets with the S
2p3 ), peak centered at 162.4 eV and 161.0 eV, respectively. For each doublet,
the areal ratio between the S 2p3 , and the S 2p, ), peak is fixed to 2:1 and
the energy splitting to 1.2 eV. The binding energy is calibrated relative to
the Au 4f;, peak of the substrate set to 84.0 eV. Before heating, a ratio of
15:1is found between the S 2p; , peaks at 162.4 eV and 161 eV. After heat-
ing, a ratio of 5:1 is observed. The presence of two different sulfur species
in the latter case can be explained by considering an interaction between
the sulfur-containing thiocyanate ligands and the gold surface [105, 106].
Before annealing, the Fe(phen),(NCS), molecules are embedded in a layer
of phenanthroline molecules, inhibiting the direct contact of the major part
of the Fe(phen),(NCS), molecules with the surface. During annealing, the
phenanthrolin molecules partly desorb, and an increasing fraction of the
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Fe(phen),(NCS), molecules come into contact with the surface. As a con-
sequence, some of the isothiocyanate ligands might undergo a chemical re-
action with the gold surface, which could result in the disintegration of the
Fe(phen),(NCS), molecules, and thus lead to a decrease of the ligand field
strength experienced by the Fe ion. Hence, an irreversible increase of the
HS state of the Fe ions would be expected.

For Fe(phen),(NCSe),, less production of fragments during the evapo-
ration process was observed, as indicated by the N-K XAS signal with re-
spect to the background. When evaporated onto Au(111), a HS signature
of the Fe-L3 XAS signal could be observed, which does not change when
cooling down to 140 K. However, a chemical reaction of the selenocyanate
ligand with the gold surface cannot be excluded.

Although Au(111) is a comparably inert surface, chemical reactions be-
tween gold and sulfur or selenium atoms are well known [91-94]. The reac-
tivity is even stronger for other metals like, for example, copper. Since a con-
ducting sample is a prerequisite for the measurement technique, an isolator
cannot be used as substrate. However, a strategy to prevent a direct con-
tact of the molecules with the metal surfaces, but to maintain a well defined
surface, is to cover the metallic surface with a thin inert layer of a few mono-
layers of isolating material. Such substrates can be obtained from oxides, for
example, CoO/Ag(100) or MgO/Ag(100) [107, 108]. Here, NaCl was grown
on Cu(311) in order to achieve a decoupling of the molecules and the metal.
The growth of NaCl is well studied [109, 110]. On Cu(311), NaCl forms a
complete first monolayer, due to a strong affinity to the Cu(311) surface. A
carpet-like growth is observed even on step etches of the copper surface. If
the substrate is kept at 400 K during the evaporation process, also the sec-
ond monolayer is completed before a three-dimensional growth mode of
the NaCl occurs [111]. NaCl was sublimated from a Knudsen cell at 700 K
onto a Cu(311) single crystal held at 400 K. Successively, Fe(phen),(NCS),
or Fe(phen),(NCSe), were evaporated onto the substrate held at 300 K. On
NaCl, both molecules display a mixture of HS and LS states after evapora-
tion. An increase of the LS signature in the Fe-L; 3 XAS signal at low temper-
atures could not be observed, indicating that an efficient decoupling of the
molecules could not be achieved. This is corroborated by the observation of
a second species in the S 2p XPS growing upon temperature increase, as it
was observed in the case of the Au(111) surface. This can be explained by
copper adatoms, diffusing on the NaCl surface, or a dislocation of NaCl at
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domain boundaries or at step bunches of the Cu(311) substrate. Details on
this study can be found in reference [112].

3.3 Iron Bispyridyl-pyrrole Complex

In the previous section, a metastable spin-state could be demonstrated
for Fe(phen),(NCS), molecules embedded in a layer of phenanthroline
molecules. The spin-crossover transition seemed to be suppressed if the
molecules were in direct contact with the Au(111) surface. In addition, the
reliability of the preparation suffered from the production of phenanthroline
fragments as an inherent part of the evaporation process. The preparation
by sublimation of the molecules in UHYV is beneficial, since it provides con-
trol on the choice of the substrate and the coverage. It would be desirable to
utilize a complex that is thermically stable at temperatures allowing for the
sublimation of the molecules in UHV. In addition, a chemical reaction with
the surface has to be prevented.

Fe(I)(bp), (bp=2,5-bis(2-pyridyl)pyrrole) is a neutral complex. Its lig-
and field is constituted by two tridentate bispyridyl-pyrrole ligands. A
structure formula is given as an inset of figure 3.5. The higher denticity
leads to an increase in thermal stability. The sublimation at 1.4 x 10~3 mbar
was shown to occur at 487 K [113]. The periphery of the molecule only con-
tains carbon atoms, which are not expected to form a covalent bond to gold.

Figure 3.5 shows the XAS signals at the Fe-L, 3 edges of 5 ML of Fe(bp),
on Au(111) at room temperature and the corresponding spectra for a poly-
crystalline bulk sample measured at normal X-ray incidence. Since only
the first monolayer is in direct contact with the gold surface, and the subli-
mation was already demonstrated [113], it can be safely concluded that the
major part of the signal, if not the whole signal, stems from intact molecules.
It is known from NMR and SQUID measurements, that Fe(bp),, as a bulk
material, presents a HS state [113]. The similarity between the two spectra
suggests that Fe(bp), in the multilayer on Au(111) also presents a HS state.
However, subtle differences of the Fe-L3 edge are observed. A HS state is
consistent with the observed branching ratio of the L3 and L, edge of 0.77
and 0.78 for the Fe(bp), multilayer and bulk material, respectively.

Fe-L; 3 XA spectra for 1 ML of Fe(bp), on Au(111) are depicted in fig-
ure 3.6. The spectrum at 300 K closely resembles the corresponding spectra

55



3. SPIN-CROSSOVER MOLECULES ON SURFACES

1.04 |

1.02 }

XAS (arb. units)

100 N 1 " 1 " 1 " 1 i 1 1
700 705 710 715 720 725 730
Photon Energy (eV)

Figure 3.5: Fe-L, 3 XAS signals of 4.5 ML of Fe(bp), on Au(111) (black
line) and as a bulk material (gray line), scaled to about the same
height. Inset: Structure formula of the complex.
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Figure 3.6: Temperature-dependent Fe-L;3 XAS signal of 1 ML of

Fe(bp), on Au(111) (black line). The gray line depicts the correspond-

ing spectra of the bulk material of Fe(bp), recorded at room temper-
ature and scaled to about the same height.
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Figure 3.7: Angle-dependent N-K XAS signals of 1 ML of Fe(bp),
on Au(111), and the corresponding isotropic spectrum of the bulk
material scaled to about the same height.

of the multilayer of Fe(bp),, shown in figure 3.5. This implies that the in-
tegrity of the molecule is preserved even when in direct contact with the
gold surface. No change of the Fe-L, 3 line shape is observed upon cooling
to 28 K. This implies that the strength of the ligand field has to be increased
in order to obtain a metastable arrangement of the Fe 34 electrons.

The adsorption geometry of the molecule on the surface is investigated
by means of angle-dependent measurements at the N-K edge. Figure 3.7
presents the N-K XAS signals for 90° (normal, red line) and 20° (grazing,
black line) X-ray incidence. A clear intensity difference of the N 7r* reso-
nance at 399.3 eV is found. Analysis of the observed intensity ratio results
in an average tilt angle of the unoccupied N 7r*-orbitals of 32° with respect
to the surface normal, according to equation 1.6. Such value is consistent
with an adsorption geometry, where the plane constituted by perpendicu-
larly oriented N 7r*-orbitals of the ligands is oriented perpendicular to the
surface. In that case an average tilt angle of 35.3° is expected. However, a
small distortion of the molecule leading to a preferential alignment of the
ligands parallel to the surface might also contribute.
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Figure 3.8: Temperature-dependent Fe-L, 3 XAS signal from bulk ma-
terial of Fe(bppm),(BF,),. Inset: Structure formula of the complex.

3.4 Iron Bispyrazolyl-pyridine Complexes

The preparation of thin layers of SCO molecules by sublimation in UHV, on
the one hand, provides the flexibility to choose the coverage and the sub-
strate. On the other hand, however, it restricts the choice of the molecule
to the ones that are sublimable in UHV. Many SCO complexes form salts,
where the charge of the central metal ion is not compensated by the sur-
rounding ligands but by additional anions. Due to the ionic interaction,
the temperature necessary for sublimation is usually higher than the tem-
perature at which the molecules disintegrate. In this chapter, a different
route to prepare a monomolecular layer of molecules on gold substrates is
introduced. The molecules are deposited from solution onto gold-coated
mica substrates by means of sulfur-containing linker groups attached to the
molecules. During the deposition process, the sulfur atoms form a covalent
bond to the gold surface, displacing weakly bound contaminations from the
gold surface. This primary adsorption process occurs on the time scale of a
few seconds. Successively, the density of the adsorbed ensemble is increased
by a rearrangement of the molecules at the surface. This leads to a densely
packed, potentially well-ordered monomolecular layer of molecules defined
by the intermolecular interactions of the molecules within the ensemble.
Such a system is referred to as a self-assembled monolayer (SAM) [91-94].
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Here, Fe(Il)(bppm),(BF,), (bppm=2,6-bis(1H-pyrazol-1-yl)-4-(hydro-
xymethyl)pyridine) was chosen as a starting point for a chemical modifica-
tion. This Fe(II) complex consists of two tridentate ligands surrounding the
Fe center, as depicted in the inset of figure 3.8. Many derivates of this com-
plex are reported to show an SCO transition [75, 114-116]. The synthetical
goal is to attach a sulfur-containing linker group to the complex that allows
for a self assembly of the molecule on a gold surface, while maintaining the
metastable arrangement of the Fe 3d electrons required for a spin-crossover
transition. The only successful synthesis of an Fe(II) bispyrazolyl-pyridinyl
complex with sulfur-containing anchor groups that showed an SCO transi-
tion was reported by Chandrasekar et al. [117]. However, the complex was
only measured as bulk material and not deposited onto a gold surface.

Fe(bppm),(BF,), as a bulk material shows an SCO transition between
260 K and 300 K at ambient pressure [75]. Since XAS measurements of
this compound are not reported in literature, such measurements are car-
ried out here to obtain the spectral fingerprint of the two spin states. Fig-
ure 3.8 depicts the Fe-L, 3 edges for a polycrystalline Fe(bppm),(BF,), sam-
ple, pressed into indium foil, at 283 K and 190 K. The Fe-L3 edge at 283 K
presents a double peak at 706.6 eV and 707.5 eV. Such a double structure
was also found for Fe(phen),(NCS), at room temperature (figure 3.1), im-
plying a predominant HS state of Fe(bppm),(BF,),. At 190 K the Fe-L3 edge
is mainly characterized by a single peak at 707.9 eV.

The influence of the rearrangement of the Fe 34 electrons on the elec-
tronic structure of the nitrogen ligands, can be probed by XAS at the N-K
edge. Figure 3.9 shows the N-K XA spectra recorded at 283 K and 190 K.
The spectra are composed of three sharp resonances at 400 eV, 402 eV, and
403.5 eV. The resonance at 400 eV, which can be associated with a 77* reso-
nance, exhibits subtle changes of the corresponding fine structure upon the
spin transition.

Experimentally, an ex-situ deposition of molecules sets high demands
on the preparation procedure. In particular, a thorough rinsing of the
sample surface after the deposition is necessary, in order to avoid addi-
tional molecules adsorbed on the SAM. Since the complex contains a di-
valent Fe ion, special care has to be taken in order to prevent oxidation
of the Fe. Fe(II)(bppmc),(BF,), (bppmc=2,6-bis(1H-pyrazol-1-yl)pyridine-
4-(N-(2-mercaptoethyl)carboxamide), shown in the inset of figure 3.11, was
synthesized by Marco Haryono in the group of Prof. A. Grohmann [118].
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Figure 3.9: Temperature-dependent N-K XAS signal from bulk mate-
rial of Fe(bppm),(BE,),.

The complex was deposited from a 1 mmolar solution in acetonitrile onto
300 nm of gold on mica substrates.> The substrate was kept in the solution
for 24 h. After the deposition, the sample was repeatedly rinsed with ace-
tonitrile and ethanol. The whole preparation was carried out in a glove box
in order to avoid oxidation of the Fe centers of the molecules. The prepa-
ration of the samples was carried out at the Technische Universitit Berlin.
Afterwards, the samples were transferred in N, atmosphere and directly
mounted to the UHV chamber, prior the the X-ray measurements.

Figure 3.10 presents the S 2p XPS spectrum excited with a photon en-
ergy of 260 eV. The spectrum is dominated by an S 2p doublet, which can be
identified as sulfur bound to Au with its well-known binding energy of the S
2p3)2 signal at 162 eV [119, 120]. The small contribution of sulfur displaying
a binding energy of the S 2p3/, signal of 161 eV (blue lines) can be asso-
ciated with atomic sulfur, or sulfur linked to a highly coordinated Au site
[121-123]. The signal atan S 2p3 /, binding energy of 163.7 eV (red lines) can
be attributed to unbound thiol groups. This implies that both linker groups
of the Fe(bppmc), molecule bind to the surface, and virtually no additional
layer of unbound complexes is adsorbed on top of the molecular layer.

Figure 3.11 details the Fe-L, 3 XA signals of the SAM of Fe(bppmc), at

2The substrates were purchased at Georg Albert PVD Beschichtungen GbR.
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Figure 3.10: S 2p XPS spectra of the SAM of Fe(bppmc), excited with
260 eV. The green line shows the fit for sulfur bound to gold. At the
peak positions expected for atomic sulfur (blue) and unbound thiol
groups (red) nearly no intensity is observed.

room temperature (black) and at 18 K (red). The Fe-L3 intensity corresponds
to an coverage in the range of 0.8 ML. The spectral shape of the Fe-L3 edge
is the same at 18 K and room temperature, excluding a change of the spin
state. The comparison to a polycrystalline bulk sample of Fe(bppmc),(BF,),
(gray), which presents a HS state, suggests that, the Fe(bppmc), molecules
in the SAM are also in a HS state. The XAS signal at 695 eV stems from the
anions in the bulk sample and represents the F-K edge. No F-K XAS signal is
found for the SAM of Fe(bppmc),, intimating that the anions are not present
on the surface. The charge of the Fe center is likely to be compensated by

an image charge on the gold surface, leading to the formation of a surface
dipole.

In figure 3.12, the N-K XA spectra for the SAM of Fe(bppmc), recorded
at normal and grazing incidence angles are shown. No pronounced depen-
dence on the incidence angle is observed for the intensities of the different
resonances. This implies that the molecules are not adsorbed as suggested
by the inset in figure 3.11, but with a tilted orientation of the molecular axis.
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Figure 3.11: Temperature-dependent Fe-L, 3 XAS signal of a SAM of
Fe(bppmc),, measured at normal incidence. The gray line depicts
the corresponding spectrum from bulk material of Fe(bppmc),(BF,),
recorded at room temperature and scaled to match the same height.
Inset: Structure formula of the complex.
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Figure 3.12: Angle-dependent N-K XAS signal of 1 ML of a SAM
of Fe(bppmc), and the corresponding isotropic spectrum of the bulk
material (gray), scaled to about the same height.
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MAGNETIC ORDERING OF
PORPHYRIN MOLECULES

4.1 Introduction

Metalloporphyrins have attracted the attention of the scientific community
for a very long time now. Initially, this interest originated from their bio-
logical significance and catalytic capabilities. Metalloporphyrins form the
active centers of many biochemical molecules like chlorophyll, hemoglobin,
and cytochrome. Together with phthalocyanines, porphyrins belong to the
group of quasi-planar complexes. These complexes frequently display ex-
traordinarily high stability, owing to the tetradentate nature of the ligand
and their conjugated macrocycle. The reason for their biological impor-
tance lies in their unsaturated coordination sites, allowing for an interac-
tion with additional ligands. From the chemical point of view, porphyrins
are a versatile platform for synthesis, since their properties can be widely
tuned by the variation of their functional groups or exchange of the metal
center. While the functional groups mainly determine the interaction of the
molecules with each other or with other molecules, the metal center defines
the electronic and magnetic properties.

The investigation of porphyrin and phthalocyanine molecules on sur-
faces in the monolayer and submonolayer regime is a fast-growing field of
scientific research. Numerous scanning tunneling microscopy (STM) works
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have studied the lateral ordering of various porphyrins and phthalocya-
nines [124-128]. In recent works more functional aspects have been ad-
dressed. Gao et al. have reported the formation of molecular rotors by Zn
phthalocyanine molecules anchored to Au adatoms on Au(111) [129]. Grill
et al. have used prophyrins with Br-containing functional groups to form
molecular wires by covalent binding of the molecules [130]. Flechtner et al.
demonstrated that the interaction of Co porphyrins to Ag(111) substrates
can be reversibly switched via coordination of NO towards the metal center.
The in-situ metalation of porphyrins on surfaces by separate evaporation of
the free-base porphyrin molecule and the metal atoms has been reported
for various metallic centers, e.g., Co, Fe, Zn, and Ce [13, 131-134]. However,
the magnetic properties of porphyrin and phthalocyanine molecules on sur-
faces have rarely been investigated. Scheybal et al. reported the induced
magnetic ordering of Mn porphyrin molecules on a Co substrate [15]. Ia-
covita et al. have used spin-polarized STM to visualize the spin-dependent
transport through Co phthalocyanine molecules adsorbed on Co nanois-
lands on Cu(111) [16]. Nevertheless, the research on monomolecular layers
of magnetic molecules on surfaces is subject to rapid progress. Gambardella
et al. showed that the magnetic anisotropy of Fe coordinated in a network
of benzenedicarboxylic acid on Cu(100) can be switched from in- to out-
of-plane upon the adsorption of O, [8]. Recently, Mannini et al. succeeded
in measuring the magnetic hysteresis of surface-mounted single molecular
magnets containing 4 Fe centers [7].

In this chapter, measurements of the electronic structure and the mag-
netic properties of Fe and Co porphyrin molecules on non-magnetic and FM
substrates are presented. On both kinds of substrates, an additional modifi-
cation of the chemical properties of the molecules is achieved by placing
a layer of atomic oxygen between the molecules and the respective sur-
faces. Angle-dependent measurements are carried out by XAS, providing
element-specificity and magnetic sensitivity by means of XMCD. Firstly,
XAS measurements of the bulk material of Fe and Co porphyrin molecules
with different functional groups are presented in section 4.2. Since the elec-
tronic and magnetic properties of the bulk materials are known from liter-
ature, these spectra serve as a reference for the interpretation of the spectra
obtained from the porphyrin molecules when adsorbed onto surfaces. Mea-
surements of submonolayers of Fe and Co OEP molecules adsorbed onto
non-magnetic Cu(100) and O/Cu(100) substrates are described in section 4.3
and 4.4. Angle-dependent measurements of the magnetic properties were
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Figure 4.1: Structural formulae of (a) 2,3,7,8,12,13,17,18-octa-
ethylporphyrin Fe(Ill) chloride (Fe OEP Cl), (b) meso-tetra-
phenylporphyrin Fe(Ill) chloride (Fe TPP Cl), (c) 5,10,15,20-
tetrakis(2,4,6-trimethylphenyl)porphyrin Fe(Ill) chloride (Fe TtMP
Cl), and (d) 2,3,7,8,12,13,17,18-octaethylporphyrin Co(II) (Co OEP).

carried out using an external magnetic field of B = 5T at T = 8 K to align
the magnetic moment of the metal center. Section 4.5 deals with the induced
magnetic ordering of Fe OEP molecules on FM Ni and Co thin films on
Cu(100). A model is developed to determine the magnetic coupling energy
from the temperature dependence of the Fe and substrate magnetizations,
as is presented in section 4.6. Finally, tailoring of the magnetic coupling
is achieved by placing atomic oxygen between the molecules and the FM
substrates. As a result, the molecule and substrate magnetic moments are
aligned antiparallel. The coupling energies and the magnetic moments, ob-
tained from a sum-rule analysis, of both ferro- and antiferromagnetically
coupled Fe porphyrin molecules are discussed in section 4.7.

4.2 X-ray Absorption Measurements of Porphyrin
Bulk-Samples

In this section, XA measurements are presented of polycrystalline sam-
ples from porphyrin molecules which contain different metallic cen-
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Figure 4.2: Isotropic XA spectra at the Fe-L,3 edges obtained from
the bulk material of three different Fe porphyrin molecules.

ters and functional groups. The measurements serve as finger-
prints for the electronic structure of the molecules that will be com-
pared to the corresponding spectra when such molecules are deposited
onto surfaces. Three Fe porphyrins with increasing size are investi-
gated: 2,3,7,8,12,13,17,18-octaethylporphyrin Fe(Ill) chloride (Fe OEP Cl),
meso-tetraphenylporphyrin Fe(Ill) chloride (Fe TPP Cl), and 5,10,15,20-
tetrakis(2,4,6-trimethylphenyl)porphyrin Fe(Ill) chloride (Fe TtMP Cl). In
addition, 2,3,7,8,12,13,17,18-octaethylporphyrin Co(II) (Co OEP) is studied.
The structural formulae of these molecules are given in figure 4.1. In gen-
eral, the central part of porphyrins is basically planar and the metallic cen-
ter is situated in the ligand field constituted by the four nitrogen atoms. For
the investigated Fe porphyrins a chlorine ion is added as a fifth ligand to
obtain a stable 37 oxidation state on the Fe site. This results in a confor-
mation where the Fe ion is pulled out of the nitrogen ligand plane. For Fe
TPP Cl and Fe TtMP Cl, the phenyl groups bind in meso-positions via single
bonds. Although single bonds allow for rotation around their axes, such
movement is hindered by steric interactions of the hydrogen atoms and the
methyl groups in the case of Fe TPP Cl and Fe TtMP Cl, respectively. How-
ever, if the molecules are deposited on a surface these interactions might be
overruled by the molecule-substrate interaction [127, 135, 136].
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Figure 4.3: Isotropic XA spectra at the N-K edge obtained from the
bulk material of three different Fe porphyrin molecules.

Figure 4.2 shows the Fe-L, 3 edges of Fe OEP Cl, Fe TPP Cl, and Fe
TtMP Cl. The Fe ions of the porphyrin complexes display a HS state, with
electronic configuration (dxy ) (dx)*(d,2)! (dxz_yz)l [137]. The three Fe spec-
tra exhibit almost identical shapes, reflecting the identical structure of the
central part of the individual molecules, due to the localized character of
the X-ray absorption technique. The L, 3 edges exhibit fine structure due
to multiplet splitting commonly found for transition metal ions in a ligand
tield. At 714.5 eV, small differences between the spectra of the individual
molecules are visible.

In figure 4.3 the N-K edges of the three porphyrins molecules are
shown. These spectra reflect the electronic structure at the nitrogen sites.
At a first glance the four N atoms constituting the ligand field of the iron
center occupy equivalent sites. However, if the porphyrin molecule exhibits
buckling, subtle differences in the position and, consequently, the electronic
structure between two pairs of N atoms may arise. Although the transi-
tion matrix element of an s — p transition is strongly orientation-sensitive
for each molecule, the obtained spectrum is isotropic due to the polycrys-
talline nature of the sample. The spectra are characterized by three sharp
77* resonances at 399.1 eV, 401.5 eV, and 402.2 eV. Above 406 eV, broad o*
resonances are found originating from the antibonding orbital of the o bond
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Figure 4.4: Isotropic XA spectra at the C-K edge obtained from the
bulk material of three different Fe porphyrin molecules.

to the adjacent atoms.

The C-K edge reflects the difference of the individual porphyrins, since
they mainly differ in their functional groups which are ethyl, phenyl, and
2,4,6-trimethylphenyl, respectively. Figure 4.4 shows the corresponding XA
spectra of the Fe porphyrin molecules. Although each molecule consists
of many different C atoms, the spectra show well-separated features, since
there exist groups of C atoms with similar properties. Furthermore, transi-
tions to the same molecular orbital might be excited from different C sites,
due to the conjugated nature of the molecule. Five main 7* resonances
are found arranged in two groups. The three lower energy resonances at
284.9 eV, 285.8 eV, and 286.3 eV can be regarded as fingerprints for the func-
tional groups. For Fe OEP Cl, these resonances show the lowest intensity as
can be expected for ethyl groups since their C atoms only form single bonds.
For Fe TPP (I, the resonances at 285.8 eV and 286.3 eV exhibit significant
intensity that can be ascribed to transitions into the 77* orbital of the conju-
gated phenyl groups. For Fe TtMP CI, only the resonance at 286.3 eV shows
intensity due to the presence of the three methyl groups bond to each phenyl
ring. The resonances at 288.5 eV and 289.6 eV can be assigned to transitions
into the molecular orbitals of the porphyrin macrocycle, since they are also
present for Fe OEP Cl, whose functional groups does not possess 7t bonds.
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Figure 4.5: Isotropic XA spectra at the Co-Ly 3 edges of a Co OEP bulk
sample.

Above 296 eV, broad o* resonances are found. Due to the higher number of
C atoms and the broad nature of these resonances, an assignment is not pos-
sible without simulations of the XA spectra by means of density functional
theory (DFT) calculations [103, 104].

Figure 4.5 shows the Co-L; 3 edges of Co OEP. The Co-L3 is composed of
widely separated, sharp peaks, typically found for Co?* ions [101, 138, 139].
In contrast to the Fe ion in the Fe porphyrins, shown in figure 4.2, the Co ion
presents a low-spin state, with electronic configuration (dy,)?(dx)*(d2)!
[36, 137]. The absence of an anion leads to a fully planar arrangement of
the Co ion in the plane of the four nitrogen ligands.

In figures 4.6 and 4.7 the XA spectra at the N- and C-K edges of Co OEP
are compared to those of Fe OEP Cl. Despite the strong difference in the
arrangement of the d electrons of the metal center, only smaller differences
in the spectral shape are observed. The pre-peak in the N-K spectra of Co
OEP at 397.5 eV is an artifact of the measurement, and can be attributed
to the Co-L, edge excited with the second order of the monochromator (cf.
section 2.3).
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Figure 4.6: Comparison of the XA spectra at the N-K edge of Fe OEP
Cl and Co OEP bulk samples.
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Figure 4.7: Comparison of the XA spectra at the C-K edge of Fe OEP
Cl and Co OEP bulk samples.
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Figure 4.8: STM images of Fe OEP on Cu(100) at room temperature
(left panel: 1.3V, 0.08 nA; right panel: 1.2V, 0.17 nA).

4.3 Adsorption of Fe Porphyrins on Cu(100) Sur-
faces

When going from bulk condition to surfaces, the molecules are arranged
in two instead of three dimensions. On the surface, molecules frequently
display a preferential orientation. In this section, STM measurements of Fe
OEP molecules adsorbed onto a Cu(100) single crystal are presented. From
this measurements the adsorption geometry of the molecules is deduced.
The sample is prepared by evaporation of Fe OEP Cl from a Knudsen cell at
485 K (cf. section 2.1) onto the substrate held at room temperature.

Figure 4.8 shows two images of Fe OEP on Cu(100) at room temper-
ature. These were taken with an Omicron variable-temperature scanning
tunneling microscope at the beamline ID08 at ESRF. In the right-hand image,
the intramolecular structure of the porphyrin molecules is resolved. It is di-
rectly evident that the Fe porphyrin molecules adsorb flat on Cu(100). The
left-hand image provides an overview on the distribution of the molecules.
It can be seen that they show a tendency to decorate the steps of the Cu(100)
surface. Their mobility is quite low since they do not agglomerate and
hardly change their position between successive images. The coverage of
the molecular layer can be determined by the ratio of area with and with-
out molecules. A coverage of (0.384+0.04) monomolecular layers is deduced

71



4. MAGNETIC ORDERING OF PORPHYRIN MOLECULES

from the evaluation of several images. From successive XA measurements
of the same sample a peak height of 2.1% of the Fe-L3 edge with respect to
the Cu background is determined. These values provide the basis for the
calibration of the coverage in the submonolayer regime, used throughout
the thesis.

The eight ethyl groups of the individual molecules can be clearly distin-
guished in the right image. Most of the molecules appear highly symmet-
ric, indicating that although the ethyl groups can rotate around their single
bonds they favor one particular orientation. For molecules that do not ex-
hibit this symmetric appearance, some of their ethyl groups might possess
different orientations. Furthermore, the image evidences the existence of
two species of Fe porphyrin molecules: one that shows a bright center and
another presenting no intensity in the center of the molecule. The ratio be-
tween these two species is approximately 1: 3.

There are several possible explanations for such an appearance. One
might tend to assign the bright center to the chlorine ligand: a molecule
with a dark center would then just be a molecule with chlorine between the
molecule and the surface. However, with this reasoning, the observed ra-
tio of 1:3 cannot be explained, since the statistical nature of the adsorption
process would result in a ratio of 1: 1, i.e., for half of the molecules the chlo-
rine ligand faces vacuum and for the other half the surface. The three times
higher number of molecules with dark centers would imply that for half of
the molecules the chlorine ligand decouples from the Fe center upon evap-
oration of the molecules or adsorption on the surface!. In both cases it is
likely that the chlorine ion binds to copper atoms of the surface. Although,
no Cl XAS signal is found at the L 3 edges, a Cl 2p signal could be detected
with XPS.

Another explanation could be that the molecules with a dark center do
not contain a metal ion at all. The purity of the molecular powder, obtained
from Porphyrin Systems GbR, was nominally 98%. However, such non-
complexed porphyrins are a typical contamination and might be enriched
by the sublimation process. By means of low-temperature STM on this sys-
tem, it was shown that both molecules with and without bright center dis-

!Due to the uncertainty concerning the presence of the chlorine ligand, I will refer to Fe
octaethylporphyrins adsorbed on the surface as Fe OEP. However, the valance state of the
Fe ion is also influenced by the interaction between the molecules and the surface and will
be addressed in section 4.7.

72



XNLD AND XMCD OF PARAMAGNETIC OEP MOLECULES 4.4

play a Kondo resonance [140]. Thus, a magnetic center has to be present
in both cases. In addition, the resulting effective Fe coverage of approxi-
mately 5%o of a monolayer would have made it almost impossible to obtain
a signal-to-noise ratio of 50: 1 (in a 5 minute measurement) as presented in
figure 4.9. Finally, the observed effect can be explained by different adsorp-
tion geometries that may result in an Fe position close or further away from
the surface. However, a substantiated explanation cannot be given here but
involves a systematic study by means of STM.

4.4 X-Ray Natural Linear Dichroism and Angle-
Dependent X-Ray Magnetic Circular Dichro-
ism of Paramagnetic Octaethylporphyrin
Molecules

In this section, our investigations are presented regarding the electronic
structure and the magnetic properties of oriented OEP molecules adsorbed
onto bare and oxygen-covered Cu(100) single crystals. Angle-dependent
measurements were carried out to study the anisotropy of charge and spin
densities of the individual electronic levels of the metal center.

Figure 4.9 shows the Fe-L; 3 edges of 0.4 ML of Fe OEP molecules ad-
sorbed onto a Cu(100) single crystal. The spectra are measured at room tem-
perature using linearly polarized X rays. The localized arrangement of the
Fe 3d electrons in the electrostatic field of the porphyrin ligands is reflected
in the fine structure most clearly seen at the L3 edge. The splitting of the d
electrons can be partly resolved within the resolution of the monochroma-
tor which was set to 200 meV. The individual resonances that constitute the
absorption edge show distinct angle-dependent behavior when varying the
incidence angle of the X rays by rotating the sample. At normal incidence,
the E vector of the X rays probes the unoccupied charge density, i.e., the
hole density, in the surface plane of the sample according to equation 1.7.
At grazing incidence, the E vector has a component perpendicular to the
sample surface, probing the corresponding hole density. At 20° incidence
angle, i.e., 70° between the E vector and the surface, the component perpen-
dicular to the sample plane is dominant. However, a fully perpendicularly
aligned E vector cannot be realized since this corresponds to a measurement
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Figure 4.9: Angle-dependent XA spectra at the Fe-L,3 edges of
0.4 ML of Fe OEP on Cu(100) using linearly polarized X rays (upper
panel). The lower panel shows the difference between the spectra
and the one measured at 55°.

geometry with the X rays parallel to the sample surface. It is important to
note that XAS does not probe the hole density in the direction of the E vec-
tor but its projection onto the x, y, and z axes. Thus, the spectra shown in
tigure 4.9 for different incidence angles are not independent, but undergo a
gradual transition from an XA spectrum probing the hole density in the z
direction to a one probing the hole density in the x-y plane. At 54.7°, i.e.,
the magic angle for linear light, the in-plane and out-of-plane components
of the E vector contribute equally to the resulting spectra. Such a spectra
is equivalent to an isotropic spectra, which can be obtained by averaging
over spectra along x, y, and z directions or a spectra of randomly oriented
molecules as in the case of the polycrystalline bulk sample presented in sec-
tion 4.2.

In the lower panel of figure 4.9, the difference between the Fe-L; 3 spec-
tra and the spectrum recorded at the magic angle is shown. It is obvious that
all spectra display the same shape, differing only in magnitude and sign.
Three main angle-dependent resonances are visible. The middle resonance
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Figure 4.10: Expected angular dependence of relative XAS resonance
intensity for the individual d orbitals with the quantization axis per-
pendicular to the sample surface when probed with linearly polar-
ized X rays.

at 707.5 eV shows maximum intensity for 20° incidence angle correspond-
ing to an out-of-plane hole density, whereas the pre-peak at 705.9 eV and the
resonances at 708.4 eV display maximum intensity at normal incidence. The
pre-peak seems to vanish when the E vector is approaching a perpendicular
alignment to the surface, as is apparent in the upper panel.

Although the fine structure of the absorption edges arises due to multi-
plet splitting of the individual multi-electron 34 orbitals and is also subject
to core-hole interaction, it is useful to consider this angular dependence in
reference to the angular dependence of the individual 3d one-electron or-
bitals [18, 19]. This model can be applied because each basis set of atomic
orbitals can be expressed as a linear combination of the one-electron 3d
orbitals, keeping in mind that a resonance might have contributions from
more than one orbital, and that one orbital might contribute to more than
one resonance.

Figure 4.10 shows the expected angle-dependent evolution of the inten-
sity of the individual 4 orbitals, according to table 1.2, assuming the quanti-
zation axis z with respect to the ligand field is perpendicular to the sample
surface and that x and y axes are equivalent. These assumptions are fulfilled
for the given case of flatly adsorbed porphyrin molecules exhibiting a lig-
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Figure 4.11: XAS (upper panel) and XMCD (lower panel) signals at
the Fe-L, 3 edges of 0.4 ML of Fe OEP on Cu(100) for incidence angles
from 20° to 90° and the magnetic field aligned along the k vector of
the X rays.

and field with tetragonal symmetry. Within this symmetry, the d; and d,,
orbitals are degenerate, forming the d, orbital>. The angular dependence
arises from the asymmetric charge distribution of the d orbitals and the in-
equivalency of the z axis with respect to the x and y axes. The latter can be il-
lustrated, for example, by the dy orbital, behaving equivalently to the x and
z directions but still possessing an angular dependence, since both x and y
in-plane directions have to be averaged. The two in-plane d,, and d,2_» or-
bitals demonstrate the same dependence on the incidence angle, displaying
maximum intensity for normal incidence. The d.» orbital exhibits the oppo-
site behavior of the intensity, having the same amplitude but not vanishing
for an E vector in-plane. As a consequence, the resonances seen at 708.4 eV
in figure 4.9 can be ascribed to mainly d,, and d,._,» character, whereas the
resonance at 707.5 eV possess d> and d, characteristics.

Besides their electronic properties, the magnetic properties of the

2 Since all other d orbitals display the same intensity for E||¥ and E||7, the x and y axes
are equivalent independent of an preferred azimuthal orientation of the molecules.
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molecules are also of interest. In order to investigate them, we employ the
XMCD effect, based on the difference in absorption of left and right circu-
larly polarized X rays, as discussed in section 1.4. Since the molecules are
paramagnetic, we have to measure at low temperatures and apply a high
magnetic field.

Figure 4.11 shows the Fe-L, 3 edges for different X-ray incidence an-
gles measured at a temperature of T = 8 K in an applied magnetic field of
B = 5 T along the X-ray incidence directions. The upper panel shows the
helicity-averaged spectra using left and right circularly polarized X rays.
The lower panel shows the difference between the two helicities, i.e., the
XMCD spectra. Analogous to the spectra recorded with linearly polarized
light (figure 4.9), the helicity-averaged spectra are sensitive to the unoccu-
pied density of states. However, the angle-dependent variation is reduced,
since one component of the E vector is always oriented along the surface
plane, independent of the incidence angle. The full magnetic information is
contained in the XMCD spectra, probing the unoccupied spin density at the
Fe site.

A sizable XMCD signal is found for all measured incidence angles, ev-
idencing the presence of an Fe magnetic moment. Four resonances can be
identified in the XMCD and XAS signals, best visible for normal incidence.
In contrast to the charge density, the spin density and so the XMCD signal
scales with the magnetization of the molecules. Since the applied magnetic
field and the temperature were not sufficient to magnetically saturate the
molecules, their magnetization might change when varying the direction of
the magnetic field due to a magnetic anisotropy of the Fe center.

The expected angle-dependent variation of the resonance intensities for
the individual 4 orbitals is presented in figure 4.12 in reference to both the
XAS (left panel) and XMCD (right panel) signals, according to table 1.3. In
addition to the assumptions stated earlier, a magnetic field parallel to the X-
ray k-vector is assumed for the XMCD intensity differences. Furthermore,
complete saturation of the magnetization along the field direction and no
anisotropy of the spin and orbital moment are also assumed. The utiliza-
tion of circularly polarized X rays results in a reduced angular contrast of
the XAS intensity compared to figure 4.10. The XMCD contrast, however,
is very high. The magic angle at which an isotropic spectrum is obtained is
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Figure 4.12: Expected XAS (left panel) and XMCD (right panel) sig-
nals against incidence angle for the individual d orbitals with the
quantization axis perpendicular to the sample surface using circu-
larly polarized X rays and the magnetic field aligned along their k
vector.

now found at 35.3° incidence angle.? The angular dependence of the XMCD
signal of the d orbitals shows interesting differences to the one of XAS. For
small incidence angles, the behavior is similar to the XAS case: the in-plane
dxy and d,»_» orbitals display zero dichroism, whereas the other orbitals
show maximum dichroism. At normal incidence, the d, orbital has zero
dichroism. This means that even if the spin of this orbital is fully aligned, it
will yield no XMCD signal. The XMCD signal of the d,» orbital even changes
its sign at normal incidence. It is important to note that this is not in con-
tradiction to the sum rules, that state that the integrated XMCD signal at
the magic angle is proportionate to the magnetic moment of the d shell (sec-
tion 1.4.1). The partly drastic deviations for the individual orbitals reflect
the impact of the magnetic dipole operator T,, i.e., the anisotropy of the
spin density. Since the spin magnetic moment is an isotropic quantity, the
extra information from the spin-density is often bothersome. This is mainly
because an isotropic XMCD is generally not easy to obtain, since it involves
aligning the magnetic moment with the direction of the magic angle, or to
average over three orthogonal measurements. Luckily the experimental set-

3In literature the magic angle is usually defined as 54.7° for both linear and circular
polarization. For linear polarization, the angle is defined between the E vector and the
surface normal, whereas for circular polarization it is defined between the k vector and the
surface normal. This is taken into account here when referring solely to the incidence angle.
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up provides the possibility to align the magnetic moment accordingly.

The strong angle-dependent variation of the XMCD facilitates the iden-
tification of the contributions of the individual d orbitals to the spectrum.
The pre-peak at 706.3 eV, displaying opposite XMCD contrast at normal in-
cidence, has to be of d,» character. The peak at 707.1 eV, which constitutes
the middle of the XA spectra shown in figure 4.9 must be of d, character,
since it nearly vanishes in the XMCD signal at normal incidence and reap-
pears at a 20° angle. At higher energies, the spectra are mainly of d,, or
dy2.,2 character.

Since it was not possible to magnetically saturate the molecules, the
spin and orbital magnetic moment cannot be determined from a sum-rule
analysis of the obtained spectra. However, it is still possible to determine
lower limits for these moments. For this purpose, the spin and orbital sum
rules are evaluated for the spectra recorded at the magic angle (35.3° in-
cidence angle) for which the contribution of the magnetic dipole operator
to the spin sum rule cancels out. The number of 4 holes, given by the the
oxidation state of the Fe centers, enters as an input parameter according to
equations 1.11 and 1.12. On the surface the Fe valence state might be al-
tered due to charge transfer processes. The charge density at the Fe site is
reflected by the Fe-L3 peak position, which can be used as a sensitive indica-
tor of the oxidation state [40]. The L3 peak position of Fe OEP on Cu(100) is
red-shifted by about 1 eV with respect to the one of the Fe(Ill) OEP Cl bulk
sample, shown in figure 4.2. This indicates that the oxidation state of the Fe
center on the surface is reduced. If we assume an Fe 27 oxidation state we
obtain four 4 holes nj, = 4. For the spin and orbital moment, a lower limit
of ug > (1.01 £0.15)up and puf > (0.13 £ 0.03) up is obtained, respectively.
The ratio of orbital-to-spin moment uf /g = (13 £ 3)% holds, even though
the molecules were not magnetically saturated. The errors reflect the uncer-
tainties concerning the experimental data, e.g., the choice of the integration
range for the L3 and L, edges or the potential impact of small bendings
in the spectra. By comparing the integrated XMCD signal at different an-
gles, information about the magnetic anisotropy of the iron center can be
obtained. But such evaluation is hampered by the angle-dependent contri-
bution of T,, which cannot easily be separated if the magnetic anisotropy is
small.

In a subsequent experiment, we deposited Fe OEP molecules onto a
pre-oxidized Cu(100) single crystal, which was prepared as described in
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Figure 4.13: Upper panel: Angle-dependent XA spectra at the Fe-L;3
edges of 0.4 ML of Fe OEP on O/Cu(100) using linearly polarized
X rays. Lower panel: Difference between the spectra and the one
measured at 55°.

section 2.4. The surface is covered by half a monolayer of atomic oxygen
forming a well-known (v/2 x 2v/2)R45°, so-called missing row, reconstruc-
tion. We deposited 0.4 ML of Fe OEP molecules, after cooling the crystal
down to room temperature.

In the upper panel of figure 4.13 the XA spectra at the Fe-L, 3 edges are
shown for incidence angles from 20° to 90°, using linearly polarized X rays.
The lower panel depicts the difference between the corresponding spectra
and the one obtained at the magic angle (54.7° incidence angle). Compared
to the case of the bare Cu(100) substrate (cf. figure 4.9), the variation of the
Fe spectra with the incidence angle is reduced. This means that the charge
densities of the individual electronic levels of the Fe 3d electrons is more
isotropic. A fully isotropic charge density is expected, in cubic symmetry,
where the dyy, dy;, and d; (eg) and the dxz_yz, and d,> (tz¢) form degenerate
subsets, each of isotropic charge density. In tetragonal symmetry, the 4, or-
bital is lowered in energy, due to the absence of the two ligands that mainly
interact with its extended lobes along the z axis, and the charge distribution
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Figure 4.14: XAS (upper panel) and XMCD (lower panel) signals at
the Fe-L, 3 edges of 0.4 ML of Fe OEP on O/Cu(100) for incidence an-
gles from 20° to 90° and the magnetic field aligned along the k vector
of the X rays.

of the electronic states becomes anisotropic. If the d,» orbital is pushed up
in energy due to the interaction with the atomic oxygen on the surface, the
isotropic charge distribution can be partly restored.

Besides their smaller magnitude, the difference spectra in figure 4.13
are composed mainly of three resonances at the L3 edge. Two resonances at
706.7 €V and 709.4 eV correspond to in-plane hole densities of dx, and d,2_»
character, and one resonance at 708.6 eV of d,; or d,» character.

Figure 4.14 shows the Fe-L; 3 XAS and XMCD signals which were mea-
sured at different X-ray incidence angles and at a temperature of T = 8 Kin
an applied magnetic field of B = 5 T along the X-ray incidence directions.
The most prominent effect is a 5-fold decrease of the XMCD signal when
comparing the spectrum at normal incidence to the one at 20°. This decrease
can only be explained by the presence of a strong magnetic anisotropy, with
the easy axis of the Fe magnetic moment oriented in-plane, as a result of an
interaction of the iron centers and the oxygen atoms.
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Figure 4.15: Upper panel: Angle-dependent XA spectra at the Co-L;3
edges of 0.4 ML of Co OEP on O/Cu(100) using linearly polarized
X rays. Lower panel: Difference between the spectra and the one
measured at 55°.

Since the shape of the XMCD spectra hardly changes with the incidence
angle, one can conclude that the magnetic dipole operator has only minor
contributions to the magnetic signal. Consequently, a lower limit for the
spin and orbital moments can be deduced from a sum-rule analysis of the
spectra taken at 20° X-ray incidence. For Fe OEP on O/Cu(100), the Fe-
L3 peak position coincides within 0.2 eV with that of the Fe(III) OEP CI bulk
sample, suggesting an Fe 3™ oxidation state. This corresponds to five d holes
ny = 5. Values of pg > (2.70 +0.32)up and uff > (0.23 £ 0.06) up are found
for the lower limit of the spin and orbital moment per d hole, respectively.
The ratio of orbital-to-spin moments is found to be uf/us = (8 +2)%,
slightly lower as in the case of Fe OEP directly adsorbed onto Cu(100).
The ratio slightly increases with an increasing incidence angles, but these
changes are within the error. No pre-peak showing opposite dichroism is
observed, consistent with the d» orbital being moved up in energy.

A study of Fe OEP on Cu(100), O/Cu(100), and Au(111) with coverages
in the regime of 1 ML and 2 ML can be found in reference [141].
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In another experiment, we have deposited Co OEP molecules onto an
O/Cu(100) substrate, prepared as described above. Figure 4.15 depicts the
XAS signal at the Co-L, 3 edges when the X-ray incidence angles are system-
atically varied. These spectra show pronounced angular dependence most
visible in the difference spectra shown in the lower panel of figure 4.15.
The low-energy resonance at 778.3 eV reflects an out-of-plane hole density.
The three resonances at 779.9 eV, 781.0 eV, and 782.1 eV display the oppo-
site angle-dependent behavior, which can be associated with in-plane hole
density. This can be readily understood considering an Co?" LS state, with
electronic configuration (dy,)?(dx)*(d,2)!, as it is also found for the bulk
material and suggested by the shape of the XA spectra [101, 138, 139]. The
out-of-plane hole density can then be ascribed to the singly occupied d,»
orbital, whereas the in-plane hole density can be attributed to the fully un-
occupied d,2_» orbital. A comparison with the measurements of the Co OEP
bulk sample, shown in figure 4.5, can be done for the spectrum recorded at
the magic angle (54.7° incidence angle). This spectrum resembles the shape
of the Co-L3 edge of the Co OEP bulk sample displaying a slight broad-
ening of the individual resonances, which can be ascribed to the electronic
coupling of the Co ion and the substrate.

In figure 4.16 the magnetic measurements at T = 8 Kand B = 5T are
presented for five different incidence angles. Consistent with the supposed
LS configuration, the observed XMCD signal is very small. Astonishingly
the XMCD signal for normal incidence predominantly presents an positive
(negative) signal at the L3 (L) edge. This suggests a strong contribution of
the d,» orbital to the XMCD, since it is the only one that shows a reversal
of the sign of its dichroism with varying incidence angles. An alternative
explanation assuming a Co magnetic moment aligned antiparallel to the
magnetic field is hard to imagine. The comparable high weight of the L,
edge contribution suggests a high orbital moment. The evaluation of the
sum rules for the spectra at the magic angle (35.3°) with n;, = 3, yields
lower limits of the spin and orbital moment of ug > (0.28 & 0.04)up and
uy > (0.13 £ 0.04)up, respectively. An ratio of the orbital-to-spin moment
of u¥/pg = (46 & 14)% is determined.

Experiments of Co OEP directly adsorbed onto Cu(100) revealed that
the Co porphyrin was in a highly reactive state, making it difficult to mea-
sure since cooling down the sample already resulted in a sizable change of
the Co-L3 line shape, due to the adsorption of residual gas on the sample at
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Figure 4.16: XAS (upper panel) and XMCD (lower panel) signals at
the Co-Ly3 edges of 0.4 ML of Co OEP on O/Cu(100) for incidence
angles from 20° to 90° and the magnetic field align along the k vector
of the X rays.

lower temperatures.

4.5 Substrate-Induced Magnetic Ordering

In the previous section it was shown that the magnetic moment of por-
phyrin molecules can be partly aligned by an external magnetic field at low
temperatures. In view of future applications of porphyrin molecules on sur-
faces, it would be desirable to obtain an magnetic alignment at room tem-
perature and without the need for a strong external magnet field. A strategy
to achieve such alignment is to employ the exchange interaction to an FM
substrate. In this section, systematic XAS and XMCD measurements of the
electronic structure and the magnetism of Fe OEP molecules on Ni and Co
substrates are presented.

Figure 4.17 shows the XAS and XMCD spectra at the Fe-L, 3 edges of
1 ML Fe OEP on 5 ML Co/Cu(100) and 15 ML Ni/Cu(100) at room tem-
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Figure 4.17: XAS and XMCD at the Fe-L, 3 edges of 1 ML Fe OEP on

out-of-plane magnetized 15 ML Ni/Cu(100) (left) and in-plane mag-

netized 5 ML Co/Cu(100) (right), using left and right circularly po-
larized X rays (top, black and red).

perature, in an applied magnetic field of 10 mT. By using these thicknesses
of the FM films, the easy axis of magnetization can be tuned from in-plane
(Co, [110] direction), to out-of-plane (Ni). The applied magnetic field is 50
times smaller than it was for the measurements discussed in the previous
section. It will not affect the magnetic moments of the molecules at room
temperature but only align the magnetization of the FM film. The measure-
ments were carried out at normal (6 = 90°) and at grazing (60 = 20°) inci-
dence, accordingly. The presence of an XMCD signal reveals that the Fe OEP
molecules are magnetically aligned on both substrates. The sign of the Fe
XMCD signals is the same as that for the Ni and Co layers, which demon-
strates that the coupling of the molecules to the films is FM. This can be
seen even more clearly from the element-specific hysteresis loops presented
in figure 4.18 for Fe OEP on Ni, recorded at room temperature. The Fe- and
Ni-L3z XMCD signals at fixed photon energy, normalized to their saturation
values are plotted as a function of the applied magnet field. It is clear that
the two hysteresis loops coincide in coercive fields. Hence, the orientation
of the Fe spin switches in the same way as the spins of the ferromagnetic
film. This demonstrates the presence of a substantial FM coupling of the Fe
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Figure 4.18: Element-specific hysteresis loops of the Fe atoms
(squares) and Ni substrate (full line), obtained from the Lz edge
XMCD maxima of Fe OEP on Ni/Cu(100) at 300 K.

moments to the magnetic substrate.

The origin of the magnetic ordering is discussed in our recent work
[142]. By performing ab-initio DFT+U calculations for an Fe porphin*
molecule adsorbed on a Co substrate, it has been shown that the ordering
is not due to a direct exchange interaction between the Fe centers of the
molecules and the Co atoms of the substrate. Instead, a 90°-ferromagnetic
superexchange interaction through the N ligands is found to be responsible
for the coupling.

As discussed in section 4.4, the line shape of the XAS and XMCD spec-
tra presented in figure 4.17 varies with the incidence angle, reflecting the
anisotropy of charge and spin densities of the individual electronic levels.
For Fe OEP adsorbed on Ni, the Fe-Lz XMCD signal is composed of two
well-separated, negative peaks at 705.8 eV and 708.0 eV. This shape is dif-
ferent compared to the XMCD spectra at 90° incidence angle of Fe OEP on
Cu(100), aligned by an external field (figure 4.11). In that case, a pre-peak of

4 Porphyrin molecule without functional groups, resulting in a lower computational
effort.
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opposite sign compared to the main XMCD peak was found. Consequently,
the magnetic alignment induced by the two mechanisms acts differently on
the individual 3d electronic levels. Differences in the electronic structure of
the Fe center between Fe OEP adsorbed on Ni and on Cu substrates could
be evoked as an alternative explanation. At 706.7 eV no dichroism is ob-
served, whereas a sizable XAS signal is detected. Such a signature would be
expected for a transition to the d, orbital (cf. figure 4.12) or to a fully empty
Fe 3d orbital. Since both spin-up and spin-down states would be unoccu-
pied, no net XMCD signal can be observed. In contrast, the Fe-L3 XMCD
signal for Fe OEP adsorbed on Co recorded at 20° incidence angle displays
a rather broad metallic-like line shape. This behavior is similar to the one
of Fe OEP on Cu(100) (figure 4.11), where the Fe-Ls; XMCD signal at 20°
incidence angle is much broader than the one at 90°.

In contrast to chemically inert substrates, like Au(111), porphyrin
molecules might not be free to arrange themselves when deposited onto Co
or Ni due to a stronger interaction with the substrate. When approaching
a nominal coverage of one monomolecular layer, a heterogeneous adsorp-
tion of the molecules might result. Let us assume a random distribution of
molecules adsorbing on the surface. If the molecules cannot move on the
surface, a heterogeneous adsorption will occur once the space between the
molecules on the surface is smaller than the area one molecule occupies.
In view of our experiment, this would apparently lower the magnetic mo-
ments determined by a sum-rule analysis, since a fraction of the molecules
would not be coupled to the magnetic substrate. To investigate this issue,
XAS and XMCD measurements were performed for both Ni and Co sub-
strates as a function of the coverage of the molecular layer.

The orientation of the molecules on the surface is investigated by
coverage-dependent XAS measurements at the N-K edge. Figure 4.19 shows
the N-K XAS spectra of Fe OEP layers with coverages corresponding to
0.4 ML, 0.6 ML, 1.0 ML, and 1.5 ML on Co (top) and on Ni (bottom) sub-
strates, measured at 20° (grazing) and 90° (normal) incidence angles with
linearly polarized X rays. The spectra are recorded from a consecutive depo-
sition series. The XA spectra are normalized to the background signal in the
pre-edge region stressing the thickness dependence of the XAS signals. A
pronounced angular dependence of the N K XAS signals is observed, most
clearly seen at the two 7* resonances at 399.0 eV and 401.2 eV. The angular
dependence corresponds to an out-of-plane orientation of the N 77* orbitals
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Figure 4.19: N-K XA spectra recorded at grazing (20°, solid lines) and
normal (90°, dashed lines) incidence angles for different coverages of
Fe porphyrin molecules on 5 ML Co/Cu(100) (upper panel) and on
15 ML Ni/Cu(100) (lower panel) at room temperature using linearly
polarized X rays.

corresponding to a flat adsorption of the porphyrin macrocycle. The an-
gular dependence is preserved also at higher coverages indicating that the
second layer of porphyrin molecules adsorbs basically flat on the first layer.
It is important to note that the shape of the spectral features at 399.0 eV and
401.2 eV is not the same for grazing and normal incidence. This implies
that the intensity found for normal incidence does not belong to the same
molecular orbital than the one for grazing. This can be understood consid-
ering that due to the interaction of the nitrogen atoms with the surface new
orbitals are formed by hybridization of the N 7 orbitals with orbitals of the
surface. Such strong interaction of the nitrogen atoms with the surface was
found by DFT+U calculations mentioned earlier. Since the orientation of
this newly formed bond is basically perpendicular to the surface, the angu-
lar dependence of the corresponding resonance is opposite to the one of the
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N 7t* orbitals. Therefore a quantitative analysis of the average tilt angle of
the molecules according to equation 1.6 cannot be carried out.

The N-K edge is a sensitive indicator of whether the deposited
molecules are intact. The N-K edge spectra exhibit similar fine structures
than that observed for the bulk material of Fe OEP Cl, shown in figure 4.3.
If the central 3d atom is missing, a third peak is expected at about 403.0 eV
[143]. The absence of this feature indicates that the Fe atom is located in the
molecule.

Figure 4.20 shows, from top to bottom, the helicity-averaged Fe-L; 3
XAS and XMCD spectra of Fe OEP layers with coverages corresponding to
0.4 ML, 0.6 ML, 1.0 ML, and 1.5 ML on Co (panels a, b) and on Ni (panels
¢, d) magnetically saturated substrates. The spectra are measured at room
temperature from the same deposition series as the N-K XA spectra. Again,
the spectra are normalized to the pre-edge region to stress the thickness
dependence of the white lines. Due to the in-plane and out-of-plane mag-
netic easy axes for Co and Ni, the respective spectra were measured at 20°
(grazing) and 90° (normal) incidence angles, respectively, as indicated by
the insets in panels b and d. The insets in panel a and ¢ show the Fe-L3 dif-
ference signal between two consecutive depositions. In that way, the XAS
signal of the molecules that are adsorbed on top is separated from that of
the previously deposited molecules.

In the case of the Co substrate, the Fe-L; 3 white lines are relatively
broad, resembling the analogous spectra for bulk metallic materials. For
thicknesses smaller or of the order of 1 ML, the intensities increase with the
coverage and no different lineshapes are observed. On the contrary, the L3
signal for 1.5 ML displays a broader feature. The XAS difference spectrum
between the spectrum for 1.5 ML and 1 ML shows two well-separated peaks
at 706.7 eV and 708.4 eV that can by attributed to the Fe-L3 XAS signal of
the molecules in the second monolayer. The change of the lineshape can
be explained by the different ligand fields around the Fe atom present in
the first molecular layer, in direct contact to the substrate, and in the second
layer. In the latter, only weaker intermolecular interactions can be envisaged
on the bottom side of the molecule, while the top side faces vacuum. It is
noteworthy that the shape of the Fe-Lz XAS signal is different compared
to those of the Fe OEP Cl bulk sample, shown in figure 4.2. This indicates
that the electronic state of the Fe centers is not the one displayed in the bulk
material. The XMCD signals, again, show a quasi-metallic shape. Up to
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Figure 4.20: Fe-L;3 XAS and XMCD spectra recorded at room tem-
perature for different coverages of Fe OEP on 5 ML Co/Cu(100) (a, b)
and on 15 ML Ni/Cu(100) (c, d). The insets show the XAS difference
at the L3 edge between two successive depositions.
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Figure 4.21: Fe OEP coverage dependence of the integrated intensi-
ties of Fe-L3 XMCD normalized to the white line on 5 ML Co/Cu(100)
(black) and 15 ML Ni/Cu(100) (red) substrates. The values obtained
at the lowest coverage are normalized to unity in both cases.

1 ML, it increases with increasing thickness. For 1.5 ML the XMCD signal is
almost the same as for 1 ML.

The Fe-L; 3 XA spectra for the Ni substrate case (figure 4.20c) show a
very different lineshape. Both edges display narrow peaks at 708.1 eV and
721 eV, each with two shoulders at lower and higher photon energies. No
clear thickness dependence is observed in the lineshapes. However, from
the difference spectrum between 1.5 ML and 1 ML three features at 706.0 eV,
707.2 eV, and 708.5 eV become apparent as Fe-L3 XAS signal of the molecules
in the second monolayer. The XMCD signal is characterized by a narrow
peak at 708.1 eV preceded by a small feature at 705.8 eV; these features are
reproduced in the L, edge.

The nature of the magnetic coupling of the Fe porphyrin molecules to
the magnetic substrates can be understood more clearly from the analysis
of the integrated intensities of the Fe-L3 XMCD signal normalized to the
white line, shown in figure 4.21 as a function of coverage on Co and on Ni.
The values obtained at the lowest coverage are normalized to unity in both
cases. It can be seen that the magnetic signal of the deposited Fe porphyrin
molecules originates mostly from the first molecular layer only: on Co, the
ratio remains constant (within the error bars) for 0.4 and 0.6 ML, and only
decreases for films thicker than ~1 ML. In the case of Ni, the XMCD/XAS
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Figure 4.22: Fe-L,3 XAS and XMCD spectra of 0.8 ML Fe OEP
molecules deposited on 5 ML Co/Cu(100) (black) and on 5 ML
Ni/5 ML Co/Cu(100) (red) substrates. The spectra were recorded
at 20° grazing incidence at room temperature.

ratio decreases monotonically with thickness, suggesting a higher percent-
age of heterogeneously adsorbed molecules.

The reason for the different lineshapes for the Co and Ni substrates is
not a substrate-dependent hybridization mechanism, but is purely of geo-
metrical origin: the different experimental geometries (grazing and normal
incidence for Co and Ni, respectively) probe different unoccupied Fe-3d or-
bitals. This is readily proven by comparing the spectra taken on Co and on
Ni for the same geometry. By preparing a 5 ML Ni film on a 5 ML Co film,
the Ni magnetization is forced to the in-plane direction by the Co magneti-
zation. As can be seen in figure 4.22, the Fe-L; 3 XAS and XMCD spectra of
0.8 ML Fe OEP on Co and on Ni/Co, measured at grazing incidence, show
exactly the same lineshape. However, the magnitude of the XMCD signal on
Ni is reduced by approximately 60% compared to that on Co. This implies
that the Fe magnetization is lower when coupled to a Ni substrate.

Besides an apparent reduction of the magnetization originating from
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molecules that are not coupled magnetically to the substrate, the established
magnetic exchange interaction might not be sufficient to fully align the mag-
netic moment of the molecules. This issue is addressed by temperature-
dependent measurements of the Fe magnetization.

Figure 4.23 shows the Fe-L; 3 XAS and XMCD signals recorded at 300 K
and ~80 K for 0.8 ML Fe porphyrin molecules on Co and Ni substrates.
Whereas the XAS does not show any noticeable temperature dependence
for the two cases, the XMCD amplitude does vary with T. Furthermore,
any temperature-dependent change is fully reversible, as can be seen in fig-
ure 4.23d XMCD spectra when they were successively recorded at 300 K,
70 K and then again at 300 K. Besides scaled by a common factor, all spec-
tral features found at 300 K, remain at low temperatures.

Since the magnetization of the substrate also changes with temperature,
the relative change of the Fe-to-substrate magnetization has to be consid-
ered. The Curie temperatures of 5 ML Co and 15 ML Ni films are reported
to be around 850 K [144] and 550 K [145], respectively. For the Ni film, the
XMCD signal at room temperature is reduced by 15% compared to the sig-
nal at 70 K-the Co XMCD only reduces by 5%.

The Fe magnetization on Co follows that of the substrate and decreases
by ~10% when going from 85 K to 300 K. In contrast, the Fe XMCD on Ni
shows a much larger reduction-of ~50%-—than that of the Ni magnetization
upon changing the temperature from 70 K to 300 K.

The difference of the Fe XMCD signal of molecules deposited on Ni
as compared to to the ones deposited on Co indicates that the magnetic
coupling to Ni is lower than to Co. Furthermore, if the Fe ion detached
from the molecule and adsorbed directly on the underlying film, it would
be expected that the Fe magnetization directly follows the M(T) curve of
the film. This is not the case on Ni which is an additional indication that
the Fe ion remains at the center of the porphyrin ring. The weaker coupling
strength in the case of Fe OEP on Ni also supports the indirect coupling
mechanism found by theory [142]. However, it should be noted that on the
basis of the experimental technique it cannot be distinguished between a
direct or indirect coupling mechanism.

Since a indirect magnetic coupling mechanism through the nitrogen
atoms was found by theory, we have attempted to measure a magnetiza-
tion at the N-K edge. In figure 4.24 the N-K XMCD is shown for 0.6 ML of
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Figure 4.23: Fe-L;3 XAS and XMCD spectra for 0.8 ML Fe OEP
molecules on Co (a, b) substrate recorded at 300 K and 85 K, and
on Ni (¢, d) at 300 K, 70 K, and 300 K by consecutive temperature-
dependent measurements.
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Figure 4.24: N-K XMCD spectra for 0.6 ML Fe OEP molecules on
5 ML Co/Cu(100) recorded at room temperature with left and right
circularly polarized X rays (top, black and red).

Fe OEP on 5 ML Co/Cu(100). The spectra have been obtained by averag-
ing 8 XMCD pairs. Despite the excellent signal-to-noise ratio, no magnetic
signal at the nitrogen sites is found. The spurious XMCD signal at 397 eV
originates from the Co-L, edge of the substrate probed with the second or-
der of the monochromator. However, the absence of an N-K XMCD does
not imply the absence of magnetization at the nitrogen sites since XMCD at
the K edge is not sensible to spin moment but only to orbital moment [23].

4.6 Determination of the Coupling Energy

In this section, the coupling energy Eex of the Fe magnetic moment pf® to
the substrate magnetic moments 1"® will be estimated by measuring the
temperature dependence of the Fe and substrate magnetization. Consider-
ing a paramagnet in an external magnetic field H, the magnetic moments
are aligned via the Zeeman energy. In an ensemble of molecules, the cor-
responding energy levels are populated according to Boltzmann’s statistics,
favoring an equal population of the levels at elevated temperatures. The
dependence of the average magnetic moment on the temperature and the
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magnetic field is given by the so-called Brillouin function Bj(«) [60]:

Fe\ __, Fe HHFe
(1) =p B]( kT )
2] +1 2] +1 1 1
B](OC) —2—] COth(z—](X> — Z_ICOth<2] )

where ] is the total angular momentum determining the number of energy
levels (2] +1).

The magnetic coupling to the substrate can be introduced in the frame-
work of a mean field approach [60] as an effective magnetic field Ho¢. The way
the temperature dependence of the substrate magnetization enters depends
on the correlation of the thermal fluctuations of the adsorbate and substrate
magnetic moments. If the fluctuations are not correlated, the adsorbate
magnetic moment would experience a time-averaged magnetic moment of
the substrate: Hog = y(uS"®) (model A). If the fluctuations are strongly cor-
related, the effective field would be proportional to the substrate magnetic
moment Hoi = yus'?, and the time-average acts on the whole expression,
i.e., the reduction of the substrate magnetization at elevated temperatures
enters as a prefactor to the Brillouin function (model B). The two models

<.uz > sub , Fe
Y sty
A (ug®) :HFeB]( - >,

take the form:

kpT
<‘u§ub> 5 (')/HSUb‘llFe>

Hsub kB T

B:(u®) = p'

Within these models, the relative magnetization ! = (ul) /i’ can be fitted
to the experimental data, obtaining the exchange energy Eex = yus"uf® as

the fitting parameter:

E E
A:ufezBf(ufubke;), B = ;"B (ke;) (4.1)

In figure 4.25, the Fe and Ni XMCD signals at fixed photon energies,
normalized to the extrapolated saturation values, are plotted vs. tempera-
ture for 0.6 ML of Fe OEP molecules on 15 ML Ni and 6 ML Ni on Cu(100),
respectively. The easy magnetization axis of the latter sample is in-plane
(along [110] direction), since the spin-reorientation transition for Ni films
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Figure 4.25: Temperature dependence of the relative magnetization

of the Fe atoms (squares) and the Ni substrates (circles; green lines:

empirical curve taken from reference [146]) for 0.6 ML Fe OEP on

(left) 15 ML Ni/Cu(100), and (right) 6 ML Ni/Cu(100). The fit of the

Brillouin-type models to the Fe magnetization is shown as red (model
A) and black (model B) lines.

on Cu(100) occurs at approximately 11 ML [59, 62, 63]°. The Curie tempera-
ture of the 6 ML Ni sample is only T¢c = 285 K, according to the finite-size law
[61]. The temperature-dependent magnetization of the substrate is approx-
imated with an empirical curve (green lines) taken from reference [146] and
inserted into the theoretical model as uEUb. For both samples, the evolution
of the Fe magnetization deviates drastically from that of the substrate.

The temperature dependences of the Fe magnetizations are reproduced
by both models (A: red lines, B: black lines). These two models yield almost
identical functional behavior, deviating only for temperatures below 50 K,
where model A saturates earlier. Even for the 6 ML Ni sample, exhibiting
a comparably strong variation of the Ni magnetization, the difference be-
tween the two models is small. This implies that experimentally we cannot
discern which model is more appropriate. However, we can assume that the
Fe—substrate coupling acts on a much faster timescale than the fluctuations,
consistent with the second model.

5A shift of the spin-reorientation transition [59, 63] below 6 ML can be excluded here
due to the presence of an in-plane Ni XMCD signal.
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Fe OEP on 15 ML Ni on 6 ML Ni
model A B A B

J=1 169 17.0 169 179

J=15 20.1 203 203 21.7
J=2 221 224 225 242
J=25 235 238 24.0 26.0

Table 4.1: Exchange energies in meV obtained from a fit of the
two models (equation 4.1) to the temperature dependent Fe-L;3
XMCD signal of 0.6 ML Fe OEP on out-of-plane magnetized 15 ML
Ni/Cu(100) and in-plane magnetized 6 ML Ni/Cu(100). The sensi-
tivity of the determined exchange energies on the total angular mo-
ment is evaluated by comparing the results for different values of J.

In table 4.1 the exchange energies as obtained from the fit to the exper-
imental data for different values of | are listed. For a divalent Fe oxidation
state, as suggested by the XAS peak positions, with an intermediate spin
state configuration of the d electrons, a spin moment of S = 1 would be
expected. This results in a total angular moment of | = 1 if the orbital
moment is quenched. A higher oxidation state of the Fe ion or an orbital
moment that is not totally quenched would lead to an increase of the total
angular moment. For | = 1.5, the resulting exchange energies show only
a slight increase by 5% compared to | = 1. If a high-spin ground state is
assumed, spin moments of S = 2 and S = 2.5 for divalent and trivalent
Fe are expected, respectively. The resulting exchange energies rise by about
20% to 30%. The two models yield identical values of the exchange energy
within 2% for all values of J.

For the curves shown in figure 4.25, a total angular momentumof | =1
is assumed as it would be expected for an Fe?" ion with intermediate spin-
state (S = 1) and a quenched orbital moment, consistent with the results of
the sum rules presented in table 4.2. Very similar values for the exchange en-
ergy of 17 meV and 18 meV (model B) are determined for out-of-plane and
in-plane magnetized Ni substrates, respectively. This indicates that there is
no significant dependency of the magnetic coupling on the magnetization
axis.

The exchange energy on Co is estimated from the two temperature-
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dependent XMCD signals shown in figure 4.23. For | = 1, a value of
Eex = 70 meV is found, implying that a much larger coupling is present
between the Fe spin of the molecules on Co as compared to the Ni substrate.
From the preceding case, it is already clear that this difference in coupling
energies is not connected to the difference in the magnetization direction,
but is predominantly an effect of the magnetic and/or electronic differences
between the Niand Co substrates. As a possible explanation for the reduced
coupling energy in the Ni case, we can consider the 60% smaller magnetic
moment of Ni surfaces as compared to the Co ones [147, 148]. However,
the extent of this difference can be altered by the presence of the molecules
adsorbed on the surfaces [149].

4.7 Tailoring of the Magnetic Coupling

In the previous section it was shown that the magnetic moment of Fe OEP
molecules can be aligned by an underlying ferromagnetic substrate. Fur-
thermore, different coupling energies were found on Ni and Co substrates.
It is tempting to expand the possibilities of tailoring the magnetic cou-
pling both in magnitude and sign by engineering the interface between the
molecule and the ferromagnetic films. This section demonstrates how a
tailoring of the magnetic coupling can be achieved by introducing half a
monolayer of atomic oxygen in between Fe OEP molecules and FM Ni and
Co films.

The Ni and Co films were epitaxially grown on a preoxidized Cu(100)
single crystal, as discussed in section 2.4. The oxygen atoms act as a surfac-
tant for the growth of the FM films, floating on top of the surface [24, 59].
This results in a well-characterized c¢(2 x 2) superstructure of 0.5 ML atomic
oxygen on top of the ferromagnetic films. Successively, Fe OEP molecules
were deposited onto the substrate held at room temperature.

Figure 4.26 shows the Fe-L; 3 XAS and XMCD spectra for 0.6 ML Fe
OEP on O/5 ML Co/Cu(100) (red lines, panel a), O/10 ML Ni/Cu(100)
(red lines, panel b), 5 ML Co/Cu(100) (black lines, panel a), and 15 ML
Ni/Cu(100) (black line, panel b), measured at normal (grazing) incidence
for the Ni (Co) samples. All spectra were measured at T = 40 K except
for the Co/Cu(100) sample, which were measured at room temperature.
Due to the comparably strong coupling of the molecules on the Co surface,
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Figure 4.26: Fe-L;3 XAS and XMCD spectra of 0.6 ML Fe OEP on
oxygen-covered (red lines) and bare (black lines) Co (panel a) and Ni
(panel b) substrates. The corresponding Ni and Co spectra are shown
on the right. All spectra were measured at T = 40 K except for the
Co/Cu(100) sample, which were measured at room temperature. For
comparison, the XAS data of Fe OEP Cl bulk is shown in gray.
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only a minor increase of the XMCD is expected at low temperatures. On
the oxygen-covered ferromagnetic films, an opposite sign of the Fe XMCD
signals with respect to the substrate magnetizations is observed, evidencing
an antiparallel alignment of the Fe spin with the substrate magnetization.
By sweeping the external magnetic field, the Fe magnetization reverses at
the same field as the substrate while maintaining the antiparallel alignment.
This AFM coupling is found only in the presence of the oxygen layer. In
contrast, the Fe XMCD on the bare ferromagnetic films shows the same sign
as the XMCD of the Co and Ni substrate. The reversal of the magnetization
direction can be understood considering that the magnetic coupling to the
FM films is established by superexchange through the oxygen atoms. In this
picture, one lobe of the oxygen p; orbital hybridizes with substrate d orbitals
and the other lobe with the d orbitals of the Fe center of the molecules. Since
the p, orbital is odd in z, the spins at the two lobes are opposite in sign.

In our recent work [150], DFT+U calculations of an Fe porphin molecule
bond via an oxygen atom to a ferromagnetic stack of 3 ML Co are carried out
to gain insight into the coupling mechanism. A self-consistent optimization
of the molecular structure, including the O ligand binding to Fe and the Co
surface, by complete relaxation of the interatomic forces was performed. It
could be shown that indeed a superexchange interaction across the oxygen
atom is responsible for the antiparallel alignment. Furthermore, the Fe-O
and Co-O bond lengths were computed as 1.92 A and 1.74 A, respectively.
The central Fe atom moves out of the macrocyclic plane by 0.29 A owing to
the O ligation, as typically seen for axial ligation of metalloporphyrins.

The effect of the adsorbed Fe OEP molecules on the oxygen atoms is
depicted in figure 4.27. The O-K edge is shown for normal and grazing in-
cidence before and after the adsorption of 0.6 ML of Fe OEP onto O/5 ML
Co/Cu(100). A reduction of the oxygen 7* resonance at 530 eV upon the
adsorption of the Fe porphyrin molecules is clearly observed. This indi-
cates an increase of charge at the oxygen atoms as a result of an electronic
interaction with the molecules.

The hybridization of the Fe d with the oxygen p orbitals not only
changes the sign of the Fe magnetization, but also modifies the electronic
properties of the metal center. This can be seen by comparing the Fe XAS
of the two samples. The energy position of the Fe XAS peaks is an indica-
tor for the Fe valence state [40]. Charge-transfer processes that may occur
during the evaporation and adsorption of Fe OEP onto the O/metal sub-
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Figure 4.27: O-K XA spectra before (black and red) and after (green
and blue) deposition of 0.6 ML Fe OEP on O/5 ML Co/Cu(100) mea-
sured with linearly polarized X rays at grazing (20°, black and green)
and normal (90°, red and blue) incidence angles at room temperature.

strates would affect the Fe valence state. In the case of the surfactant-grown
substrate (red lines in figure 4.26) the Fe-L3 XAS peak positions coincide
with those of an Fe(IlI) OEP CI bulk sample (grey lines), implying a triva-
lent Fe ion. On the contrary, a red-shift of about 1 eV is visible on the bare
metallic substrates, suggesting an increase in the number of 34 electrons at
the Fe site. For Ni samples, the spectral shape of the Fe XMCD signals is
very similar, besides the shift in energy. It is reasonable to assume that the
Fe d, orbital is strongly affected by the presence of the oxygen ligand and
shifts towards higher energies. On O/Co, a much stronger XMCD signal
is found as compared to O/Ni. Since both measurements were recorded
at T = 40 K, a difference in the magnetic coupling strength cannot be the
explanation. Due to the comparably broad Fe-L; edge, one might tend to
attribute the reduction of the Fe XMCD signal on O/Ni to a heterogeneous
adsorption of Fe OEP molecules, resulting in a mixture of antiferro- and
ferromagnetically coupled porphyrin molecules with 3% and 2" oxidation
states of the Fe, respectively. The ferromagnetically coupled Fe?" centers
would account for the Fe-L3 XAS signal at lower photon energies and the
antiferromagnetically coupled Fe>* centers would constitute the part of the
signal at higher photon energies. However, such a picture has to be aban-
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Figure 4.28: Fe-L,3 XAS (upper panel) and XMCD (lower panel)
spectra of 0.6 ML Fe OEP on surfactant-grown O/3 ML Ni/5 ML
Co/Cu(100) (black lines) at T = 35 K and O/5 ML Co/Cu(100) (red
lines) at T = 40 K.

doned since the energetic distribution of the AFM Fe XMCD signal covers
the whole L3 peak region down to 705.5 eV.

In order to investigate the strong difference in size between the XMCD
signals on O/Ni and on O/Co, 0.6 ML Fe OEP were deposited onto a
surfactant-grown, in-plane magnetized, O/3 ML Ni/5 ML Co/Cu(100) bi-
layer. Figure 4.28 shows the Fe-L, 3 XMCD spectrum, recorded at grazing
incidence and T = 35 K, together with the corresponding spectrum on
O/5 ML Co/Cu(100). Besides a reduction by ~30%, analogous to the one
described in figure 4.22, the Fe XMCD signal closely resembles the shape
of the one on the O/Co surface. Hence, the strong deviation between the
Fe XMCD signals of Fe OEP adsorbed onto oxygen-covered Ni and Co sub-
strates is not a consequence of different properties of the surfaces, but re-
flects the asymmetry of the spin density at the Fe site, i.e., the impact of
the magnetic dipole operator (T,) after summing over all d orbitals. The
anisotropy of the spin density is not compatible with an Fe3* HS state since
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Figure 4.29: Fe-L,3 XA spectra (upper panel) of 0.6 ML Fe OEP on
0O/5 ML Co/Cu(100) recorded at grazing (black) and normal (red)
incidence using linearly polarized X rays. The XLD intensity differ-
ence is shown in the lower panel. For comparison, the XAS data of
Fe OEP Cl bulk is shown in gray.

in this case all d orbitals would be singly occupied, yielding an isotropic
spin density in total.

In figure 4.29, the Fe-L;3 grazing (20°) and normal (90°) incidence
XA spectra of 0.6 ML Fe OEP on O/Co/Cu(100) at room temperature are
shown, together with the XNLD difference spectrum in lower panel. The
lineshape hardly varies with the angle, indicative of an almost isotropic
charge distribution of the individual 34 electronic levels, similar to the case
of Fe OEP on O/Cu(100), presented in figure 4.13.

In order to estimate the coupling energy Ecx of the Fe magnetic mo-
ment to the O/Ni and O/Co substrates, the temperature dependence of the
magnetizations of the FM films and of the Fe centers in the molecules were
studied. In figure 4.30 the Fe, Ni, and Co XMCD signals at fixed photon
energies, normalized to the extrapolated saturation values, are plotted vs.
temperature. For both samples the evolution of the Fe magnetization de-
viates drastically from that of the substrate. For Fe OEP on O/Co, the Fe
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Figure 4.30: Temperature dependence of the relative magnetization
of the Fe atoms (squares; red lines: fit of Brillouin-type model) and
the Ni and Co substrates (circles; green and blue lines: empirical
curve) for 0.6 ML Fe OEP on (left) O/10 ML Ni/Cu(100), and (right)
O/5 ML Co/Cu(100).

magnetization is closer to the substrate temperature curve than for the Ni
sample, indicating a stronger coupling energy.

The model derived in section 4.6 is fitted to the data. A trivalent Fe
oxidation state and an intermediate spin state that result in a spin moment
of S = 3/2 are assumed, consistent with Fe-L3 XAS peak position and the
strong impact of the magnetic dipole operator (cf. figures 4.26 and 4.28). For
Fe OEP on O/Co, a coupling energy of 37 meV is obtained, being about
half of that for the direct adsorption of the molecules on a Co substrate as
derived in the previous section. In contrast, the value of 17 meV obtained
for Fe OEP on O/NIi is identical to that on Ni/Cu(100). These values are
of the same order of magnitude as in bulk transition-metal monoxides (e.g.,
ENI®=17 meV /bond [151]). Assuming high-spin ground states, the result-
ing exchange energies are higher by about 20% to 30%.

In the following, the role of the Fe d and N p orbitals in the magnetic
coupling to the metallic and to the surfactant-grown substrates will be dis-
cussed. For Fe OEP molecules directly adsorbed onto Co metallic films,
DFT+U calculations revealed a ligand-mediated indirect coupling to the
substrate across the nitrogen atoms [142]. In figure 4.31, the N-K XAS sig-
nals of 0.6 ML Fe OEP molecules on an oxygen-covered (panel a) and on a
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Figure 4.31: N-K edge XAS signals of 0.6 ML Fe OEP (a) on O/10 ML
Ni/Cu(100) and (b) on 15 ML Ni/Cu(100) at grazing (full lines) and
normal (dashed lines) X-ray incidence with 70° and 0° of the E vec-
tor to the surface, respectively. The gray lines show the N-K edge
spectrum for a polycrystalline bulk sample.

bare Ni film (panel b) are compared. In both cases, the spectra at grazing X-
ray incidence (full lines) are dominated by two 7* resonance peaks, whereas
at higher energies 0* resonance peaks appear at normal incidence (dashed
lines). However, a smaller broadening and increased splitting of the N 7r*
resonances is observed for Fe OEP on O/Ni, as compared to the signals
on the bare Ni substrate, which closely resembles the spectral shape of the
Fe(III) OEP Cl bulk sample. This indicates an effective electronic decoupling
of the N atoms from the substrate after introducing oxygen. Therefore, we
expect an Fe-O-Co AFM superexchange coupling that will not involve the
N atoms, in contrast to the case of the metallic substrate.

In table 4.2 the results of the sum-rule analysis, as described in sec-
tion 1.4.1, of the spectra presented in figure 4.26 are shown. The integrals
over the XAS and XMCD L, 3 signals are evaluated from the same pair of
spectra in order to avoid additional source of errors by using the spectra
of separate measurements at different angles. Instead, the angle-dependent
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Fe OEP  p&f/up  pf/up  pf/ugt

on15MLNi 2.66(40) 0.13(7) 0.05(2)

on5MLCo 2.58(26)  0.32(8) (3)
on10MLO/Ni —1.13(23) —0.12(6) 0.10(5)
on5MLO/Co —3.46(35) —0.18(5) 0.05(1)

Table 4.2: Effective spin moments, orbital moments, and ratio of or-
bital to effective spin moment derived from sum-rule analysis for
0.6 ML Fe OEP on bare and oxygen-covered Ni and Co substrates.

variation of the XAS integral is accounted for by the error bars. On the
basis of the model discussed in section 4.6 and the exchange energies de-
rived from the fit to the experimental data, the values of the orbital and
effective spin polarization are extrapolated to T = 0 K to obtain the or-
bital moment and the effective spin moment from the expectation values of
the corresponding operators by extrapolation. The number of d-holes is as-
sumed to be n;, = 4 and n;, = 5 for Fe OEP on bare and oxygen-covered
substrates, respectively, as suggested by the Fe-L3 XAS peak positions. The

effective spin moment p.‘;ff, the orbital moment puf, and the ratio of orbital

to spin moment pf /St are shown for 0.6 ML Fe OEP on bare and oxygen-
covered Ni and Co films. Without oxygen, similar values of the effective
spin moment are found for Ni and Co substrates. Both values are closer
to an intermediate spin state S = 1 (us = 2 pp) than to a high spin state
S = 2 (us = 4 up). With oxygen, the moment on Co is much higher than
on Ni, reflecting the impact of the magnetic dipole operator for the differ-
ent incidence directions, as discussed in connection with figure 4.28. For
a HS state with S = 2.5 a spin moment of 5 up would be expected, much
higher than observed experimentally. From the remaining two possibilities
the intermediate spin state (S = 1.5) seems to be more like than the LS state
(5 = 0.5). Values between 0.1 and 0.4 up are found for the orbital moments

in the corresponding directions.
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A detailed study of two classes of transition metal complexes on sur-
faces has been presented. Spin-crossover (SCO) complexes, prepared as
monomolecular layers, were investigated by X-ray absorption spectroscopy
(XAS). The magnetic properties of quasi-planar Fe and Co octaethylpor-
phyrin (OEP) molecules on surfaces were analyzed by means of X-ray
magnetic circular dichroism (XMCD). The magnetic coupling of Fe OEP
molecules to ferromagnetic (FM) substrates was investigated by systematic
temperature- and thickness-dependent XMCD measurements.

Monomolecular layers of Fe(Il) SCO complexes were prepared
by in-situ sublimation onto Au(111l) substrates and self-assembly
on Au(111)/mica. The SCO transition of Fe(phen),(NCS), and
Fe(phen),(NCSe), bulk samples was probed at the Fe-L, 3 edges, reproduc-
ing the XAS signals characteristic of the Fe high-spin (HS) and low-spin (LS)
states. A strong modification of the electronic structure of the N ligands
is observed for Fe(phen),(NCS),, whereas for Fe(phen),(NCSe), a much
smaller influence is found. The evaporation process of Fe(phen),(NCS),
is accompanied by the production of phenanthroline fragments. The
co-deposition results in a decoupling of the Fe(phen),(NCS), molecules
from the surface by the presence of phenanthroline molecules. For a mixed
multilayer of Fe(phen),(NCS), and phenanthroline on Au(111), a partly
reversible SCO transition is evidenced. However, if the concentration of the
phenanthroline molecules in the organic layer is reduced by desorption,
the spin transition is partly suppressed. This behavior is explained by the
formation of covalent bonds between the isothiocyanate ligands and the
Au(111) surface, as indicated by the presence of an additional sulfur species
in the S 2p XPS. For Fe(phen),(NCSe), on Au(111), a HS state of the Fe
ion is found at room and at low temperatures. Although the observation
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of an SCO transition for Fe(phen),(NCS), on Au(111) is a promising step
towards the realization of surface-mounted molecular switches, the high
reactivity of the thiocyanate ligands requires an efficient decoupling of the
molecules and the surface or the utilization of highly inert substrates. Since
XAS involves conducting samples, such substrates may be given by thin
oxidic layers on metal single crystals or highly oriented pyrolytic graphite.

Mono- and multilayers of Fe(bp), were deposited by sublimation onto
Au(111). It is shown that the molecule stays intact, even when in direct
contact with the Au(111) surface. Furthermore, the oxidation state of its Fe
center is preserved. In the monolayer regime, the molecules show a prefer-
ential orientation with the rotational symmetry axis of the molecule parallel
to the surface. By comparison of the Fe-L, 3 XAS signal of Fe(bp), to the cor-
responding bulk material, an Fe HS state is deduced. However, no change
of the spin state is found when decreasing the temperature down to 18 K.
This implies that the ligand field strength would need to be increased in
order to achieve an SCO transition on the surface, which may be possible
by chemical modification of the ligands. The case of a weakly interacting,
sublimable complex is rather interesting, since it promises to combine ro-
bust electronic properties of the central ion with the possibility to tune the
intermolecular and molecule-substrate interaction by co-deposition of ad-
ditional molecules and choice of the substrate.

In contrast to sublimation of molecules in UHV conditions, wet-
chemical deposition via covalent linkage of the molecules provides the pos-
sibility to use complexes that are only available as salts. Since no XAS mea-
surements have been reported for the type of molecules investigated in this
thesis, the Fe-L, 3 spectral signatures of the HS and LS states are obtained
from temperature-dependent XAS of a Fe(bppm),(BF,), bulk sample. A
weak effect of the SCO transition on the electronic structure at the N sites
is found. A self-assembled monolayer of Fe(bppmc), was investigated by
means of S 2p XPS. It is shown that the complex binds covalently to the
Au(111) surface with both linker groups. A HS state of the Fe is found,
which is preserved down to a temperature of 18 K. No F-K XAS signal could
be detected whatsoever, implying the absence of BF, anions on the surface.
This shows that the chemical reaction of the complexes with the surface in-
duces modifications — the impact of these changes on the SCO phenomena
must be considered.

Metalloporphyrins are known for their chemical stability allowing for
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deposition onto surfaces by sublimation. The magnetic properties of the
central ion are strongly influenced by the surface, due to the planar geome-
try of the complex. The angle-dependent electronic and magnetic properties
of Fe and Co OEP molecules, adsorbed onto non-magnetic substrates, were
studied by angle-dependent XAS and XMCD measurements. The magnetic
moment of the central ion was aligned by an external magnetic field of
B =5TatT = 8 K. The combined evaluation of the X-ray natural linear
dichroism (XNLD) and the angle-dependent XMCD allows for the investi-
gation of the anisotropy of charge and spin densities of the 3d electrons. For
Fe OEP on Cu(100), a pronounced XNLD at the Fe-L, 3 edges is observed,
implying a strong anisotropy of the involved orbitals. The center of mass
of the L3 peak intensity is red-shifted by about 1 eV when varying the ori-
entation of the E vector of the X rays from in to out-of the porphyrin plane.
By means of the XMCD sum rules, a lower limit for the spin moment of
1 up is obtained from a measurement at the magic angle. An orbital-to-spin
magnetic moment ratio of 13% is found. For Fe OEP on a reconstructed
(\/E X 2\/§)R45° O/Cu(100) surface, a much weaker XNLD is observed.
The Fe center displays a trivalent oxidation state, most likely due to coor-
dination of oxygen acting as a fifth ligand. A huge magnetic anisotropy is
observed, resulting in a factor of five between the magnetic signal perpen-
dicular and parallel to the porphyrin macrocycle. A lower limit for the spin
moment of 2.7 up is obtained. The ratio of the orbital-to-spin magnetic mo-
ment is evaluated to 8%. For Co OEP on O/Cu(100), a 2" oxidation state of
the Co ion is found. The contributions of the d,, and d,_,» orbitals to the
spectrum are identified, resulting in an opposite angle-dependent behavior
of the corresponding L3 resonances. The impact of the d» orbital is also
reflected in the XMCD, where the effective spin moment reverses its sign
when the incidence angle is varied. At the magic angle, a lower limit of
0.28 up for the spin moment and a orbital-to-spin magnetic moment ratio of
46% are obtained.

Fe OEP molecules were deposited onto ferromagnetic Ni and Co sub-
strates. In both cases, sizable XMCD signals are found at room temperature,
evidencing a substantial magnetic coupling. The Fe magnetic moments and
the magnetization of the substrate are aligned parallel. By choice of the sub-
strate, the Fe magnetic moment can be oriented in-plane or out-of-plane.
Furthermore, the orientation of the moment can be switched by a magne-
tization reversal of the ferromagnetic substrate. By a thickness-dependent
analysis of the Fe XMCD signal, it is shown that only the molecules in close
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proximity to the substrate are ferromagnetically coupled. By means of a
temperature-dependent XMCD analysis of the Fe and substrate magneti-
zations, a much stronger magnetic coupling is found to the Co substrate
than to Ni. The coupling energy is estimated by modeling the temperature-
dependent Fe magnetization with a Brillouin function, accounting for the
coupling to the substrate as an effective magnetic field. Magnetic coupling
energies of 17 meV and 70 meV are found for Fe OEP molecules on in- and
out-of-plane magnetized Ni and Co substrates, respectively. For Fe OEP on
an in-plane magnetized 6 ML Ni/Cu(100) substrate, a coupling energy of
17 meV is determined, demonstrating that the coupling strength is inde-
pendent on the orientation of the magnetic moment. Similar values of the
Fe effective spin moment of 2.6 up and 2.7 up are found on in- and out-of-
plane magnetized Co and Ni substrates, respectively. These values indicate
an intermediate spin state S = 1 of the Fe ion.

Tailoring the magnetic coupling is achieved by half a monolayer of
atomic oxygen placed between the Fe porphyrin molecules and the Ni or
Co substrates. For the first time, an antiferromagnetic (AFM) coupling of
Fe porphyrin molecules to FM substrates has been realized. This finding is
deduced from the opposite Fe and substrate XMCD signals of a submono-
layer of Fe OEP on O/Ni/Cu(100) and on O/Co/Cu(100). In contrast to the
metallic substrates, an Fe 3 oxidation state is extracted by comparing the
Fe-L3 XAS signal to that of an Fe OEP Cl bulk sample. From the tempera-
ture dependence of the Fe and substrate magnetizations, magnetic coupling
energies of 17 meV and 37 meV are found on oxygen-covered Ni and Co
substrates, respectively. While the value on O/Co/Cu(100) is reduced with
respect to the bare metallic substrate, the value on O/Ni/Cu(100) is iden-
tical to the one on Ni/Cu(100), suggesting an indirect coupling also for the
case of the bare metal substrates. This is consistent with DFT+U calculations
carried out on Fe porphin molecules on Co, identifying the coupling mecha-
nism as a 90° super-exchange interaction through the nitrogen ligands [142].
The N-K XA spectra revealed that there is indeed a significant electronic in-
teraction of the N atoms with the bare metal substrates, whereas, for the
oxygen-covered substrates, the bulk properties of the nitrogen atoms re-
main preserved. In contrast to the bare metal substrates, very different
values of the Fe effective spin moment of 3.5 up and 1.1 up are found on
oxygen-covered, in- and out-of-plane magnetized Co and Ni substrates, re-
spectively. The origin of this deviation is identified by the angle-dependent
contributions of the magnetic dipole operator.
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The realization of an AFM coupling of the metal-center spin of Fe por-
phyrin to the magnetization of the underlying substrate is a leap forward in
manipulating the magnetic properties of molecules on surfaces. By tailor-
ing the Fe spin antiparallel, it is then in opposition to the substrate, which
dominates the magnetization of the system. This is an enormous advantage
when considering the molecule as a spintronic device since it can be used to
switch the alignment of the Fe spin from antiparallel to parallel by means of
an external stimulus, e.g., a local magnetic field or a spin-polarized current.
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