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There must be no barriers for freedom of inquiry. There is no place for dogma in
science. The scientist is free, and must be free to ask any question, to doubt any
assertion, to seek for any evidence, to correct any errors.

J. Robert Oppenheimer





Table of Contents

General Introduction and Outline 1

1 Molecular Magnetism 3
1.1 Motivation - Why nano-sized magnets? . . . . . . . . . . . . . . . . . 3
1.2 Cornerstones in Molecular Magnetism . . . . . . . . . . . . . . . . . . 3
1.3 Characteristics of transition metal containing high-spin molecules . . 4
1.4 Easy-axis anisotropy and single-molecule magnets . . . . . . . . . . . 5
1.5 Future applications for molecular magnets . . . . . . . . . . . . . . . 8

1.5.1 Ultra-dense magnetic data storage . . . . . . . . . . . . . . . . 9
1.5.2 Quantum computing . . . . . . . . . . . . . . . . . . . . . . . 10
1.5.3 Molecular electronics/spintronics using single-molecule magnets 11
1.5.4 Further applications . . . . . . . . . . . . . . . . . . . . . . . 13

2 Experimental Methods and theoretical Models 15
2.1 Theoretical models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.1 Density functional theory . . . . . . . . . . . . . . . . . . . . 16
2.1.1.1 Practical implementation of DFT . . . . . . . . . . . 17

2.1.2 Transition metal ions in axially symmetric crystal fields . . . . 18
2.1.2.1 Orbital quenching . . . . . . . . . . . . . . . . . . . 20

2.1.3 Charge transfer multiplet theory . . . . . . . . . . . . . . . . . 21
2.1.3.1 Atomic multiplet theory . . . . . . . . . . . . . . . . 21
2.1.3.2 Ligand field multiplet theory . . . . . . . . . . . . . 22
2.1.3.3 Charge-transfer effects . . . . . . . . . . . . . . . . . 23

2.1.4 Quantum theory of molecular magnetism . . . . . . . . . . . . 23
2.1.4.1 Heisenberg Hamiltonian . . . . . . . . . . . . . . . . 24
2.1.4.2 Evaluating the spectrum . . . . . . . . . . . . . . . . 24
2.1.4.3 Evaluation of thermodynamic observables . . . . . . 25

2.2 General features of X-ray spectroscopies . . . . . . . . . . . . . . . . 26
2.2.1 X-ray absorption spectroscopy . . . . . . . . . . . . . . . . . . 27
2.2.2 X-ray photoelectron spectroscopy . . . . . . . . . . . . . . . . 27
2.2.3 Decay of core holes . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2.3.1 Auger decay . . . . . . . . . . . . . . . . . . . . . . . 28
2.2.3.2 Fluorescence decay . . . . . . . . . . . . . . . . . . . 29

2.2.4 Normal X-ray emission spectroscopy . . . . . . . . . . . . . . 30
2.2.5 Resonant X-ray emission spectroscopy . . . . . . . . . . . . . 30
2.2.6 Probing depth of X-ray spectroscopic methods . . . . . . . . . 30

2.2.6.1 Total electron yield . . . . . . . . . . . . . . . . . . . 31
2.2.6.2 Total fluorescence yield . . . . . . . . . . . . . . . . 31

vii



Table of Contents

2.2.6.3 XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.3 X-ray photoelectron spectroscopy . . . . . . . . . . . . . . . . . . . . 31

2.3.1 Physical principles of the technique . . . . . . . . . . . . . . . 31
2.3.2 The theory of the photoemission process . . . . . . . . . . . . 33

2.3.2.1 Sudden approximation . . . . . . . . . . . . . . . . . 33
2.3.2.2 Three-step model . . . . . . . . . . . . . . . . . . . . 35

2.3.3 Spectral characteristics . . . . . . . . . . . . . . . . . . . . . . 35
2.3.3.1 Valence band spectra . . . . . . . . . . . . . . . . . . 36
2.3.3.2 Core-level spectra . . . . . . . . . . . . . . . . . . . . 36
2.3.3.3 Chemical shift . . . . . . . . . . . . . . . . . . . . . 37
2.3.3.4 Spin-orbit coupling . . . . . . . . . . . . . . . . . . . 38
2.3.3.5 Satellites . . . . . . . . . . . . . . . . . . . . . . . . 38
2.3.3.6 3s multiplet splitting . . . . . . . . . . . . . . . . . . 40
2.3.3.7 Secondary spectra – background correction . . . . . . 40

2.4 X-ray absorption spectroscopy . . . . . . . . . . . . . . . . . . . . . . 41
2.4.1 X-ray magnetic circular dichroism . . . . . . . . . . . . . . . . 42

2.4.1.1 The XMCD sum rules . . . . . . . . . . . . . . . . . 45
2.5 X-ray emission spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 45

2.5.1 Resonant X-ray emission spectroscopy . . . . . . . . . . . . . 46
2.5.2 Normal X-ray emission spectroscopy . . . . . . . . . . . . . . 47

2.6 Magnetic measurements . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.6.1 SQUID magnetometer . . . . . . . . . . . . . . . . . . . . . . 48

2.7 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.7.1 Indispensable: ultra high vacuum conditions . . . . . . . . . . 50
2.7.2 The PHI 5600ci multi-technique XPS system . . . . . . . . . . 51
2.7.3 Synchrotron radiation based experiments . . . . . . . . . . . . 52

2.7.3.1 Storage ring and insertion devices . . . . . . . . . . . 52
2.7.3.2 Beamline and endstation . . . . . . . . . . . . . . . . 54

2.7.4 Magnetic measurements . . . . . . . . . . . . . . . . . . . . . 56

3 Star-shaped Molecule of MnII
4 O6 Core with an St=10 high-spin State 57

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2 Molecular structure of [Mn4L6](BF4)2·2CH3CN·H2O . . . . . . . . . . 60
3.3 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.4 Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4.1 Density functional theory calculations . . . . . . . . . . . . . . 64
3.4.2 Charge transfer multiplet model calculations . . . . . . . . . . 64

3.5 Spin and orbital moment evaluation of the Mn L edge XMCD . . . . 65
3.6 Magnetic susceptibility and VTVH measurements . . . . . . . . . . . 68
3.7 X-ray magnetic circular dichroism incl. CTM calculations . . . . . . . 72
3.8 Electronic structure calculations of the MnII

4 O6 complex . . . . . . . . 76
3.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4 A star-shaped heteronuclear CrIIIMnII
3 Species and its precise electronic

and magnetic Structure 83
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

viii



Table of Contents

4.2 Definition of frustration . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3 Chemical structure of the [CrIIIMnII

3 (PyA)6Cl3] molecule and basic
magnetic properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.4 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.4.1 Synchrotron based X-ray spectroscopic techniques . . . . . . . 89
4.4.2 X-ray photoelectron spectroscopy . . . . . . . . . . . . . . . . 90
4.4.3 Magnetization measurements . . . . . . . . . . . . . . . . . . 90

4.5 Theoretical procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.5.1 Density functional theory calculations . . . . . . . . . . . . . . 91
4.5.2 Charge transfer multiplet model calculations . . . . . . . . . . 92
4.5.3 Simulations with anisotropic spin Hamiltonians . . . . . . . . 92

4.6 Magnetization measurements and anisotropic spin-Hamiltonian simu-
lations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.7 X-ray absorption spectroscopy and X-ray magnetic circular dichroism 100
4.8 X-ray photoelectron spectroscopy and electronic-structure calculations 106

4.8.1 XPS 2p and 3s transition metal core level lines . . . . . . . . . 106
4.8.2 DFT calculations confirming single ion anisotropy . . . . . . . 106
4.8.3 Valence band region explored by XPS, XES and DFT . . . . . 111

4.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5 Verification of a pure MnIII Compound: MnIII
6 O2Salox6 117

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.2 Experimental section . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.2.1 Synthesis and structure refinement . . . . . . . . . . . . . . . 118
5.2.2 X-ray spectroscopic techniques . . . . . . . . . . . . . . . . . . 118

5.3 Molecular structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.4 Determination of the Mn valence by XPS and XAS . . . . . . . . . . 120
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6 Summary and Outlook 127
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.1.1 Star-shaped molecule of MnII
4 O6 core with an St = 10 high-spin

state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.1.2 A star-shaped heteronuclear CrIIIMnII

3 species and its precise
electronic and magnetic structure . . . . . . . . . . . . . . . . 128

6.1.3 Verification of a pure MnIII Compound: MnIII
6 O2Salox6 . . . . 128

6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

References 131

Acknowledgments 147

List of Publications 149

ix





General Introduction and Outline

Besides continuously required smaller and faster processors developed by top-down
semiconductor technology, i.e. carbon-based and molecular electronics that provide
alternative solutions, non-volatile data storage and robust media with an ultra-high
storage density is necessary. Information storage by means of magnetic media is
one of the oldest technologies for data recording and became very popular with the
upcoming analog recording on audio and video tapes in the mid-1900s.

A milestone for the digital magnetic data storage was the RAMAC, made by IBM
in 1956. At that time, five megabytes could only be stored in a device of several tons
of weight and taking up a whole laboratory. Nowadays, portable devices fitting into
a pocket can store hundreds of gigabytes! However, the basic principles of digital
storage in magnetic media have remained essentially unchanged.

The size of one single digital bit has shrunk from a few mm2 to about 1000 nm2

and allows magnetic storage densities of about 50 Gbit per square inch commer-
cially available in the todays hard disks. The conventional concept of science and
technology on the nanometer scale is the progress of observation and precision down
to the atomic level and the continued miniaturization from today’s microelectronics
to tomorrow’s nanoelectronics. The ultimate miniaturization of future devices will
require the use of functional molecules at the nanoscale and their integration into
larger architectures.

The initial start-up is to have a magnetic molecule ∝ 1 nm in size that is able to
retain magnetic information. Such molecular nanomagnets, or high-spin molecules
can comprise both ferro- and antiferromagnetic intramolecular coupling, leading to a
high- or low-spin ground state. Some of the most technologically promising molecular
materials are molecular magnets comprising transition metal ions that provide the
localized magnetic moment and organic bridges acting as exchange pathways.

The investigated polynuclear complexes display an interesting electronic and mag-
netic structure. A fundamental understanding of the intimate relationship between
spin coupling, molecular and corresponding electronic structure that determine the
magnetism of polynuclear transition metal complexes is essentially necessary for the
development of synthetic routes that can provide high nuclear metal complexes with
high spins in a controlled fashion leading to the above mentioned applications.

This thesis is devoted to selected manganese containing molecular organo metallic
high-spin complexes:

• Chapter 1 intends to introduce the reader to the research field of molecular
magnetism. It includes a description of the main motivating features, the main
cornerstones molecular magnetism, and a quick insight into the appealing phys-
ical phenomena arising in manganese-containing magnetic molecules. A brief
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General Introduction and Outline

report of future applications and technologies characterizes the fascinating pos-
sibilities of the tomorrow’s data storage and nanoelectronics.

• The applied “Experimental Methods and theoretical Models” are reviewed in
the second chapter of this work. Core level spectroscopy is a powerful tool in the
study of electronic states in solids. In combination with magnetic measurements
and corresponding theoretical methods polynuclear transition metal complexes
can be fully characterized.

• The first investigated tetranuclear complex is a star-shaped one, that comprises
only four weakly coupled Mn2+ ions leading to a simple magnetic structure.
A theoretical and experimental study including calculations within the charge
transfer multiplet and the density functional theory approach is carried out.
The results given in chapter 3 represent the intriguing agreement between spin
and orbital moments determined by X-ray magnetic circular dichroism and
magnetic measurements and models.

• A star-shaped heteronuclear CrIIIMnII
3 species and its electronic and magnetic

structure is reanalyzed in chapter 4. Here, the fantastic feature of core-level
spectroscopy – element selectivity – comes in handy. The site-selective investi-
gation of separated manganese and chromium spin and orbital moments gives
a decisive insight to the rather complicated magnetic core. To understand
the magnetic behavior anisotropy and frustrating effects have to taken into ac-
count. Additionally to the theoretical methods applied in the previous chapter
anisotropic Heisenberg simulation and classical spin dynamics were used to in-
vestigate the magnetic system.

• Chapter 5 focuses more on the molecular and electronic structure of a butter-
fly shaped organo-metallic complex incorporating six trivalent manganese ions.
The presented scientific findings concerning the manganese valency are abso-
lutely necessary to study mixed-valent, or heterovalent manganese MnII/MnIII

compounds.

• At first the complete work is summarized in the last chapter of this thesis. The
summary is followed by an outlook including a short discussion of mixed-valent
MnII/MnIII compounds.

Needless to say that all these extensive investigations are part of strong collabora-
tions between: Prof. Phalguni Chaudhuri and co-workers, Dr. Karsten Küpper,
Prof. Andrei Postnikov, Prof. Jürgen Schnack et al. A complete list is given in the
Acknowledgments, where all of them are appreciated.
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1 Molecular Magnetism

This Chapter gives a short overview to Molecular Magnetism. The reader is intro-
duced to the research field of molecular magnetism. Starting with the question “Why
manganese containing nano-sized magnets?” the main motivating features are given,
followed by the main cornerstones in the scientific area of Molecular Magnetism.

Section 1.3 is for a quick insight into the appealing physical phenomena arising in
manganese-containing magnetic molecules. The last part of this introduction is the
“Future applications” and contains a few prospective applications and technologies.

The subject of “Molecular Magnetism” has become increasingly accessible in recent
years through many authoritative reviews and books. For further, detailed informa-
tion the reader is addressed to the following selected works: Blundell [2007]; Blundell
and Pratt [2004]; Christou [2005]; Dei [2008]; Gatteschi et al. [2008, 1991]; Gatteschi
and Sessoli [2003]; Kahn [1993]; Miller and Drillon [2002]; Schnack [2004].

1.1 Motivation - Why nano-sized magnets?

Nowadays, the prefix “nano” and the slogan “smaller is better” have acquired great
popularity. The reason is probably the current goal of miniaturization processes
in microelectronics to tomorrows nanoelectronics. Concerning the introduction of
silicon-based integrated circuitry nearly four decades ago, the integration density
of those circuits has doubled every 12 to 18 months: this observation is known as
Moore’s law.

There are significant challenges needed to be overcome to continue this historical
trend in several important technological areas, e. g. the CMOS transistor gate oxide
tunneling-induced leakage currents and dielectric breakdown. The continuing trend
in magnetic data storage is the quest for greater storage capacity.

That feature demands the development of both new storage techniques as well as
new materials. Nanotechnology stands for technological progress and the goal to
use single nano-sized magnets or molecular aggregates for active units in electronic
circuits or as bits for magnetic storage is stronger than ever [Peercy, 2000].

1.2 Cornerstones in Molecular Magnetism

Molecular magnetism is a relatively recent scientific field which originated from the
rapid development of molecule-based chemistry during the last decades.

The cornerstone of the history of molecular magnetism was set by Bleaney and
Bowers [1952]. In 1951 they studied a copper acetate complex and determined its
singlet-triplet gap before the dinuclear structure of this complex was crystallograph-
ically refined.

3



1 Molecular Magnetism

The pioneering phase studying magnetic properties of molecular species began.
During the following decade the transformation of Magnetochemistry in an interdis-
ciplinary research area of very close collaborations between chemists and physicists
led to a stated scientific aim of designing, synthesizing, and characterizing magnetic
and electronic properties of molecule based materials. One can quote here some of
the milestones in the development of the area. The first example of a copper(II)-
manganese(II) based molecular ferrimagnet was reported by Kahn, Pei, Verdaguer,
Renard et al. [1988]. Miller and Epstein [1987, 1988] reported one of the first molecu-
lar ferromagnets containing organic building blocks like tetracyanoethylen (TCNE).

A few years later molecular magnetism received a strong impact in science with
the discovery of the first molecular-based solids that exhibited spontaneous magne-
tization by R. Sessoli, D. Gatteschi [Gatteschi et al., 1994, 1991; Kahn, 1993; Sessoli
et al., 1993a,b]. The original dodecanuclear mixed-valent Mn(III)/Mn(IV) complex
had been originally synthesized by Lis [1980]. Many new molecules which will allow
researchers to improve the physical properties by increasing superconducting and fer-
romagnetic critical temperatures have been designed since then [Blundell and Pratt,
2004].

1.3 Characteristics of transition metal containing high-spin
molecules

Chemically stable free radicals incorporated in purely organic compounds reveal long-
range magnetic interactions at low temperatures. The flexibility available in carbon
chemistry is exploited to synthesize such compounds. The most promising molecular
magnets are polymetallic clusters, containing transition metal ions bridged by molec-
ular groups to mediate exchange interactions between the paramagnetic centers. This
leads to a relatively large spin ground state (S) [Blundell, 2007].

The intra-atomic magnetic exchange interactions can be tuned using the flexibility
of the synthetic chemistry. This can be done by a substitution of the organic ligands
or by changing the paramagnetic transition metal centers within the magnetic core.
As a consequence the magnitude of the individual spins is determined.

Compared to other transition metals, complexes containing manganese ions are
often characterized by large spin ground states, and this in conjunction with the
presence of highly Jahn-Teller distorted Mn ions (see Section 2.1.3) makes manganese
clusters ideal candidates for high-spin and Single-Molecule Magnets, as they comprise
uniaxial anisotropy [Hendrickson et al., 2002].

Regarding the interplay of topology and exchange interactions in polynuclear high-
spin clusters, another interesting effect can be observed: magnetic frustration appears
due to a triangular arrangement of antiferromagnetic exchange bonds.

These interesting characteristics are governed by the already mentioned magnetic
anisotropy and the fascinating phenomena occurring when geometrical frustration is
present. These physical effects are described in detail in the following sections.
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1.4 Easy-axis anisotropy and single-molecule magnets

1.4 Easy-axis anisotropy and single-molecule magnets

The chemical structure of Single-Molecule Magnets, also known as molecular nano-
magnets, is the same like in large- or high-spin molecules: Chemically synthesized
magnetic nanoparticles, containing a fixed number of paramagnetic transition metal
ions linked by various organic ligands.

Combining the large spin ground state, due to intramolecular exchange interac-
tions and a large and easy-axis (Ising) type magnetoanisotropy, the phenomenon of
single-molecule magnetism (SMM) arises [Christou et al., 2000]. This predominant
uniaxial anisotropy together with a small transverse anisotropy results in a signifi-
cant potential barrier separating “spin-up” and “spin-down” states. This anisotropy
is most often found in high-spin molecules containing manganese ions. This potential
barrier must be overcome to reverse the different easy axis directions. This is possible
by thermally activated magnetization relaxation in a time τ is given by

τ = τ0 exp

(
U

kBT

)
, (1.1)

where U is the energy barrier, which is equal to KV where K is the anisotropy
energy density and V is the volume. The prefactor τ0 is usually in the range 10−9-
10−11 s [Blundell and Pratt, 2004]. The magnetization can fluctuate readily when
the temperature T is much larger than U/kB. The fluctuations become “blocked”
when T is much smaller than U/kB. The correlation time of thermally activated
fluctuations for the well known Mn12Ac and Fe8 complexes are plotted in Figure 1.1.

The structure of a record molecule concerning the energy barrier U synthesized by
Milios et al. [2007] is presented in Figure 1.2. The hexanuclear manganese cluster
comprises an S = 4 spin ground state and an anisotropy barrier of U = 85 K [Milios
et al., 2007]. Another possibility for relaxation is quantum tunneling. Although
the exchange interactions align all the electronic spins inside the particle parallel to
each other, the “macro” spin can tunnel from one state to the other. This coherent
process of a macroscopic system is known as macroscopic quantum tunneling (MQT)
or quantum tunneling of magnetization (QTM) [Friedman et al., 1996; Thomas et al.,
1996].

In zero applied magnetic field the simplest Hamiltonian of a spin-system with large
spin S and uniaxial anisotropy can be written as

H∼ = −DSz∼
2. (1.2)

The lowest energy states are then given by M = ±S for a zero-field splitting pa-
rameter D > 0. That means for low temperatures (kBT � D) only the states with
M = ±S are thermally accessible separated by an activation energy barrier equal to
|D|S2, or |D|(S2 − 1/4) for an integer S or half integer S, respectively (see Figure
1.3). With an magnetic field applied to an anisotropic spin system in the z direction,
the Hamiltonian in equation (1.2) becomes

H∼ = −DSz∼
2 + gµBBSz∼

, (1.3)

5



1 Molecular Magnetism

R810 Topical Review

Figure 32. The correlation time of
thermally activated fluctuations following
equation (3) for (a) a small magnetic
particle with energy barrier U = 5000 K,
(b) Mn12 and (c) Fe8.

where U is the energy barrier, which is equal to K V where K is the anisotropy energy density
and V is the volume. The prefactor τ0 is usually in the range 10−9–10−11 s. When the
temperature T is much larger than U/kB, the magnetization can fluctuate readily, but when
T is much smaller than U/kB the fluctuations become ‘blocked’. The blocking occurs quite
suddenly as the particles are cooled (because of the exponential in equation (3)), and sets in
at a temperature determined mainly by U ∝ V but also by the timescale of the experiment
(albeit only logarithmically). This behaviour is shown in figure 32.

Thermal activation is not the only way to cross the barrier; another possibility is quantum
tunnelling, in an analogous manner to the tunnelling of an alpha particle from a radioactive
nucleus [262]. The exchange interaction constrains all the electronic spins inside the particle
to remain parallel with one another, but the ‘macro-spin’ can coherently tunnel from one state
to the other. This coherent process of a macroscopic system undergoing a tunnelling process
is known as macroscopic quantum tunnelling (MQT) [263, 264] or quantum tunnelling of
magnetization (QTM).

Conventional methods of preparing small magnetic particles suffer from a rather broad
range of particle sizes which leads to a broad distribution of intrinsic switching rates,
complicating the interpretation (though ingenious methods have been used to synthesize
nanoparticles of a relatively controlled size; see e.g. [265, 266]). On the other hand, the
chemical synthesis of polynuclear cage compounds is an attractive route to prepare identical
molecular clusters [267]. The resulting molecular clusters turn out to be appealing systems in
which to study these effects since the molecular approach provides ensembles of completely
identical, iso-oriented nanomagnets [268].

A few examples of these clusters are shown in table 1. Each one has a large spin S which
results from the intramolecular exchange between the transition metal ions in the cluster. In
zero applied field, to a first approximation the Hamiltonian of this system can be written as

H = −DS2
z , (4)

so that for D > 0 the lowest energy states have M = ±S. At low temperatures (kBT � D),
only the states with M = ±S are thermally accessible. Moreover, if a molecule has M = −S,

Figure 1.1: The correlation time of thermally activated fluctuations following
equation (1.1) for (a) a small magnetic particle with energy barrier U = 5000
K, (b) Mn12Ac and (c) Fe8 complexes [Gatteschi and Sessoli, 2003]. Viewgraph
taken from Blundell and Pratt [2004].

leading to a degeneracy of the levels with ±M . It is possible to set up a resonant
magnetic field Bn given by equation (1.4), where the levels M = −S and M = S−n
have the same energy:

Bn =
nD

gµB

. (1.4)

Quantum tunneling of magnetization becomes enhanced when resonant magnetic
fields described in equation (1.4) are reached [Tejada, 2001]. Notably, molecular
magnets may relax via a hybrid process that mixes quantum tunneling with ther-
mal relaxation. For a more detailed discussion on relaxation processes in molecular
magnets the author refers the reader to the following references: Garanin and Chud-
novsky [1997]; Leuenberger and Loss [2000]; Leuenberger et al. [2003]; Prokofev and
Stamp [1998]; Wernsdorfer [2001]; Wernsdorfer and Sessoli [1999]. These intrinsic
intra-molecular properties yield each independent molecule of a SMM acting as a
magnetizable particle that can be magnetized in a magnetic field and retain the mag-
netization when it is switched off. Indeed, SMMs show hysteresis loops reminiscent
of magnets and exhibit slow magnetic relaxation below their blocking temperatures.
Another unusual phenomena of molecular magnets arising scientific interest are the
spin-crossover transitions which can be optically switched (Light-Induced Excited
Spin State Trapping or LIEEST). For details see Gütlich et al. [1994]). That is why
these molecules are promising new materials for practical applications like ultra dense
magnetic data storage, quantum computing, or other interesting devices, as described

6
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A Record Anisotropy Barrier for a Single-Molecule Magnet

Constantinos J. Milios,† Alina Vinslava,‡ Wolfgang Wernsdorfer,§ Stephen Moggach,†
Simon Parsons,† Spyros P. Perlepes,| George Christou,‡ and Euan K. Brechin*,†

School of Chemistry, The UniVersity of Edinburgh, West Mains Road, Edinburgh, EH9 3JJ, U.K., Laboratoire Louis
Néel-CNRS, 38042 Grenoble, Cedex 9, France, Department of Chemistry, UniVersity of Florida,

GainesVille, Florida 32611-7200, Department of Chemistry, UniVersity of Patras, 26504 Patras, Greece

Received December 14, 2006; E-mail: ebrechin@staffmail.ed.ac.uk

Magnets have fascinated humans for millenia, playing a promi-
nent role in the development of modern society, science, and
technology, and making up a multi-billion-dollar-per-year industry.
Classical or atom-based magnets, for example, metals, metal alloys,
and metal oxides, are composed solely of a high density of d- or
f-orbital metal spin sites and are prepared by high-temperature
metallurgical methods. The development of molecule-based mag-
nets1 enabled the specific alteration of the magnetic properties by
established organic or coordination chemistry techniques and the
combination of magnetic properties with other mechanical, electrical
and/or optical properties in harmony with simplicity of fabrication.2,3

Current trends in the research field of molecular magnetism mainly
involve activities in three classes of molecular materials, namely,
multifunctional magnetic materials, nanostructured magnetic materi-
als, and molecular nanomagnets.4 As far as molecular nanomagnets
are concerned, the past few years have witnessed an explosive
growth in the interest in single-molecule magnets (SMMs).5 The
first and still best studied SMMs are the mixed-valent [Mn12O12(O2-
CR)16(H2O)4] (Mn12; R ) various) family with anS ) 10 ground
state, which are the SMMs with the highest blocking temperatures
(TB ≈ 3.5 K) andUeff values (up to 74 K).6 The first example of
a Mn12 SMM was the RdMe derivative [Mn12O12(O2CMe)16-
(H2O)4]‚2MeCO2H‚4H2O (Mn12OAc) with D ) -0.72 K (-0.50
cm-1), U ) 72 K (50 cm-1), andUeff ) 60-64 K. After almost a
decade and a half of intense research in this area, complex Mn12-
OAc and its carboxylate-substituted derivatives still remain the
molecules that can function as magnets at the highest temperatures.
This is despite the preparation of many SMMs of different structural
types.5 Herein we demonstrate that the deliberate use of bulky
organic bridging ligands that can cause targeted structural distortions
to the cores of (known) polymetallic cluster complexes can provide
a new pathway toward obtaining high-spin molecules with enhanced
blocking temperatures. Specifically we show that the deliberate
structural distortion of the core of the hexametallic complex
[MnIII

6O2(sao)6(O2CPh)2(EtOH)4] (saoH2 ) salicylaldoxime or
2-hydroxybenzaldehyde oxime) switches the dominant magnetic
exchange interactions among metal centers from antiferromagnetic
to ferromagnetic resulting in a molecule withS ) 12 andD )
-0.43 cm-1 in the ground state and an effective energy barrier to
magnetization reversal of 86.4 K,∼12 to 13 K higher than that of
the Mn12 family.

The complex [MnIII 6O2(sao)6(O2CPh)2(EtOH)4] (1) is character-
ized by anS) 4 spin ground state as a result of the ferromagnetic
exchange between two antiferromagnetically coupled [MnIII

3]
triangles.7 We previously showed that when the sao2- bridging
ligands are deliberately replaced with their larger, bulkier derivative

Et-sao2- (Et-saoH2 ) 2-hydroxyphenylpropanone oxime) to give
the analogous complex [MnIII

6O2(Et-sao)6(O2CPh)2(EtOH)6] (2)
there occurs a significant structural modification of the core of the
complexsa severe twisting of the Mn-N-O-Mn moieties (i.e.,
the oximate linkage) within each [Mn3] subunit and a change in
the binding mode of the carboxylate fromµ-bridging to monoden-
tate, which results in a switch in the dominant magnetic exchange
interactions from antiferromagnetic to ferromagnetic and thus the
stabilization of anS ) 12 ground state in2.8 However, the weak
exchange (approximately+0.90 cm-1) present in2 results in the
population of low-lying excited states, and tunneling involving
excited-state multiplets gives rise to a dramatic reduction in the
energy barrier to magnetization relaxation from a theoretical upper
limit of 89 K to an effective barrierUeff ) ∼53 K.8 Replacement
of the benzoate in2 with 3,5-dimethylbenzoate via a simple
metathesis type reaction produces the analogous complex
[MnIII

6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6] (3, Figure 1). The core
of 3 is identical to that seen for2, except that the Mn-N-O-Mn
torsion angles have increased still further from an average ofRv )
36.5° in 2 to Rv ) 39.1° in 3. A comparison of the susceptibility
data (Figure 2) shows that the exchange in3 appears to be somewhat
stronger, with a simulation of the data assuming a simple one-J
model (see Supporting Information for details) suggesting an almost
2-fold increase fromJ ) +0.9 cm-1 in 2 to J ) +1.6 cm-1 in 3.
Magnetization data for3 (Figure 2) obtained at low temperatures
and high fields confirm theS ) 12 ground state, withg ) 1.99
andD ) -0.43 cm-1. These parameters are consistent with those
observed for2 and suggest a barrier for magnetization reorientation
with an upper limit ofS2|D| ) 89 K. For powdered microcrystalline
samples of complex3, fully visible, frequency-dependent out-of-
phase (øM′′) ac susceptibility signals are seen below∼10 K with
the peak at 1500 Hz occurring at∼7 K (Figure 3). These data afford
an energy barrier to magnetization relaxation of 86.4 K. Confirma-
tion of the barrier height comes from combining this data with that
obtained from single-crystal dc relaxation measurements performed
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‡ University of Florida.
§ Laboratoire Louis Néel-CNRS.
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Figure 1. The molecular structure of3 with the central core highlighted
in black. Color code: Mn, red; O, green; N, blue.
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Figure 1.2: [MnIII
6 O2(sao)6(O2CPh)2(EtOH)4] complex synthesized by Milios

et al. [2007] comprising an S = 4 spin ground state and a record anisotropy
barrier of U = 85 K.R812 Topical Review

(a) (b) (c)

Figure 33. The energy levels in a single-molecule magnet with the Hamiltonian given by
H = −DS2

z + gµB BSz with D > 0 for (a) B = 0, (b) B = D/2gµB and (c) B = D/gµB.

is applied (see figure 33(c) for the case of n = 1). In real single-molecule magnets, there are
usually additional small terms in the Hamiltonian, so that it should be written in general as

H = −DS2
z + g µBS · B +H′, (7)

where H′ is an anisotropy term such as E(S2
x − S2

y). These additional terms can be (as is
the case for E(S2

x − S2
y)) symmetry violating, and hence induce tunnelling between states

on opposite sides of the barrier. Such tunnelling becomes enhanced when resonant magnetic
fields described by equation (6) are reached [277].

Terms such as E(S2
x − S2

y) act like a transverse field in the Hamiltonian in that they
mix states with different M . The field dependence of the energy for two molecular magnets,
Mn12 and Fe8, is shown in figure 34 for two orientations of the magnetic field B , parallel and
perpendicular to the easy axis which is assumed to lie along z. Both these systems have an
S = 10 ground state, but different values of D and different forms of H′ as described below.
When B is parallel to z, the states can be labelled by M , but when B is parallel to x , significant
mixing of states occurs, except at high field.

As an example of SMM behaviour, consider the mixed-valence manganese cage Mn9

(see table 1) which possesses an S = 17/2 ground state as a result of an antiferromagnetic
interaction between three ferromagnetically coupled Mn4+ ions and a wheel of four Mn3+ and
two Mn2+ ions. Data for this compound are shown in figure 35 and demonstrate the Arrhenius
behaviour of the relaxation time as a function of 1/T . The hysteresis loops are not smooth, but
show steps in the magnetization at regular intervals of field, indicative of resonant QTM. As
the applied field changes, the magnetization does not respond unless the field passes through
a resonant field Bn . These steps in the magnetization show up more when the field sweep rate
is faster, so that there is less time for all the tunnelling to take place at zero applied field and
therefore a step becomes resolved. The field separation between the zero-field resonance and
the next gives a value of D which is in good agreement with that obtained from the bulk DC
measurements [278].

In the following two sections, our discussion concentrates on the two clusters which have
received the greatest experimental attention, Mn12 and Fe8.

6.2. Mn12

The most studied high spin molecule is Mn12 (full name Mn12O12(CH3COO)16(H2O)4), which
appears in the first row of table 1. This molecule contains a cluster of twelve Mn ions. The
moments of the four inner Mn4+ ions are parallel to each other (yielding a total spin of 4× 3

2 = 6)
and the remaining eight Mn3+ ions are also parallel (yielding a total spin of 8 × 2 = 16) with

Figure 1.3: Energy levels in a single-molecule magnet with D > 0 for (a) B = 0,
(b) B = D/2gµB and (c) B = D/gµB. Viewgraph taken from Blundell and
Pratt [2004].

in, e.g. Leuenberger and Loss [2001]; Ohkoshi and Hashimoto [2002]; Verdaguer et al.
[1999].

The most investigated species of single molecular magnets are the dodecanuclear
complexes [Mn12O12(O2CR)16(H2O)x]

n− (n = 0, 1, 2; x = 3, 4) comprising eight
MnIII and four MnIV ions. These ions are antiferromagnetically coupled by oxygen
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1 Molecular Magnetism

bridges via superexchange interactions leading to a S = 10 spin ground multiplet
(Figure 1.4). Various manganese-containing polymetallic clusters with nuclearity
ranging from 2 to 84 have been synthesized and revealed a large spin ground state
and magnetoanisotropy [Ako et al., 2006; Milios et al., 2004]. Figure 1.5 shows the
molecular structure of a ferromagnetically coupled Mn19 aggregate with a record
S = 83/2 ground spin state synthesized by Ako et al. [2006]. The up-to-date highest
blocking temperature is reached in hexanuclear manganese compound [Carretta et al.,
2008; Milios et al., 2007].

CHAPTER 2: SINGLE MOLECULE MAGNETS 7 

the angle dependence of the energy spectrum becomes equivalent to the dependence on 
the allowed spin projections. The zero-field split ground multiplet of the spin cluster with 
the single-magnet behavior might be viewed as a double well potential energy curve, 
(Figure 2.2). In fact, the high total spin value S of the ground multiplet gives rise to the 
manifold consisting of 2S+1 levels. The levels with MS=±S are lowest in energy due to 
uniaxial anisotropy characterized by the negative axial zero field splitting parameter DS (s. 
also Section 4.2). The activation energy of the anisotropic barrier between the spin states 
of opposite orientations is the direct function of the DS and the ground state spin value S. 
Thus, the combination of the high ground-state spin and the negative uniaxial anisotropy 
produces the energy spectrum characteristic for the tunneling system.  

 

 
A well known example of single-molecule magnets is the 

Mn12Ac=[Mn12O12(O2CCH3)16(H2O)]·4H2O·2HO2CCH3 molecule shown in the Figure 2.3 
[Sessoli, 2003]. It consists of two spin sublattices originating from the groups of eight 
Mn(III)- and four Mn(IV) ions which have the spin ground terms with S=2 and S=3/2, 
respectively. They are bound together ferrimagnetically through oxygen bridges via the 
superexchange leading to the formation of the cluster with ground state spin value S=10 
possessing S4 symmetry with the S4 axis chosen as the quantization axis. We illustrate the 
properties of single-molecule magnets in this chapter using the example of Mn12Ac.  

 
2.2 Magnetization Quantum Tunneling 
 
The reason why single-molecule magnets have received so much attention recently is 

that they show some physical effects that are not usual for conventional magnetic 
materials: hysteresis of a purely molecular origin and quantum tunneling of magnetization. 
In many ways single-molecule magnets behave like classical magnets in that they exhibit 

44  MMnn
44++

      ss==33//22  
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33++
  ss==22  
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Figure 2.3 The molecular structure 
(top) and the cluster (bottom) of 
Mn12Ac. Twelve Mn-ions with different 
valence (eight Mn(III) and four Mn(IV)) 
are coupled by oxygen bridges via the 
superexchange interactions leading to 
formation of the ground multiplet with 
the total spin value S=10 

Figure 1.4: The molecular structure the Mn12Ac cluster [Sessoli et al., 1993a].
The color code is as follows: MnIII orange, MnIV green, O red, C gray, H white
(Adapted from Kirchner [2006]).

1.5 Future applications for molecular magnets

The following part of this Introduction to molecular magnets give a brief review
about several possible future applications for single-molecule magnets that have been
envisioned during the last years. Nowadays, the most demanding applications of in-
tegrated circuits is computing. It requires the highest possible speed to process

8



1.5 Future applications for molecular magnets

The crystal structure of compound 1
(Figure 1) reveals that the aggregate is
mixed-valent and contains seven
MnII centers and twelve MnIII centers,
as derived from the metric parameters
and BVS (bond valence sum) calcula-
tions.[5] The core of compound 1 (Fig-
ure 2a) can be described as being based
on two Mn9 fragments that are linked
through a central MnII center, Mn1,

which is coordinated to six m-O and two m4-O donor atoms.
Each half of the molecule is derived from an almost perfect
cube in which the vertices consist alternately of MnII centers
and central N atoms of the terminally coordinating m3-N3

units. Thus, the MnII centers define a tetrahedron in each
half. At the center of each of the faces of the cube there is a
MnIII center defining an octahedron such that the faces of the
octahedron are capped alternately by m3-N3 and m4-O ligands,
the latter of which is linked to the MnII centers. Closer
inspection of the MnIII geometries reveals that the Jahn–
Teller elongation axes are those involving the two azido
ligands (Figure 2b, c) which result in a trigonal arrangement
for each MnIII octahedron. The resulting nanosized particle
has a structural arrangement corresponding to that found in
Chevrel phases.[6]

The magnetic properties were measured on a polycrys-
talline sample of 1. At room temperature, the c’T product
(Figure 3a) is 93 cm3Kmol�1, which is higher than the
expected value (66.625 cm3Kmol�1 taking gav= 2) for twelve
MnIII centers (S= 2) and seven MnII centers (S= 5/2). Owing
to the large magnetic susceptibility of the molecule and in
order to stay below the upper limit of detection of our SQUID
magnetometer, the mass of the sample had to be decreased
from 17.79 mg to 6.38 mg, and the temperature dependence of
susceptibility had to be measured in zero field by using the
ac technique. On decreasing the temperature, the c’T product
continuously increases to reach 894 cm3Kmol�1 at 1.8 K, thus
indicating dominant ferromagnetic interactions in the poly-

nuclear complex. This value is close to the one expected when
all the spins composing theMn aggregate are parallel, thus for
a ground spin state of ST= 83/2 (881.875 cm3Kmol�1 taking
gav= 2). The presence of strong ferromagnetic interactions
easily explains the high c’T product at room temperature.
Indeed, this unusually large magnetic susceptibility allows
crystals of 1 to be moved easily at room temperature by using
only a simple permanent magnet of 0.35 T. At 1.8 K, the field
dependence of the magnetization saturates very fast above
1.5 T to reach about 84.5 mB (inset of Figure 3a), a value in
good agreement with the expected value of 83 mB (with gav=
2) for a ground spin state of ST= 83/2. At this temperature, the
linear part of the plot ofM versusH does not exceed 300 Oe,
thus justifying the use of the ac technique.

Figure 1. Molecular structure of 1 in the crystal (MnIII dark pink,
MnII pale pink, O red, N blue, C gray, H white). Carbon-bound hydro-
gen atoms and noncoordinated solvent molecules have been omitted
for clarity.

Figure 2. a) Polyhedral representation of the core of 1 with emphasis
on the cubic-derived symmetry (same color scheme as above).
b) Highlighted Jahn–Teller axes (yellow) on the MnIII centers within the
core. c) The trigonal arrangement of the Jahn–Teller axes as viewed
along the crystallographic c axis.
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Figure 1.5: Molecular structure of a ferromagnetically coupled Mn19 aggregate
with a record S = 83/2 ground spin state synthesized Ako et al. [2006]. The
color code is as follows: MnIII dark pink, MnII pale pink, O red, N blue, C gray,
H white. Carbon-bound hydrogen atoms and non-coordinated solvent molecules
have been omitted for clarity.

information. The higher speeds can only be achieved by higher densities of integra-
tion. The most effective method to build faster circuits is by “scaling down”, that
means reducing the device size proportionally [Seminario et al., 2006].

1.5.1 Ultra-dense magnetic data storage

Ultra-dense magnetic data storage implies a relatively simple main issue: today’s
magnetic domains used for data storage should be replaced by single molecules with a
large spin ground state. That means a single molecule would be able to store one bit of
binary information. The storage density is limited by superparamagnetism. The so-
called superparamagnetic limit sets a minimum size of magnetic particles to use (min.
particle size of 10 nm). Thus, new magnetic materials are investigated to increase
the storage densities that are available today (200-300 Gbit/in2) to approximately
200 Tbit/in2. However, increasing the blocking temperature to a room temperature
level and the inventions of corresponding reading and writing methods arise several
new challenges.

Another point is the deposition of high-spin molecules on substrates. Here, one can
quote recent work of Saalfrank et al. [2006]. A star-shaped complex FeIII[FeIII(L1)2]3
were deposited onto highly ordered pyrolytic graphite (HOPG) and small, regular
molecule clusters, two-dimensional monolayers as well as separated single molecules
were observed. The scanning tunneling microscopy (STM) reveals a rather large
contrast at the expected locations of the metal centers of the molecules. Figure 1.6
displays the STM results of the complex deposited onto the HOPG surface.

9



1 Molecular Magnetism

Figure 1.6: STM results of the FeIII[FeIII(L1)2]3 complex deposited onto a HOPG
surface: (a) clusters formed from iron complexes along a graphite step. (b)
At very high coverage two-dimensional monolayers were formed. (c) Dimeric
combinations of iron complexes. (d) Using a bias of −200 mV and 500 pA, an
isolated molecule was mapped with submolecular resolution. The background
shows the underlying graphite lattice (taken from Saalfrank et al. [2006]).

1.5.2 Quantum computing

At temperatures at which the thermal fluctuations die out magnetic relaxation due
to spin resonant tunneling between different S−n states can occur (see Section 1.4).
At very low temperatures (below approximately 1 K) and zero magnetic field, only
tunneling processes between the lowest states S−n = S and S−n = −S are possible,
which may be denoted as the binary states “true” and “false”. The mixing of such
states may make it possible to detect their quantum superposition, and construct
their symmetric and antisymmetric combinations.

Molecular magnets arranged in a single crystal can potentially be used as the
storage unit of a dynamic random access memory device which is manipulated by
fast electron spin resonance (ESR) pulses. The estimated clock speed of those future
devices is about 10 GHz and could store any numerical value between 0 and 22S−2.
In the case of Mn12Ac that is 2.6 · 105, S = 10). Thus, increasing of the spin
ground state increases the capacity of the memory device [Leuenberger and Loss,
2001; Tejada et al., 2001].

10



1.5 Future applications for molecular magnets

1.5.3 Molecular electronics/spintronics using single-molecule magnets

To achieve the ultimate miniaturization of future devices, the use of functional
molecules at the nanoscale is required and their integration into larger architec-
tures will be necessary. This section mentions the trend of the field of molecular
nanomagnets towards molecular spintronics. This new field of molecular spintron-
ics combines the ideas and the advantages of spintronics and molecular electronics
[Bogani and Wernsdorfer, 2008]. Spintronic systems utilize the fact that an electron
current consists of spin-up and spin-down carriers. They bear information hidden in
their spin state, which can be extracted in the course of interaction with magnetic
components of a device. To give only a few advantages of the spintronics approach:
the information stored in such spin states persists when the device is switched off,
can be changed without using magnetic fields and can be stored using low energies
[Bogani and Wernsdorfer, 2008].

Regarding the creation of molecular spintronics devices, the key point is to use one
or a few magnetic molecules. In particular, compounds build up from single-molecule
magnets are attractive due to the properties discussed in Section 1.3. Additionally,
specific functions could be directly integrated into the molecule, e.g. switchability
(by light, electric field or something else) [Bogani and Wernsdorfer, 2008].

An other fascinating, but strongly discussed vision is the usage of high-spin
molecules as macrocycles in rotaxane molecules wired by semiconducting crossbars
(Figure 1.7), as the organic counterpart to Magnetoresistive Random Access Mem-
ory (MRAMs). At each junction the rotaxane molecules function as a molecular
transistors. The adjustment of the macrocycle position allows to use the rotaxane /
macrocycle setup as a molecular switch. The different accessible placements of the
macrocycle corresponds to different states [Service, 2001, 2003]. A very recent work

1.3 Applications

Figure 1.4: Rotaxane molecules acting as molecular switches. Adapted from [14].

The idea is to use high-spin magnetic molecules as macrocycles in rotaxanes. Fig. 1.4
illustrates a system of rotaxane molecules, wired by semiconducting crossbars. The ro-
taxanes function as molecular transistors and are placed at each junction. Controlling
the position of the macrocycle allows the rotaxane to function as a molecular switch.
Each possible location of the macrocyle corresponds to a different state.

Nevertheless, in 2003 the most prominent research groups revealed that some of their
devices do not work as previously thought. It is likely, that a commercial product will
not mustered within the next decade [15].

Magneto-cooling

Molecular magnets are good candidates to display an enhanced magnetocaloric ef-
fect (MCE) at low temperatures. The MCE is based on the change in magnetic entropy
upon application of a magnetic field and has potential applications in magnetic refrig-
eration, whereby adiabatic demagnetisation produces a cooling effect.
Torres et al. measured the magnetocaloric effect in the high-spin SMMs Mn12 and Fe8

and found them to be good candidates for MCE applications. They concluded, that
their results indicate that the molecular clusters owing high-spin and large magnetic
anisotropy, have high potentiality to work as magnetic refrigerants in the helium liquid
regime [16].

MRI contrast agents

Nanomagnets in the form of iron-containing molecules could be used to improve the
contrast between healthy and diseased tissue in magnetic resonance imaging (MRI)
(see Fig. 1.5). The most common MRI contrast agents are the gadolinium chelates
and the superparamagnetic iron oxides. But also the superparamagnetic SMM Fe8 is
a promising potential candidate and the first to be extensively explored.

7

Figure 1.7: Rotaxane molecules acting as molecular switches. Adapted from Ser-
vice [2001]).
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1 Molecular Magnetism

of Mannini et al. [2009] demonstrate that isolated SMMs can be used for storing
information. The goal is to utilize the magnetic hysteresis of individual molecules
organized on a surface to prepare molecular memory arrays. They use a taylor-made
Fe4 single-molecule magnet wired to a gold surface (see Figure 1.8). Against many
earlier approaches, where no magnetic hysteresis has been found for monolayers of
SMMs on various non-magnetic substrates they report that robust, tailor-made Fe4

complexes retain magnetic hysteresis at gold surfaces. This can be a beginning of
interesting research activities investigating the information storage capability of indi-
vidual SMMs. Mannini et al. use X-ray absorption spectroscopy and X-ray magnetic
circular dichroism synchrotron-based techniques operated at sub-Kelvin temperature
range, pushed to the limits in sensitivity [Mannini et al., 2009].LETTERS NATURE MATERIALS DOI: 10.1038/NMAT2374
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Figure 1 |Monolayer of Fe4 on gold. a, Schematic diagram of the anchoring on a gold surface of the Fe4 derivative studied in this work through its
thiolate-terminated aliphatic chains. A view along the plane of the four metal atoms with the chains fully stretched has been chosen for the sake of clarity.
Iron atoms are drawn as large green spheres, oxygen in red, carbon in grey and sulphur in light yellow. Inset: A view of the magnetic core structure of Fe4,
with the ground-state spin arrangement (white arrows). b, Room-temperature constant-current STM image of the Fe4 monolayer obtained on a scan area
of 55×55 nm2 (bias voltage Vb= 350 mV, tunnelling current It=9 pA). c, Statistical distribution of molecular diameters extracted from five images
obtained in the same experimental conditions as in b. The diameters follow a log-normal distribution centred at 2.50 nm with a standard deviation of
0.14 nm (solid curve).

determined by X-ray diffraction. The gold–sulphur chemical
affinity enables the selective formation of a single-layer-thick
deposit, but no bidimensional order comparable to that observed
in self-assembledmonolayers of aliphatic thiols26 can be detected in
the STM topographic images. In fact, the shape of the molecule and
the strong steric hindrance of the equatorial ligands are expected
to prevent significant interactions between the aliphatic chains
of adjacent molecules, a key factor in the formation of organic
self-assembled monolayers.

The electronic structure of the layer has been investigated
through X-ray absorption spectroscopy (XAS) with an endstation
capable of reaching sub-kelvin temperatures27,28. In Fig. 2a, we
show the XAS spectra recorded at the Fe L2,3-edge (2p→ 3d)
on the Fe4 monolayer with left- (σ+) and right- (σ−) hand
circular polarization. The average spectra, calculated as (σ−+σ+)/2,
coincide over the entire energy range with those recorded on
a thick film of the same compound prepared by drop-casting
(see Supplementary Information)20, showing that the electronic
structure of the molecule is fully preserved on grafting. However,
the signal-to-background intensity ratio is about 30 times smaller
in the monolayer as compared with the thick deposit and has been
found reproducible over five different preparations. As the total-
electron-yield mode used to detect X-ray absorption probes only
the first few layers in bulk samples29, the observed intensity fully
confirms that we are actuallymonitoring amonolayer deposit.

Element- and surface-selective magnetometry has then been
carried out by recording the dichroic component, that is, the
difference between the XAS signals obtained using right-hand
and left-hand circularly polarized X-rays, in an applied field
of 3 T at 0.50± 0.05K. The XMCD features (see Fig. 2b) and
the XMCD/XAS intensity ratio (0.25–0.30) are identical to those
observed in bulk samples. The XMCD/XAS ratio has to be
regarded as a reliable fingerprint of the spin alignment within
the tetra iron(iii) core. In fact, owing to the very similar

coordination environment of the central and peripheral iron
ions, an antiferromagnetic interaction is expected to afford an
approximately halved XMCD/XAS ratio as compared with full
polarization induced by the magnetic field (see Supplementary
Information). Fragmentation into simple paramagnetic units
or marked alterations of the core structure would then be
accompanied by significant changes in the XMCD/XAS ratio as
compared with the bulk, not observed here.

As the presence of hysteresis is directly related to the magnetic
anisotropy, we have first investigated the field dependence of
the XMCD signal at 709.2 eV at two different temperatures
(T = 1.5± 0.1 and 4.5± 0.1K). Interestingly the magnetization
isotherms so obtained do not rescale on a unique curve when
plotted versus H/T (Fig. 2c), in agreement with what is expected
for an anisotropic paramagnet. The field dependence of the
XMCD signal compares well with the magnetization curve
calculated using the spin Hamiltonian that describes the magnetic
behaviour of bulk samples.

The encouraging results prompted us to explore the
field-dependent magnetic response of the sample down to the
very low temperatures required to observe magnetic memory
effects in SMM materials. We have therefore exploited the assets
of the X11MA-SIM beamline (beam stability and fast switching
of X-ray polarization) and further optimized the endstation so
as to achieve the lowest possible level of iron contamination in
the thermal shields required to reach sub-kelvin temperatures (see
Supplementary Information for details). The recorded hysteresis
curves are shown in Fig. 3a–c.

Whereas simple paramagnetic behaviour is found at 1.0 K, a
gradual opening of the hysteresis loop is detected at sub-kelvin
temperatures. AtT =0.50±0.05K, the loop has the typical butterfly
shape resulting from fast magnetization tunnelling in zero field23,24,
showing unambiguously that SMM behaviour is observable on
gold-wired molecules. Even though XMCD has recently been
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Figure 1.8: Schematic diagram of the anchoring on a gold surface of the Fe4

derivative studied in this work through its thiolate-terminated aliphatic chains.
Iron atoms are drawn as large green spheres, oxygen in red, carbon in gray and
sulphur in light yellow. Inset: A view of the magnetic core structure of Fe4,
with the ground-state spin arrangement (white arrows) (taken from Mannini
et al. [2009]).

Figure 1.9 presents another example in the field of molecular spintronics using
single-molecule magnets: spin valves based on molecular magnets. These spin valves
can have one or two magnetic electrodes. An interesting new physical area will be
given by using SMMs with contemporary high bias and currents together with slow
relaxation [Elste and Timm, 2006; Timm and Elste, 2006]. New phenomena result-
ing from the spin-polarized current, like giant spin amplification, offer a convenient
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method to read the magnetic state of the SMM, or actually switch the magnetization
[Misiorny and Barnás, 2007].

Progress ArTICLe
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their electrical resistance for different mutual alignments of the 
magnetizations of the electrodes and of the molecule, analogous to a 
polarizer–analyser set-up. Non-molecular devices are already used in 
hard-disk drives, owing to the giant- and tunnel-magnetoresistance 
effects. Good efficiency has already been demonstrated for organic 
materials4, molecular SVs are therefore actively sought after47,48. 
As only few examples of molecular SVs exist49,50, the fundamental 
physics behind these devices remains largely unexplored, and is 
likely to be the focus of considerable attention in the near future. 
The simplest SV consists of a diamagnetic molecule in between two 
magnetic leads, which can be metallic or semiconducting. The first 
experiments sandwiched a C60 fullerene between Ni electrodes, and 
exhibited a very large negative magnetoresistance effect49. Another 
interesting possibility is to use carbon nanotubes connected with 

magnetic half-metallic electrodes transforming spin information 
into large electrical signals50.

A SMM-based SV can have one or two magnetic electrodes 
(Fig. 3a,b), or the molecule can possess two magnetic centres in 
between two non-magnetic leads (Fig. 3c,d), in a scheme reminiscent 
of early theoretical models of SVs7. Molecules with two magnetic 
centres connected by a molecular spacer are well known in molecular 
magnetism, and a double-metallocene junction has been studied 
theoretically51. This seems a good choice, as the metallocenes leave 
the d-electrons of the metals largely unperturbed.

Theory indicates that, when using SMMs, the contemporary 
presence, at high bias, of large currents and slow relaxation will 
form a physically interesting regime52,53. Only spins parallel to the 
molecular magnetization can flow through the SMM and the current 
will display, for a time equivalent to the relaxation time, a very high 
spin polarization. For large currents this process can lead to a selective 
drain of spins with one orientation from the source electrode, thus 
transferring a large amount of magnetic moment from one lead to the 
other. This phenomenon, due to a sole SMM, has been named giant 
spin amplification52, and offers a convenient way to read the magnetic 
state of the molecule. The switching of the device seems more 
complicated, at first sight, involving a two-step process that includes 
the application of a magnetic field and the variation of the bias voltage. 
However, it has recently been suggested that the spin-polarized current 
itself can be sufficient to switch the magnetization of a SMM54. The 
switching can be detected in the current as a step if both leads are 
magnetic and have parallel magnetization, or as a sharp peak for the 
antiparallel configuration.

moLeCuLar muLtidot deviCes

Even more interesting phenomena can be obtained by transport 
measurements through a controlled number of molecules or 
multiple centres inside the same molecule55. The double-metallocene 
molecule51 (Fig. 3d) can already be considered as a multidot system 
with level crossings giving rise to negative differential conductance51. 
The possibilities offered by the chemistry of SMMs seem particularly 
promising here11,56,57. Only one experiment, up to now, has considered 
the chemical fabrication of multidot devices58, obtaining a controlled 
sequence of CdSe QDs connected by p-benzenedithiol molecular 
bridges (Fig. 4a), in a process reminiscent of the solid-phase synthesis 
of peptides59. Ultrafast pump–probe magneto-optical experiments, 
probing the spin transfer through the π-conjugated molecular bridge, 
indicate that the process is coherent and that the bridging molecule 
acts as a quantum-information bus. Coupled SMMs or spin-transfer 
molecular compounds56,57 use similar molecular bridges, and we can 
thus expect analogous performances for spin transfer in bridged 
SMMs. With small decoherence11–14, this should open the way to 
solid-state quantum computation protocols.

A simpler situation concerns a double-dot (Fig. 4b) with three 
terminals, where the current passes through a non-magnetic quantum 
conductor (quantum wire, nanotube, molecule or QD). The magnetic 
molecule is only weakly coupled to the non-magnetic conductor but 
its spin can influence the transport properties, permitting readout 
of the spin state with minimal back-action. Several mechanisms 
can be exploited to couple the two systems. One appealing way is to 
use a carbon nanotube as a detector of the magnetic flux variation, 
possibly using a nanoSQUID60. Another possibility involves the 
indirect detection of the spin state through electrometry. Indeed, a 
non-magnetic quantum conductor at low temperatures behaves as a 
QD for which charging processes become quantized, giving rise to 
Coulomb blockade and the Kondo effect depending on the coupling 
to the leads (Box 2). Any slight change in the electrostatic environment 
(controlled by the gate) can induce a shift of the Coulomb diamonds 
of the device, leading to a conductivity variation of the QD at constant 

<RR

Figure 3 spin valves based on molecular magnets. Yellow arrows represent the 
magnetization direction. a, parallel configuration of the magnetic source electrode 
(orange) and molecular magnetization, with diamagnetic drain electrode (yellow). 
spin-up majority carriers (thick green arrow) are not affected by the molecular 
magnetization, whereas the spin-down minority carriers (thin blue arrow) are partially 
reflected back. b, antiparallel configuration: majority spin-up electrons are only 
partially transmitted by the differently polarized molecule, whereas the minority 
spin-down electrons pass unaffected. assuming that the spin-up contribution to the 
current is larger in the magnetic contact, this configuration has higher resistance 
than that of the previous case. c, theoretical schematic of a spin-valve configuration 
with non-magnetic metal electrodes7 and d, proposed molecular magnet 
[(C5h5)Co(C5h4-CCCh2Ch2CC-C5h4)fe(C5h5)] between gold electrodes: a conjugated 
molecule bridges the cobaltocene (red) and ferrocene (blue) moieties51.

Figure 1.9: Spin valves based on molecular magnets. The yellow arrows repre-
sent the magnetization direction. (top) Magnetic source electrode (orange) and
molecular magnetization in a parallel configuration, with a diamagnetic drain
electrode (yellow). Spin-up carriers (thick green arrow) can pass the spin valve,
whereas the spin-down minority carriers (thin blue arrow) are partially reflected
back. (bottom) Antiparallel configuration: Assuming a larger spin-up contri-
bution of the current, this configuration has a higher resistance (from Bogani
and Wernsdorfer [2008]).

1.5.4 Further applications

Certainly there are many exciting applications in other fields, like magnetic cooling
(magnetocaloric effect) [Torres et al., 2000], medicine (high-spin marker, contrast
agents in MRI) [Cage et al., 2007; Clark and St. Pierre, 2000], display technology
[Gatteschi, 1994] and biotechnology [Gider et al., 1995]. Since there is no place to
discuss all of them, the reader is addressed to the literature.
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2 Experimental Methods and theoretical
Models

This chapter gives a short review of the core hole spectroscopic techniques used in
this work. The theoretical and practical details as well as experimental setups are
reviewed in this chapter, emphasizing the important issues to the presented stud-
ies. As a laboratory based fixed X-ray wavelength method, the X-ray photoelectron
spectroscopy is briefly explained. Thereafter the focus is set on X-ray spectroscopic
methods using tunable (linearly and circularly polarized) soft X-ray wavelengths of
synchrotron facilities, namely X-ray absorption spectroscopy (XAS) including the X-
ray circular magnetic dichroism method (XMCD) and X-ray emission spectroscopy
(XES).

2.1 Theoretical models

Until today it is not possible to model the intricate electronic and magnetic properties
of transition metal compounds completely within only one theoretical model. The
electrons in a solid state material have different “operating distances”:

The delocalized electrons in the valence band region are responsible for the in-
teratomic electronic interactions. Great importance is attached to mixing and hy-
bridization between the transition metal and ligand orbitals and the shape of the
occupied density of states is composed.

The short-range, more localized electrons are responsible for intra-atomic interac-
tions with electrons in the atom itself, caused by Coulomb interactions between the
3d electrons, modified by individual ligand fields of atoms coordinated to the tran-
sition metal ion. This leads to pronounced multiplet features in X-ray absorption
spectra.

For an extensive investigation of transition-metal containing magnetic molecules
and other transition metal compounds, where competing band and short range inter-
actions occur, both – the more localized and delocalized – behaviors of the electrons
has to be considered.

The next three sections should briefly introduce the reader to: the corresponding
band model, transition metal in crystal fields and multiplet models, which use the
ligand field theory. Please note the following textbooks and articles for further read-
ing on the density functional theory approach, ligand field theory and the charge
transfer multiplet model: de Groot and Kotani [2008]; Mabbs and Machin [2008];
Postnikov et al. [2006]; Stöhr and Siegmann [2006].
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2.1.1 Density functional theory

Hohenberg and Kohn developed the density functional theory (DFT), which is rou-
tinely used to model the electronic band structure of the compound of interest [Ho-
henberg and Kohn, 1964]. Quite often in many-body electronic structure calculations,
the DFT employs the Born-Oppenheimer approximation, meaning that the positions
of the nuclei of the treated molecule are considered as fixed on the timescale of elec-
tron motion, leading to a static external potential Veff in which the lighter electrons
are moving and relaxing [Kohn, 1999]. The many-body problem for the N particle
wave function is reduced to one in terms of the charge density. Therefore the eigen-
functions φi(r) included in the resulting Kohn-Sham equation have to be evaluated
[Kohn and Sham, 1965]:[

− ~2

2m
∇2
i + Veff(r)

]
φi(r) = εiφi(r) , (2.1)

where Veff represents the effective periodic potential of the crystal lattice, including
the classical Coulomb exchange potential, the Coulomb exchange parameter resulting
from an external potential (the ion lattice) Vext and a single external potential which
can be understood as being due to exchange and correlation effects Vxc:

Veff(r) =
e2

4πε0

∫
dr
′ ρ(r

′
)

|r− r′| + Vext(r) + Vxc(r) , (2.2)

where the exchange-correlation term Vxc, formally related to the exchange-correlation
energy Exc as

Vxc(r) =
δExc[ρ(r)]

δρ
, (2.3)

is in practice constructed using various approximations. Following Kohn and Sham
[1965], the ground state density ρ(r) of an N -electron system can be constructed
from summing up the N solutions of Equation (2.1) with the lowest energies εi:

ρ(r) =
N∑
i=1

φ∗i (r)φi(r) . (2.4)

As mentioned above, to quantify the usually unknown exchange-correlation poten-
tial Vxc, additional approximations are necessary [Imada et al., 1999]. All of them
employ some convenient fitting formula of Exc as functional of ρ(r), obtained ei-
ther from perturbation-theory results, or quantum Monte Carlo simulations, of a
reference system – a homogenous or non-homogenous electron gas. Without going
into details, several levels of sophistication and various “flavors” of the practical
exchange-correlation can be noted.

Without loss of generality, Exc(r) can be represented as integral over the exchange-
correlation energy density, εxc(r).

Exc =

∫
dr εxc(r)ρ(r) . (2.5)
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• The local-density approximation (LDA) assumes that εxc(r) = εxc[ρ(r)], which
is in principle a functional of electron density everywhere in space, retaining
only the dependence on the density taken at a single point, r:

εLDA
xc (r) = εxc(ρ(r)) . (2.6)

• The local spin density approximation (LSDA) extends this dependence over the
values of the spin-resolved components of the electron density, taken separately:

εLSDA
xc (r) = εxc(ρ↑(r), ρ↓(r)) . (2.7)

• The generalized gradient approximation (GGA), of which many different real-
izations have been proposed, further extends the functional dependence of εxc(r)
over gradients of charge or spin density [Langreth and Perdew, 1980; Perdew
et al., 1992]:

εGGA
xc (r) = εxc(ρ↑(r), ρ↓(r), ~∇ρ(r), . . .) , (2.8)

probably including specially selected higher-order terms in gradient expansion
of charge and spin density.

• Certain schemes to describe exchange-correlation are hybrid ones: they combine
the parametrization in terms of total electron density as in the examples above
with additional dependence on (some, or all) Kohn-Sham orbitals φi(r) of equa-
tion (2.1). This allows to explicitly enforce certain properties of the exchange-
correlation energy, which must be guaranteed in its exact (unknown) functional
form. Those special properties are neglected in simplified practical parame-
terizations. Such conditions as exact elimination of electron self-interaction, or
Coulomb correlations within localized electron shells, are not guaranteed within
standard LDA or GGA schemes. On the contrary, the approximations known
as self-interaction correction (SIC) or “LDA+U” (many different flavor of each
have been proposed) provide Exc more “safe” in this particular sense.

Please refer to the corresponding literature for more details on DFT in general and
exchange-correlation potential approximations: Hohenberg and Kohn [1964]; Imada
et al. [1999]; Kohn [1999]; Kohn and Sham [1965]; Langreth and Perdew [1980];
Perdew et al. [1992]; Postnikov [2009].

2.1.1.1 Practical implementation of DFT

For solving numerically the system of Kohn-Sham equations (Equation 2.1), it is
convenient to expand the one-electron functions φi(r) over a certain basis set. The
numerical problem is them reduced to a calculation of matrix elements with subse-
quent diagonalization.

Between the two extremities for a basis set definition – plane waves and atom-
centered functions – large variety of combined methods has been developed and are
used. Due to the fact that none of both methods is fully satisfactory, combined
methods are needed.
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Furthermore, for the solution of the Kohn-Sham equations, it is possible to chose
between including all electrons of the system or only those which belong to the valence
bands. In the latter case, the pseudopotential approach is used to properly take into
account the deeper (core) states. Many books exist devoted to details of different
calculation schemes. A short overview can be found, e.g. in Postnikov [2009].

All DFT calculations presented in this thesis were performed using the Siesta
calculation method and band structure code, which implements the DFT GGA ap-
proximation with atom-centered basis functions of pseudoatomic orbitals used in
combination with norm-conserving pseudopotentials [SIESTA Website, 2009; Soler
et al., 2002].

2.1.2 Transition metal ions in axially symmetric crystal fields

For magnetic ions in certain crystal it is necessary to regard the interactions with their
immediate surroundings. The following short section considers the direct magnetic
interactions between 3dmetal centers in a crystal and its neighboring magnetic atoms.

First, the shape of the atomic orbitals is reviewed to understand the effect of the
local environment on the energy levels of an atom due to the crystal field. For
electrons occupied in the 3d shell the principle quantum number n and the orbital
angular-momentum quantum number l are n = 3 and l = 2, respectively. The
angular dependences of the electron density of the d orbitals are shown in figure
2.1. The corresponding wave function can be expressed by the spherical harmonics
Y2m(θ, φ) in terms of polar coordinates with m representing the magnetic quantum
number −2 ≤ m ≤ 2.

In a free ion the 3d states are five fold degenerate since 2l+1 = 5. This degeneracy is
annihilated by the crystal field interaction. Bethe and van Vleck developed the crystal
field theory (CFT) in 1930 to give an explanation of the electronic and chemical
properties of d-metal ions in crystals [Riedel, 1999]. Within the CFT a ligand ion is
approximated as a point charge. Notably, the CFT ignores the interactions of covalent
bonds between the metal d states and the ligand states. The overlap between the
metal d and ligand orbitals is treated within the ligand field theory. Assuming a
non spherical symmetric crystal field, the point charges of the ligand atoms interact
with the d-metal ion orbitals, lifting a degeneracy of the d orbitals. The electrostatic
energy is increased for d orbitals pointing towards the region of high electron density
and vice versa. Generally the transition metal ions substituted in organo-metallic
compounds are surrounded by six ligand atoms (oxygen or nitrogen) comprising an
octahedral (Oh) symmetry. The corresponding Hamiltonian is written

H3d(r) = HTM(r) +
6∑
j=1

V Oh(r−Rj) , (2.9)

where r denotes the position in the 3d orbital and Rj the position of the the jth

neighbor. Due to the non-degenerate 3d orbitals in a cubic crystal field the corre-
sponding eigenfunctions can be expressed as as a linear combination of the spherical
harmonics Y2m(θ, φ). Evaluation the Hamiltonian results in the energy levels plot-
ted in figure 2.2. It schematically presents the 3d energy levels in spherical, cubic
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Figure 2.1: Angular distribution of the five d orbitals. The five-fold degenerate
3d levels will split into two eg- and three t2g-orbitals within a crystal field (taken
from Kuepper [2005]).

and tetragonal (elongated along the z direction) crystal fields. Originating from the
group theory for cubic symmetry, the two higher energy states, namely x2 − y2 and
3z2 − r2, are often labeled as the eg orbitals whereas the three lower energy states,
xy, yz, and zx are referred as the t2g orbitals. Both the two-fold degenerated E
and the three-fold degenerated T2 irreducible representation of the Oh point group
can be derived in the group theory formalism applying the symmetry operations of
the octahedral point group O with the d orbitals Γd as the basis set [Koster et al.,
1963]. The decomposition of the corresponding reducible representation of Oh into
irreducible ones is unique:

Γd = E ⊗ T2 . (2.10)

The eg orbitals point directly towards the oxygen ligands whereas the t2g orbitals are
aligned between the oxygen ligands so that the corresponding electronic states have a
lower energy less affected by the Coulomb interactions between the transition metal
3d electrons and the oxygen 2p electrons than the energetically risen eg electronic
states.

The splitting between the eg and the t2g electron levels is denoted as 10Dq. A
10Dq value of the splitting is about 1 to 3 eV in typical transition metal compounds.
The tetragonal distortion of the regular octahedron implies another lower symmetry,
where the z-axis is elongated whereas the x- and y-axis are compressed (see Figure
2.2). Assuming repulsive electrostatic interactions between 3d states and the point
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Figure 2.2: Schematic of the energy levels of the 3d electrons of a Mn3+ ion. Left:
Annihilation of the five-fold degenerate 3d orbitals leads to two eg- and three
t2g-orbitals. A further splitting of both the t2g and eg states occurs due to the
Jahn-Teller distortion (taken from Kuepper [2005]).

charges of the crystal field, the energy of the 3z2 − r2 orbital is lowered whereas the
energy of the x2 − y2 orbital is increased. Hence, the degeneration of the states still
present in eg and t2g levels is destroyed.

2.1.2.1 Orbital quenching

The magnetic moment revealed from magnetic measurements of the compounds com-
prising paramagnetic transition metal ions is often smaller than expected. To inquire
how the orbital contribution in a free ion is quenched on forming a complex, there is
a convenient explanation:

The orbital moment appears from summing up the m contributions from occupied
orbitals. The closed (or half closed) shell has zero orbital moment. For a partially
(half-)filled shell, the second Hund’s rule requires the orbital moment to be maximal.
However, special combinations of orbitals even within under(half-)filled shells are
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possible whose total orbital moment is zero, e.g., m and −m combinations. The
crystal field may create conditions for populating the orbitals in groups with resulting
zero orbital moment, rather then following the second Hund’s rule. For instance,
the cubic or octahedral external field lifts the degeneracy of d-states, creating the
energy splitting of the latter into t2g- and eg-type combinations. Each of these two
groups (three t2g orbital and two eg orbitals), when fully occupied, has zero orbital
moment. With an appropriate combination of crystal field and number of electrons
(for instance, the energy of t2g levels is lower, and there are exactly three d-electrons
available to populate them), the situation with zero orbital moment in the d-shell can
become reality. This is called a quenching of orbital moment by the crystal field. As
the spin moment still exists (and dominates the magnetic properties of the system),
the spin-orbit interaction would tend to unquench the orbital moment – but without
success if the crystal field is sufficiently strong.

Quantum mechanically, this can be understood because the angular momentum
operator L∼ is purely imaginary has to be Hermitian and hence, the eigenfunctions

of the Hamiltonian are all real. Thus, if we have a non-degenerate real ground state
|0〉 (no tricks by playing it an another ground state), realized by the crystal field
splitting, it must be an real function. With these conditions 〈0|L∼|0〉 must be purely

imaginary and real at the same time leading to

〈0|L∼|0〉 = 0 . (2.11)

That means all orbital angular moment components of a non-degenerate state are
quenched.

More descriptive, the quenching of the orbital angular moment always occurs if the
crystal field is much stronger than the LS coupling. Thus, the magnetic moment in
transit dominated by a spin-only magnetic moment.

2.1.3 Charge transfer multiplet theory

The single-particle model breaks down in the case of 2p X-ray absorption (L edges),
yielding XAS absorption structures strongly affected by the core hole wave function.
This commonly named multiplet effect is treated within the atomic multiplet theory,
an important part of the charge transfer multiplet theory where charge-transfer,
ligand field perturbation and multiplet effects are taken into account [de Groot and
Kotani, 2008].

2.1.3.1 Atomic multiplet theory

The single-particle model is not applicable in all systems with narrow band, like the
3d metals (and rare-earth metals). In these system the 2p core hole wave functions
strongly overlap with the 3d valence wave functions. The XAS spectral shape can
only be accurately described when this strong interaction is considered. The atomic
multiplet model is a theoretical approach that offers large sensitivity to the valence
and the local coordination symmetry of the studied ion and is therefore a successful
analysis method [de Groot, 2001].
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In order to give a brief summary of how spectra in strongly correlated electron
systems are calculated Equation (2.12) represents a non-disturbed Hamiltonian of a
free atom, meaning there is no influence from the environment. The Hamiltonian
includes the electron’s kinetic energies (p2/2m), the electrostatic interaction between
nucleus and electrons (Ze2/r), the electron-electron Coulomb interaction (e2/r) and
the spin-orbit coupling of each electron (l · s).

H =
∑
N

p2
i

2m
+
∑
N

−Ze2

ri
+
∑
pairs

e2

rij
+
∑
N

ζ(ri)li · si . (2.12)

Since in a given atomic configuration the two first terms are equal for all electrons,
they can be replaced by an average energy of the configuration (Hav). The last two
terms define the relative energy of different terms within a configuration. Now the
central field approximation is applied: due to a separation of the spherical average
of the electron-electron interaction from the non-spherical part, the average can be
added to Hav and the modified electron-electron Hamiltonian H ′ee summed up to Hls

present the energies of the different terms within the atomic configuration.
By calculating the the matrix elements of the different terms, the relative ener-

gies can be evaluated using the effective electron-electron interaction H ′ee and the
spin-orbit coupling Hls. Applying the Wigner-Eckhart theorem, the radial parts of
the direct Coulomb repulsion and the Coulomb exchange interaction are separated,
and a general formulation of the matrix elements of the effective electron-electron
interaction is given by the Slater-Condon parameters F i(fi) and Gi(gi), denoting the
radial(angular) part of the separated Coulomb interactions:〈

2S+1LJ

∣∣∣∣ e2

r12

∣∣∣∣ 2S+1LJ

〉
=
∑
k

fkF
k +

∑
k

gkG
k . (2.13)

2.1.3.2 Ligand field multiplet theory

The crystal field multiplet Hamiltonian extends the atomic one with an electrostatic
field describing the surroundings by the resulting additional potential. The potential
V (r) is expressed as a expansion in series of spherical harmonics Ylm’s:

V (r) =
∞∑
l=0

l∑
m=−l

rlAlmYlm(θ, φ) . (2.14)

The crystal field leads to a perturbation of the atomic Hamiltonian and therefore
a determination of the matrix elements of V (r) is necessary with respect to the
corresponding atomic orbitals – 〈3d|V (r)|3d〉 for a 3dN configuration. As pointed
out above the spherical and radial part of the matrix can be separated, where the
crystal field interaction strength is represented by the radial part. The spherical
part can be written in Ylm symmetry and the expression given in equation (2.15) is
obtained for a 3dN configuration. Since the first term A00Y00 is a constant, it will only
shift all atomic states, that means that the spectral shape is not affected [de Groot
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and Kotani, 2008].

V (r, θ, φ) = A00Y00 +
2∑

m=−2

r2A2mY2m(θ, φ) +
4∑

m=−4

r4A4mY4m(θ, φ) . (2.15)

2.1.3.3 Charge-transfer effects

Charge fluctuations in the initial and final states are known as charge-transfer effects.
In transition metal compounds often strong charge transfer effects occur between the
localized metal 3d and the delocalized ligand states. The charge-transfer multiplet
approach is based upon the Anderson impurity model, and related Hamiltonians ap-
plied to core level spectroscopies [Anderson, 1961]. The Anderson impurity model
accounts not only for the correlation energy Udd but also for the energy positions of
localized and delocalized states, εd and εp as well as for the hopping terms tpd and
tpp [Fujimori and Minami, 1984; Fujimori et al., 1984]. The Hamiltonian within the
ligand-field multiplet model use just a single configuration to describe ground state
and final state. Combining both, the ligand-field multiplet model and the Ander-
son impurity model lead to the following Hamiltonian comprising atomic multiplet,
crystal field and charge transfer terms:

HAIM = ε3da
†
3da3d + εva

†
vav + tv3d(a†3dav + a†va3d) (2.16)

+
∑

Γ1,Γ2,Γ3,Γ4

gdda
†
3d1a3d2a

†
3d3a3d4

+
∑
Γ1,Γ2

(l · s)a†3d1a3d2 +HCF .

The 3d states, the valence band states, and the mixing between the 3d and valence
states are given by the three first terms. The term gdd denotes all two-electron
integrals and includes the correlation energy and the effects described by the Slater-
Condon parameters F 2 and F 4. The 3d spin-orbit coupling is denoted in the last
term [de Groot, 2001].

For a detailed discussion on the charge transfer multiplet theory refer to the text-
book by de Groot and Kotani [2008] “Core Level Spectroscopy of Solids” and refer-
ences therein.

The present work uses the TTmultiplet program code developed by Thole, van der
Laan and Butler [1988], that allows calculations in any point group.

2.1.4 Quantum theory of molecular magnetism

Molecular magnetic systems can be well described by the Heisenberg model. The
Hamiltonian describing isotropic nearest neighbor interaction is extended with aniso-
tropy terms. Due to the successful synthesis of magnetic molecules the interest in
the Heisenberg model was renewed. This model – known since 1928 – has been
the standard approach for infinite one-, two-, and three-dimensional systems. The
investigation of finite sized spin arrays encapsulated in magnetic molecules focuses
on qualitatively new physics [Schnack, 2004].
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2.1.4.1 Heisenberg Hamiltonian

Most magnetic molecules can be accurately described with the Heisenberg model. De-
scription here means a possibility to evaluate the magnetic spectrum of the molecules.
The Hamiltonian of this model can be easily extended to include anisotropy, dipole-
dipole interaction, and the Zeeman term. After forming chemical bonds in a per-
fect octahedral coordination the angular momentum of the transition-metal ions is
quenched, 〈 l∼ 〉 ≈ 0 and the remaining spin-orbit coupling is treated perturbatively

with the help of anisotropy terms. The total Heisenberg Hamiltonian can be formu-
lated as

H∼ = H∼ Heisenberg +H∼ anisotropy +H∼ Zeeman (2.17)

H∼ Heisenberg = −
∑
u,v

Juv ~s∼(u) · ~s∼(v) (2.18)

H∼ anisotropy = −
N∑
u=1

du (~e(u) · ~s∼(u))2 (2.19)

H∼ Zeeman = gµB
~B · ~S∼ . (2.20)

Equation (2.18) shows the isotropic Heisenberg Hamilton operator where Juv is a sym-
metric matrix containing the exchange parameters between spins at position u and v.
Generally these exchange parameters are given in units of energy. Antiferromagnetic
and ferromagnetic coupling is denoted with Juv < 0 and Juv > 0, respectively. The
summation is done over all possible tuples (u, v). The single-particle spin operator
is written as ~s∼(u). Very often the anisotropy terms can be omitted or simplified to a

large extend. The Zeeman term in the full Hamilton operator is necessary for taking
into account the interaction with the external magnetic field. This term simplifies
also when singe-site and g-value anisotropy are not present in the investigated sys-
tem. In this case the direction of the magnetic field can be assumed to be along the
z-axis.

2.1.4.2 Evaluating the spectrum

The intention of these theoretical models is to evaluate the complete eigenvalue spec-
trum of the full Hamiltonian (2.18) as well as the corresponding eigenvectors. Due
to a huge dimension of the Hilbert space the eigenvalue problem is usually not easy
to solve. It is possible to completely diagonalize the Hamiltonian of small molecules,
if the dimension of the Hilbert space dim(H) = (2s + 1)N is small enough for a
system of N spins of equal spin quantum number s. Mostly this is not done by the
impracticable straightforward diagonalization of the full Hamilton matrix. Due to
spin symmetries or space symmetries the Hamilton matrix can often be separated
into a block structure. Hence, the Hilbert space can be divided into mutually or-
thogonal subspaces and only the size of the largest matrix (relevant dimension) is
of importance for a applicable evaluation. For larger systems different approximate
methods are used, for instance:
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1. Projection and Lanczos method,

2. Density Matrix Renormalization Group (DMRG) calculations, and

3. Spin-coherent states.

Rotational invariance

The isotropic Heisenberg Hamilton operator can be rotationally invariant in spin
space, if containing only a scalar product between spins [Schnack, 2004]. Thus, it

commutes with ~S∼ and as a consequence also with S∼z[
H∼ Heisenberg, ~S∼

2
]

= 0 ,
[
H∼ Heisenberg, S∼z

]
= 0 . (2.21)

If the Heisenberg Hamiltonian implies rotational invariance it is simpler to evaluate
basic thermodynamic observables as a function of temperature T and magnetic field
B.

2.1.4.3 Evaluation of thermodynamic observables

This section shows how basic thermodynamic observables can be evaluated as func-
tion of the magnetic field B and temperature T . The above mentioned rotational
invariance is assumed, i.e. [

H∼ , S∼z

]
= 0 . (2.22)

If this condition is fulfilled the energy eigenvectors |ν〉 can be selected as simultane-
ous eigenvectors of S∼z with eigenvalues Eν(B) and Mν . The Zeemann term delivers

the energy eigenvalues Eν(B) in dependency of B. The magnetization and the sus-
ceptibility per molecule can be calculated from the first and the second momentum
of S∼z:

M(T,B) = −kBT
∂ ln(Z)

∂B

= − 1

Z
tr
{
gµBS∼ze

−βH∼
}

= −gµB

Z

∑
ν

Mνe
−βEν(B) ; (2.23)

χ(T,B) =
∂M

∂B

=
(gµB)2

kBT

 1

Z

∑
ν

M2
ν e−βEν(B) −

(
1

Z

∑
ν

Mνe
−βEν(B)

)2
 . (2.24)

Z is the partition function given by

Z = tr
{

e−βH∼
}

=
∑
ν

e−βEν(B) . (2.25)

From the first and second momenta of the Hamiltonian the internal energy and the
specific heat can be evaluated.
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Further reading

The intention of this chapter was to give a very short overview of the molecular
magnetism’s quantum mechanics. To learn more about these theoretical techniques
refer to [Schnack, 2004], its bibliography, and related literature.

2.2 General features of X-ray spectroscopies

The study of the electronic and optical properties of solid state materials was tra-
ditionally performed within the visible and infrared region of the electromagnetic
spectrum. In the 1970s the development of second generation synchrotron radia-
tion facilities has widely expanded the use of X-rays in solid state spectroscopies.
The most important interaction of X-radiation with matter is the excitation of core
electrons.

The electrons of a solid state compound can be separated into two groups: valence
and core electrons. Valence electrons are involved in the chemical bonding between
the atoms of a molecule or crystal. Thus, they are located close to the Fermi level and
their spatial and energetic distribution to the occupied and unoccupied densities of
states are specific for the compound in question, and related to the physical properties
of the investigated material. The transitions between core level and valence band
region require photon energies of the energy range commonly known as soft X-ray
region (20 eV – 2 keV). Synchrotron facilities, covering this range, are extremely
useful for various core level spectroscopy studies.

Core level electrons are much more spatially localized at a certain atom and there-
fore energetically well separated from each other. However, they can deliver much
information about the chemical environment and the valence state of a selected atom.
These features brought into light new experimental techniques concerning core level
spectroscopies.

Nowadays, X-ray spectroscopy is a powerful technique for detailed investigations
of electronic states in solids. Exact information of electron valence states is obtained
exciting a core hole electron. Core hole spectroscopy reveals – as a direct consequence
– element specific informations of the local structure. The experimental research on
core level spectroscopy has made a enormous progress using high-brilliance third-
generation synchrotron radiation sources.

Theoretical studies of X-ray spectroscopy, in order to analyze the new data, have
made ongoing development during the last 30 years and contributes enormously to
the physical understanding of core level spectroscopy.

X-ray spectroscopic methods can be separated into two different schemes depending
on the occurring processes.

X-ray photoelectron spectroscopy (XPS), ultra-violet photoelectron spectroscopy
(UPS) and X-ray absorption spectroscopy (XAS) can be described by a one-step, or
first-order optical process. First-order perturbation theory is a suitable approach in
order to tackle the involved physics. Two-step processes occur during Auger electron
emission or X-ray emission spectroscopy (XES).
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2.2 General features of X-ray spectroscopies

2.2.1 X-ray absorption spectroscopy

In figure 2.3 a general illustration of X-ray spectroscopic methods based upon one-
step processes is shown. X-ray absorption spectroscopy probes the absorption coef-
ficients of a material in dependence of the incident X-ray photon energy Eph = hν
[de Groot, 2001]. Hence, an electron is excited to an empty state slightly above the
Fermi level. The fact that each element has its unique core levels makes XAS a pow-
erful element selective technique. The combination of the nature of the core hole and
the matrix element for the transition yields information of the unoccupied density of
states of the compound.

Due to the dipole selection rules for photon-excited transitions, which allow a
change of the angular orbital momentum quantum number by ∆L = ±1 and no
change of the spin ∆S = 0, only particular transition can be investigated. For
example: for an oxygen 1s edge XAS spectra (L = 0) only the oxygen p character
(L = 1) can be reached. That means, the resulting O 1s (O L edge) XAS spectrum
can be assumed as an image of the oxygen p projected unoccupied density of states.

This nice “image” is destroyed when spin-orbit coupling of the core levels with
L > 0 is present. The 2p (L edge) XAS spectra of transition metals are often
dominated by multiplet effect and do not represent the projected unoccupied DOS.
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Figure 2.3: Schematic of the excitation processes in a) X-ray absorption spec-
troscopy (XAS) and b) X-ray / ultra-violet photoelectron spectroscopy (XPS,
UPS) (taken from Kuepper [2005]).

2.2.2 X-ray photoelectron spectroscopy

H. Hertz and W. Hallwachs probably did not think about the physical progress
implicated by their discovery of the external photoeffect in 1887 [Hallwachs, 1888;
Hertz, 1887]. With the subtle experiments of J. J. Thomson during the following
years he discovered the electron, thus elucidating the nature of photo-emitted par-
ticles [Thomson, 1897]. In 1905 A. Einstein postulated the quantum hypothesis for
electromagnetic radiation and gave a systematic explanation for the experimental
results [Einstein, 1905]. For many years the photoemission was disregarded, until
C. N. Berglund and W. E. Spiecer presented the first perpetuated theoretical model
of photoemission by early sixties [Berglund and Spiecer, 1964]. During the same
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period there were K. Siegbahn et al. from Sweden who substantially improved the
energy resolution and sensitivity of β-spectrometers. They succeeded in enhancing
the determination of electron binding energies in atoms by using X-rays (hν ≈ 1500
eV) and were able to detect chemical shifts of about 1 eV [Siegbahn et al., 1972,
1967, 1969]. Thus, the new high-resolution electron spectroscopy was named Elec-
tron Spectroscopy for Chemical Analysis (ESCA). More information on the history
of the photoelectron spectroscopy can be found in [Bonzel and Client, 1995]. Depen-
dent on whether ultra-violet or X-radiation is used as excitation source, the method is
also known as ultra-violet photoelectron spectroscopy (UPS) or X-ray photoelectron
spectroscopy (XPS, ESCA).

Nowadays, X-ray photoelectron spectroscopy is an exceedingly widely used, very
important (surface) spectroscopic technique to probe the occupied electronic density
of states. Therefore those methods are complementary to XAS.

2.2.3 Decay of core holes

Shortly after the excitation of an electron – on a femtosecond timescale – the excited
core state will immediately decay in a relaxation process. A transition of an electron
from higher lying shells into the core hole occurs. Two relaxation processes can be
observed depending on the present element.

The recombination may take place by a non-radiative Auger electron decay result-
ing in the emission of an Auger electron or by fluorescence – the emission of an X-ray
photon. The two relaxation processes are schematically shown in the figures 2.4 and
2.5.

2.2.3.1 Auger decay

Auger electrons are emitted when after a core hole excitation, the core hole is filled
with an electron decaying from a higher occupied level in a radiationless process.
This excess energy simultaneously released is carried by another third electron – an
Auger electron. The process of an excited ion decaying into a doubly charged ion by
ejection of an electron is called the Auger process.

The kinetic energy of the Auger electron is only dependent on the binding energies
of involved energy levels of the atom during photoemission and relaxation:

E(KLILIII)kin ≈ E(K)− E(LI)− E(LIII)− Φ , (2.26)

were KLILIII denote the atomic levels after the Barkla notation (refer to figure . . .).

In the case, that the initial and final hole states are on the same shell but differ-
ent orbitals (e.g. LILIIIMI), the process is called Coster-Kronig transition [Demeter,
2001]. The probability of Auger electron production increases for decreasing energy
differences between the electron energy states. Therefore, the output of Auger elec-
trons is larger for lighter elements up to about Z = 30 in the ionization decay process
[Krause and Oliver, 1979].
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Figure 2.4: Viewgraph of the core hole ionization process (l.h.s.) followed by the
Auger decay (r.h.s.) – (taken from Kuepper [2005]).

2.2.3.2 Fluorescence decay

The proportion of emitted radiation at characteristic wavelength is higher for the
heavier elements. In fluorescence the core hole is filled by another electron of the
atom. This process can occur if the energy of the relaxating electron is higher than
the core hole state energy. The core hole can be filled by a core electron as well as
by a valence electron, and electromagnetic radiation is released carrying the energy
given by the energy difference between the corresponding states. Mostly, this will be
X-radiation leading to X-ray emission spectroscopy.
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Figure 2.5: Drafted excitation and decay processes of normal X-ray emission spec-
troscopy (NXES) (left panel) and resonant X-ray emission spectroscopy (REXS)
(right panel) – (taken from Kuepper [2005]).
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2.2.4 Normal X-ray emission spectroscopy

As mentioned above, lighter elements are more susceptible for the Auger decay, dom-
inating by the factor of 100-1000 over the fluorescence decay in the soft X-ray region.
Thus, an investigation of the compound in question by (soft) X-ray emission spec-
troscopy (XES) by probing the energy distribution of the emitted photons was limited
to the high energy range (several keV) [Nordgren et al., 2002].

Within the last 10-15 years, the development of synchrotron radiation sources
together with appropriate monochromators deliver monochromatized photons in the
soft X-ray range with the important features of very high intensity and enormous
brilliance. Nowadays, XES in the soft X-ray region is changing to a more and more
important, standard technique for probing the projected partial occupied densities
of states (pDOS).

The decay process after exciting with a photon energy far beyond the correspond-
ing absorption threshold leads to the normal X-ray emission spectroscopy (NXES).
The decay process takes place as spontaneous X-ray emission in a dipole transition
between two electronic states. This can be described within a two-step model, inde-
pendent on the energy of the incident photon.

2.2.5 Resonant X-ray emission spectroscopy

Another important feature of synchrotron radiation is the wavelength tunability of
monochromatic X-radiation. Now, it is possible to set the excitation energy below
or near to an absorption edge and perform resonant X-ray emission spectroscopy
(RXES) [Kotani and Shin, 2001]. Resonant excitation means that an electron is
excited from a core state to an unoccupied state near or slightly above the Fermi
level (refer to figure 2.5). Since the number of electrons N in the ground state is
the same as for the final state, RXES is a charge neutral technique (XPS: N − 1
process). Comparing the figures 2.3 and 2.5, it is notable that the intermediate state
of RXES corresponds to the final state of XAS. To describe RXES in a prober way,
a coherent absorption-emission one-step approach is needed. Another synonym of
RXES is resonant inelastic X-ray scattering. The features of the emission spectra
can then be ascribed to coherent resonant elastic X-ray scattering (REXS) and to
inelastic “RIXS-loss” (resonant inelastic X-ray scattering) features, associated by
the energy difference between initial and final states. Coulomb interactions on high
energy scales, charge transfer excitations or lower excitation energies, especially with
regard to optically inaccessible bands (d-d transitions) are just a few possibilities
exceeded by the investigations of correlated systems by the RIXS method.

2.2.6 Probing depth of X-ray spectroscopic methods

In a solid X-ray photons are limited in there penetration power of the order of 1–10
micrometers, depending on the wavelength. After the excitation of an electron, the
core hole decay gives rise to an avalanche of electrons, photons, and ions leaving the
surface of the sample of interest. Any of these decay products can be measured to
obtain a spectra of a arbitrary thick sample. Transmission detection is unsuitable for
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X-ray absorption below 1 keV, due to the short attenuation length combined with
the thickness effects [de Groot and Kotani, 2008].

Depending on the chosen detection method, different penetration depth are ob-
served during core level spectroscopic experiments:

2.2.6.1 Total electron yield

The total electron yield method (TEY) detects all electrons that emerge from the
sample surface, independent of their energy. Several detection devices can be utilized,
such as a pico-Ampere meter for the detection of the sample current or a channeltron
for amplifying the emitted electrons to a detectable signal. The probing depth of the
total electron yield detection method lies in the range of approximately 20 Å, de-
pending on the investigated material. Due to saturation effects in X-ray spectroscopy
spectra acquired by total electron yield techniques one has to be careful during the
quantitative analysis, especially when applying the X-ray magnetic circular dichroism
(XMCD) sum rules [Nakajima et al., 1999].

2.2.6.2 Total fluorescence yield

The mean free path of the photon created in the fluorescent decay is of the same
order of magnitude as the incoming X-radiation which excludes any surface effect.
On the other hand, saturation effects will be even larger than for the electron yield,
resulting in a modified spectral shape and falsified peak ratios [de Groot and Kotani,
2008; Stöhr and Siegmann, 2006].

2.2.6.3 XPS

Here, the direct measurement of the electrons’ respective energies is necessary. The
emitted electrons in a solid state material have an escape depth of some 10 Å in
dependence of the kinetic energy. This feature makes XPS an appealing surface
science tool.

2.3 X-ray photoelectron spectroscopy

2.3.1 Physical principles of the technique

Photoelectron spectroscopy is based on the photoelectric effect: incident photons
with an energy Eph = hν are absorbed in a sample by the electrons of the material.
If the photon energy is higher than the ionization threshold, the photoemission of
electrons will take place. The binding energy – or initial state energy – of the ejected
electrons can be determined after measuring their kinetic energy in a PES process,
presented schematically in Figure 2.6. Due to the fact that electrons are bound to
different discrete binding energy levels, the kinetic energy Ekin of the ejected electrons
is given by Einstein’s theory of the photoemission effect for a solid:

Ekin = hν − EB − Φsample , (2.27)
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Figure 2.6: Schematic representation of a PES experiment (taken from Chi-
uzbăian [2003]).

with EB the binding energy of the atomic orbital from which the electron was emitted
and Φsample the material specific work function. The binding energies are by definition
calibrated in such way that the Fermi level for solid samples corresponds to EB = 0.
When investigating gas phase materials, zero binding energy is defined with respect
to the vacuum level. For the case of solid samples, the spectrometer and the sample
are connected in order to keep the system at a common electrical potential during
photoemission. Thus, the Fermi levels are at the same level and the spectrometer can
be considered as an electron supplier or vice versa (Figure 2.7). The kinetic energy
Ekin of the photoelectron emitted from the solid surface is modified by the electric
field

∆Φ = Φsample − Φspectrometer . (2.28)

Therefore the measured photoelectron kinetic energy E ′kin is actually given by

E ′kin = Ekin + (Φsample − Φspectrometer) . (2.29)

After adapting Equation (2.29) to Ekin and inserting the result into Equation (2.27)
the binding energy for a metallic solid relative to the Fermi level is then given by

E ′kin = hν − EB − Φspectrometer . (2.30)

The usually not known Φsample vanishes. To ensure the real core-level line positions,
it is necessary to compare the spectra to a well known reference level like the Au
4f line. If the sample under investigation is a semiconductor or insulating com-
pound, additional difficulties arise. Due to the electron flow, the sample can acquire
a substantial electrical charge which makes a correct determination of the core-level
binding energies ambiguous. Hence, the assigning of the zero binding energy is even
more difficult. The calibration of zero binding energy is achieved with reference to
a known XPS line of an element in the sample with a known oxidation state. With
X-ray photoelectron spectroscopy the number of electrons – emitted from a certain
atomic level – is recorded in dependence of their kinetic energy, using an analyzer
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Figure 2.7: Energy level diagram for an XPS experiment with a conductive solid
sample (adapted from Chiuzbăian [2003]).

and detector. As shown in figure 2.8, a spectra is usually presented with the binding
energy as abscissa. This is more practical when interpreting the spectra. Another
reason is the fact that the kinetic energy of an ejected electron only depends on the
incident X-radiation, whereas the binding energy is solely element specific. This dec-
laration is not valid for the peaks commonly known as Auger lines (Section 2.2.3.1).

2.3.2 The theory of the photoemission process

A rigorous theoretical description of the photoemission process requires a full quan-
tum mechanical treatment of the process in which an electron is ejected from an
occupied state within the solid and then detected. Some theoretical approaches were
made treating the photoemission process as a one-step model [Borstel, 1985]. A more
simplified, phenomenological approach is the less accurate three-step model [Pendry,
1976].

2.3.2.1 Sudden approximation

A system containing N electrons can be described by two wave functions Ψin and
Ψfin, terming the initial and final state, before and after emission of an electron,
respectively. Taken for granted that the perturbation H∗ to the N − 1 electron
system in the final state is small, the transition probability satisfies Fermi’s Golden
rule:

ω ∼| 〈Ψfin | H∗ | Ψin〉 |2 δ(Efin − Ein − hν) , (2.31)

where the energy conservation is maintained by the δ function. H∗, the interaction
Hamiltonian, can be described by

H∗ =
e

2mc
(A ·P + P ·A)− eΦ +

e2

2mc2
|A|2 . (2.32)
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Figure 2.8: Schematic of energy levels in a solid (left) and the corresponding XPS
spectra (center) having Ekin as natural abscissa. The right panel shows the
commonly used binding energy abscissa (adapted from Hüfner [1995]).

e and m refer to the electron properties charge and mass, c denotes the speed of light,
A and Φ are the vector and the scalar potentials of the exciting electromagnetic field,
P is the momentum operator. A simplified form of the interaction Hamiltonian from
(2.32) can be obtained by assuming that the two-photon processes (the term |A|2)
can be disregarded and by assuming the radiation wave length � the atomic dis-
tances, which is fulfilled for the visible and ultraviolet regions of the electromagnetic
spectrum. Now it is possible to express the vector potential by

A(r, t) = A0 exp (kr− ωt) . (2.33)

For high energy spectroscopy it can be assumed that the outgoing electron is so fast
that there is only negligibly weak coupling between the ejected photoelectron and
the (N − 1) electrons left behind in the ion [Borstel, 1985]. This is the commonly
named sudden approximation which is valid in the keV energy region. A splitting of
the final state into two configurations is now possible:

initial state

Ψin(N); Ein(N)
hν−→

final state ion

Ψk
fin(N − 1); Ek

fin(N − 1) +
photoelectron

ξk(1); Ek
kin . (2.34)

The wave function of the emitted photoelectron is denoted with ξk(1). The binding
energy is then given by

Ek
B = Ek

fin(N − 1)− Ein(N). (2.35)
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In the frozen-orbital approximation it is assumed that the orbitals of the atom from
which an electron is emitted are unmodified during this process, and Hatree-Fock
wave functions can be calculated for the initial and final states. Corresponding to
Koopmans’ theorem [Koopmans, 1933]: “For a closed shell molecule the ionization
potential of an electron in a particular orbital is approximately equal to the negative
of the orbital energy calculated by an SCF (self–consistent field) ab initio method”),
the binding energy can then be written as the negative one-electron energy of the
atomic orbital from which the electron has been ejected during the photoemission
process:

Ek
B ' εk (2.36)

This approximation does not account for some important effects. Intra-atomic relax-
ation related to the reorganization of the orbitals in the same atom and, additionally,
extra-atomic relaxation with involving charge flow from the solid to the ion where
the hole was created during photoemission are present [Hüfner, 1995].

2.3.2.2 Three-step model

In this model the photoelectron process is considered of three independent steps
[Berglund and Spiecer, 1964]:

1. The local absorption of the photon and the photoionization.

2. The movement of the electron through the sample to the surface. A certain
number of photoelectrons lose energy during the transport to the surface. The
various scattering processes depend on the kinetic energies of the electrons. For
high energies, electron-electron interaction occurs, whereas for lower energies
electron-phonon interaction is dominating. One of the most important parame-
ters is the inelastic mean free path λ of the electrons, which describes the mean
distance between two inelastic interactions when propagating through the solid
[Tanuma et al., 1987]:

λ(E) =
E

E2
plasβ ln(γE)

. (2.37)

Eplas is the plasmon energy of a free electron gas, E denotes the electron energy,
and β and γ are parameters. In the soft X-ray energy range (≈ 100 eV - 1000
eV) the mean free path can be approximated by λ ∝ Ep, p being in the range
from 0.6 to 0.8 [Jablonski, 1993].

3. The transition of the photoelectron through the surface and emission into the
vacuum. Therefore the electrons need a kinetic energy normal to the surface
which is high enough to overcome the potential barrier. The other electrons are
reflected back into the solid.

2.3.3 Spectral characteristics

The spectroscopic notation of a state in a PES spectra is commonly like nlj, where n
and l are the principal and orbital quantum numbers and j = l± s (s = 1/2). For a
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certain principal quantum number n, l can run through n different values: 0, 1, 2, 3,
. . . , (n− 1) and the corresponding levels are labeled as s, p, d, f, . . . , respectively.

2.3.3.1 Valence band spectra

XPS measures transitions between occupied (bound) and empty (non-bound) states,
which means that the occupied density of states (DOS) is obtained. The part of the
spectra with binding energies within 0-20 eV is denoted as valence band (VB). The
electrons from this energy region are involved in the chemical bonding of the solid,
thus they are mainly delocalized. Due to this fact, the valence band comprises of a
superposition of the occupied states of all involved chemical constituents. To analyze
the valence band first principle DOS calculations can be compared with it. A further
experimental approach to analyze the valence band could be to record element sen-
sitive XES spectra, reflecting the corresponding site- and symmetry-resolved partial
density of states (pDOS). Particular features of the valence band can be directly
attributed to different atomic species.

2.3.3.2 Core-level spectra

Photoelectrons, which originate from core levels (EB > 20 eV), are detected as sharp
and intensive lines in the XPS spectrum. The position of the core-level lines – mostly
energetically well separated – can be seen as a fingerprint for each element, thus a
fast identification of the chemical components of the sample can be performed. The
relative line intensity depends on the occupancy of the sub-shell, the stoichiometry
of the sample, and the atomic photoionization cross-section. The peak width is a
convolution of three distinct contributions [Briggs and Rivière, 1983]: the natural
inherent line width of the core-level γn, the width of the photon source γp and the
analyzer resolution γa. This gives an overall FWHM of

γ =
√
γ2

n + γ2
p + γ2

a . (2.38)

The first contribution is dictated via the uncertainty principle ∆E∆t ≥ h. With
Planck’s constant h and the core hole lifetime τ the natural line width can be cal-
culated, γn = h/τ . The narrowest core-levels have lifetimes varying in the range of
10−14 – 10−16 seconds.

Due to screening effects produced by the conduction electrons in conductive sam-
ples, the lines – normally good described by a Lorentz function – show often a
noticeable asymmetry, demonstrated in a pronounced tail to higher binding energies.

This characteristic line shape is given by:

fDS(ε, α) =
Γ(1− α)

(ε2 + (γn/2)2)(1−α)/2
cos

{
πα

2
+ (1− α) arctan

(
2ε

γn

)}
, (2.39)

where Γ is the gamma function, α is the asymmetry parameter, and ε = (E − E0),
where E0 is the center of the energy distribution (see Figure 2.9).
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Figure 2.9: Comparison between a Doniach–Šunjić line shape and a Lorentz line
shape. The shift of the maxima was artificially increased in order to point out
its existence (taken from [Chiuzbăian, 2003]).

2.3.3.3 Chemical shift

For a given core level of a given element, the exact binding energy depends on the
chemical environment. In particular, the core-level binding energies depend on the
oxidation state of the atom. This chemical shift can amount to several eV. This
sensitivity in the binding energy to different chemical environments is an important
and valuable X-ray photoelectron spectroscopic feature. The chemical environment
influences the Coulomb and exchange potential, which causes the chemical shift. An
example is given in Figure 2.10. Here the Fe 2p spectra of Fe metal and FeO are
plotted. When analyzing the spectra it can be seen that in FeO the binding energy
of the Fe 2p electron is higher than in the Fe metal. Thus, an Fe 2p electron in Fe
metal feels a weaker Coulomb interaction with the nucleus than an Fe 2p electron in
FeO. A basic approach to understand the chemical shift can be the charge potential
model. Within this model a core hole binding energy depends on the potentials
created by valence electrons of the observed atom and also on the potentials created
by the electrons of the environing atoms [Gelius, 1974; Nefedov, 1988]. In principle
Equation (2.40) has to be extended:

EB, eff = EB, atom + ∆(Echem + EMad) , (2.40)

where ∆Echem = KqA is the chemical shift which is created by the potentials of the
valence electrons of the observed atom. The interaction between the valence and
the core electrons is denoted by K, and qA specifies the shift relative to a reference
state. The cumulated influences of all potentials created by other atoms, molecules,
or solids is considered in ∆EMad, the Madelung term. Finally, the overall chemical
shift is then given by

EB,eff = EB, atom +KqA

∑
B6=A

qB

RAB

, (2.41)
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Figure 2.10: Example for a chemical shift of the Fe 2p XPS core level lines of
FeO (taken from Kuepper [2005]). The spin-orbit coupling and satellites will
be discussed later.

where the last term sums up the potential at atom A due to the surrounding atoms
B. It is necessary to mention that this is an electrostatic model with an empirical
parameter K.

2.3.3.4 Spin-orbit coupling

Due to the j–j coupling, the XPS core level lines with a quantum number l > 0 are
doublets. Under these conditions an interaction between angular and spin moments
in an atom occurs. Two energy levels are possible for electrons: either with total
quantum number j = l + s or with j = l − s. s denotes the spin quantum number.
Therefore, for each state nl, with l > 0 there will be a doublet structure in the XPS
spectrum: nll+1/2 and nll−1/2. The relative intensities can be calculated with:

I(l+1/2)

I(l−1/2)

=
l + 1

l
(2.42)

An example, for l = 1 (p levels) is plotted in Figure 2.10.

2.3.3.5 Satellites

Another spectral feature are the satellites. Due to the abrupt photoemission process,
the interactions between the relaxed states and the (N − 1)-electron excited state
can occur, leading to a number of higher excited states. Thus, the XPS spectra
shows not only the main line belonging to the lowest exited state, but also a number
of additional lines named satellites. In principle, there are two sources of satellites:
extrinsic and intrinsic satellites may be observed when inter-atomic excitations or
intra-atomic relaxations occur, respectively.

38



2.3 X-ray photoelectron spectroscopy

Sometimes, there is a simultaneously excitation of a second electron with the pho-
toemission process. The second electron can be transferred to another energetically
higher orbital or can be completely ejected. The former event is called shake-up
process the latter is named shake-off process [Hollas, 1982]. For these processes the
energy is taken from the kinetic energy of the photoelectron produced during the
primary ionization. Thus, some satellites will appear on the high binding or low
kinetic energy side of the main line, respectively.

For metallic samples there is another notable feature observable in the spectra:
plasmons are created because of quantified excitations in the conduction electron
system after relaxation. Charge-transfer satellites belong to the extrinsic category

ligand transition metal transition metalligand

ground state final state

O 2p

O 2p

4 s−p
4 s−p

M 3d
M 3d

L (n) electrons (n+1) electronsL

Fermi level

3s 3s

Figure 2.11: Charge transfer relaxation process in a transition metal oxygen
structure [Chiuzbăian, 2003].

mentioned above. In Figure 2.11 the basic principle of a charge transfer excitation is
sketched. In many transition metal compounds with transition metal - oxygen bonds
the 2p3/2 and 2p1/2 lines exhibit additional peaks (follow also the satellites in Figure
2.10). The notation is as follows:

cm3dnL −→ cm−13dn+1L (2.43)

where m and n denote the number of electrons in the c and 3d sub-shells, respectively.
c is the screened core-level corresponding to the main peak in the spectra. L is the
ligand and the loss of one electron in the ligand valence sub-shell is represented by
L.
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2 Experimental Methods and theoretical Models

2.3.3.6 3s multiplet splitting

The multiplet splitting of the 3s line is observed for 3d transition metals with unpaired
electrons in the valence levels (i.e. with a magnetic moment). Due to the interaction
of the unpaired electron remaining after photoemission with the valence electrons
the core line will split. The spin s = 1/2 of the “core hole” can couple parallel
or antiparallel to the total valence electron spin (S). According to the van Vleck
theorem, the exchange splitting can be expressed as

∆Es =
2S + 1

2l + 1
G2(3s, 3d) , (2.44)

where l is the orbital quantum number (l = 2 for d electrons) and G2(3s, 3d), the
Slater exchange integral. The binding energy of the high-spin state (S+1/2) is lower
than the low-spin state (S − 1/2) binding energy. The intensity ratio for the two
peaks is given by:

IS+1/2

IS−1/2

=
S + 1

S
. (2.45)

The 3s multiplet splitting is a valuable tool to analyze the magnetic ground state
[Hüffner and Wertheim, 1973; McFeely et al., 1974]. But due to intra- and inter-
atomic mechanisms, the 3s splitting reveals only good information about the local
magnetic momentum when the charge-transfer satellite in the 2p core level spectra
is small (see Chiuzbăian [2003] and included references).

2.3.3.7 Secondary spectra – background correction

A certain fraction of detected photoelectrons is emitted from the atoms below the
surface. Underway these electrons undergo inelastic scattering, and their (lower)
kinetic energy distorts the estimated binding energy towards higher values than in
reality. The superposition of this shifted signals produces the background or secondary
spectra. In oder to permit a quantitative analysis of the XPS spectra, it is necessary
to determine the true shapes and integral intensities of the peaks. To this end, non-
trivial background corrections are applied [Shirley, 1972]. Shirley proposed a method
in which the background consists of contributions to the data from the scattering of
low-energy electrons. The results are in most cases insufficient. In a series of papers,
the Tougaard algorithm is presented [Tougaard, 1987; Tougaard and Jørgensen, 1984;
Tougaard and Sigmund, 1982]. It was shown that the measured spectra j(E) include
proper photoelectron spectra F (E) and the background:

j(E) = F (E) + λ(E)

∞∫
E

K(E,E − E ′)j(E)dE ′ , (2.46)

where the loss function K(E,E ′ − E) describes the probability of losing the energy
T = E ′ − E during a mean free path travel for an electron with energy E. A
reasonable approximation for the universal loss function λ(E)K(E, T ) can be made
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2.4 X-ray absorption spectroscopy

for many materials:

λ(E)K(E, T ) ≈ B(T )

[C + T 2]2
, (2.47)

where B and C are two constants. Tougaard’s function must be regarded only as
a good empirical curve [Tougaard et al., 1991; Tougaard and Jansson, 1992, 1993].
The provided correction is, however, sufficient for the most of XPS spectra.

2.4 X-ray absorption spectroscopy

As introduced in section 2.2.1 about the X-ray absorption process, a core electron is
excited into an empty state of the conduction band, making XAS a powerful technique
for probing the unoccupied densities of states of the electronic structure. Like X-ray
photoemission spectroscopy, XAS yields valuable information about the chemical
composition. Furthermore, XAS is sensitive with respect to the local symmetry of
the probed element (e.g. the symmetry of a crystal field around a transition metal
ion). The transition probability of the absorption process – an excitation from a
ground state Ψin to a final state Ψfin – can be described by Fermi’s Golden Rule,
analogue to the XPS process in dipole approximation, since the electric quadrupole
transition probability is negligible:

ω =
2π

~
| 〈Ψfin | êr | Ψin〉 |2 δ(Efin − Ein − hν) . (2.48)

Usually the wave functions Ψin and Ψfin cannot be exactly described, and the theo-
retical calculation of the X-ray absorption cross-sections is treated as a one electron
approximation. Assuming that only one core hole and a corresponding electron are
created, the initial state wave function can be denoted as a core hole wave function
c and the final state wave function be treated as a free electron wave function ε.
This reduces the dipole matrix element to a single electron matrix element M , only
slightly varying in energy or even practically constant:

| 〈Ψfin | ê r | Ψin〉 |2=| 〈Ψfincε | ê r | Ψin〉 |2≈| 〈ε | ê r | c〉 |2≡M2 . (2.49)

Denoting the unoccupied density of states by ρ, the one-electron approximation leads
to the following X-ray absorption intensity:

IXAS ∝M2ρ . (2.50)

Due to the dipole selection rules, only transitions leading to a change of the angular
momentum quantum number ∆l = ±1 and conserving the spin ∆s = 0 are allowed
(for quadrupole transitions the selection rule is ∆l = ±2, 0). In particular, the z-
components of the spin and orbital momentum have to change, such that ∆ms = 0
and ∆ml = ±1, 0, that can be provided by linearly polarized light.

In this work mostly the XAS transition metal L absorption edges (2p → 3d tran-
sitions) are observed and investigated. Figure 2.12 displays a Mn L edge absorption
spectrum of a manganese containing organo-metallic complex. Notably, the spec-
trum is separated due to spin-orbit coupling into 2p3/2 (L3 edge) and 2p1/3 (L2 edge)
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Figure 2.12: Example of an XAS spectrum recorded at the Mn L edge of a
organo-metallic compound (MnStar molecule).

features. As discussed in the multiplet model section 2.1.3, the shape of the Mn L
edge XAS spectrum is dominated by multiplet effects due to the transitions to the
empty 3d state. In XPS the electron leaves the atom, actually the solid, thus only
the sharp 2p3/2 and 2p1/3 peaks are observed.

The XAS can be separated into two spectral regions, commonly named Near-
Edge X-ray Absorption Fine Structure (NEXAFS) which reflects excitations of the
photoelectron into the unoccupied states, and the Extended X-ray Absorption Fine
Structure (EXAFS). In the latter, the photoelectron treated as a wave is excited into
the continuum, and its superpositions of scattering on the surrounding atoms leads to
characteristic features in the XAS, at photon energies well above the corresponding
NEXAFS threshold.

Please refer to literature for a more general and comprehensive treatment of X-
ray absorption spectroscopy: [de Groot and Kotani, 2008; Stöhr, 1992; Stöhr and
Siegmann, 2006].

2.4.1 X-ray magnetic circular dichroism

The use of linearly polarized light for the excitation of an electron reveals the isotropic
X-ray absorption spectrum including all possible transitions allowed by the dipole
selection rules ∆l = ±1 and ∆s = 0, including the change of ∆ms = 0 and
∆ml = ±1, 0. The transition intensity is measured as the white line intensity and is
proportional to the number of d holes, N .

By use of circularly polarized X-rays the spin moment and orbital moment can be
determined from the dichroic difference intensities. Whenever 2p→ 3d transitions in
a magnetic material are excited by circularly polarized X-rays, spin polarization is
observed. Due to the transition selection rules ∆ml = +1 for left circular polarized
and ∆ml = −1 for right circular polarized X-radiation [Ebert, 1996], in combination
with the spin-orbit split 2p1/2, 2p3/2 core levels (j = l ± s), preferentially either
majority or minority spin carriers are excited to the unoccupied 3d states, depending
on the light helicity.

This effect can be phenomenologically explained by an interaction of the photon’s
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2.4 X-ray absorption spectroscopy

angular momentum LPh = ±1 with the different electron spins in the 2p core level
via the spin and orbital angular momentum coupling leading to spin polarized pho-
toelectrons. Secondly, the 3d band acts as a spin and angular momentum detector
[Stöhr and Siegmann, 2006]. As a result, different absorption coefficients µ+ and

398 9 Interactions of Polarized Photons with Matter

Fig. 9.16. Schematic of processes, spectra, and intensities underlying the quantita-
tive determination of valence band properties such as the number of empty d states
Nh, and the spin moment ms = µB(N↑

h − N↓
h ) = µB(N+ms

h − N−ms
h ) and orbital

moment mo = µB(N+m�
h −N−m�

h ). At the bottom we indicate the relationship be-
tween measured spectral intensities and the valence band properties. Note the sign
of the dichroism difference intensities. In the shown cases we have A < 0 and B > 0

For the special case of the transition metal L-edges one needs to determine
the total core to valence intensity given by the sum of the two spin–orbit split
components as shown in Fig. 9.16a and (9.103) takes the form [102]

〈IL3 + IL2〉 = CNh . (9.104)

If the X-ray absorption spectrum is determined in terms of the absolute cross-
section (with the dimension [area]) then the measured intensity I, given by
the energy integration of the cross-section, has the dimension [area × energy],
and therefore C is typically given in conventional units of [Mb eV]. For the
3d transition metals it has a value of about 10 Mb eV (see Fig. 9.17) [384].

In order to derive the magnetic spin moment for the 3d transition metals
according to a sum rule due to Carra et al. [101] we also need to carry out an
average as proposed by Stöhr and König [102]. One uses circularly polarized

Figure 2.13: Electronic transitions in conventional L-edge X-ray absorption (a).
(b) and (c) comprise an illustration of X-ray magnetic circular dichroism a one-
electron model. The transitions occur from the spin-orbit split 2p core shell to
empty conduction band states above the Fermi level (taken and adopted from
Stöhr and Siegmann [2006]).

µ− are detected for the two helicities. With an external magnetic field, all spins in
a magnetic material (the magnetization M) can be aligned parallel to the photon
angular momentum LPh of the circular polarized X-rays. That provides the quan-
tization axes and therefore a maximum XMCD effect during the experiment. The
XMCD signal is then defined as the difference (µ+ − µ−).

For instance, let us consider a transition metal L edge spectrum of a sample with a
fixed magnetization as mentioned above, recorded with right circular X-ray helicity:
here, the L3 absorption peak will be more intense than the L2 peak. This effect can
be reversed either by changing the helicity or by switching the sample magnetization.
Figure 2.13 comprises all the information in a simple schematic, whereas Figure 2.14
illustrated the dipole selection rules applied to an absorption of a right circular polar-
ized photon together with the respective Clebsch-Gordan coefficients. The dichroism
effect depends on three important parameters [Stöhr and Siegmann, 2006]:

• the degree of circular photon polarization Pcirc;

• the expectation value of the magnetic moment of the 3d shell 〈m〉;
• the angle θ between the directions of the photon angular momentum LPh and

the magnetization M.

This can be summarized into the following dependence of the XMCD intensity,

IXMCD ∝ PcircM · LPh ∝ Pcirc 〈m〉 cos θ . (2.51)
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Figure 2.14: Schematic of the right circular polarized photon absorption by
atomic p1/2 and p3/2 multiplets. The |j,mj〉 primary state are represented by
linear combinations of |l, s,ml,ms〉 eigenstates in order to illustrate the dipole
selections rules. The relative transmission rates are given for the |l, s,ml,ms〉
eigenstates including the Clebsch-Gordan coefficients by the values at the arrows
(taken from Kapusta et al. [1999])

The most striking feature of the X-ray magnetic circular dichroism is the possibility
to extract the element selective separated distribution of spin and orbital angular
momentum. Schütz et al. have performed the first experimental verification of the
XMCD effect in 1987 [Schütz et al., 1987]. Since then, the XMCD technique in XAS
has attracted more and more interest, being an outstanding experimental method for
the investigations of magnetic materials. The combination of the increasing avail-
ability of tunable X-radiation with high brilliance of synchrotron facilities allows,
among other things, time-dependent investigations on nano-sized magnetic materi-
als. Magnetic molecules have also led to many interesting XMCD studies of magnetic
phenomena [Stöhr and Siegmann, 2006].
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2.5 X-ray emission spectroscopy

2.4.1.1 The XMCD sum rules

The spin dependent dichroism effect during the 2p→ 3d absorption process depends
on the unequally distributed majority and minority spins in the 3d band leading to
a probable magnetic moment. For those transitions, the spin and orbital magnetic
moments can be evaluated by applying mathematical expressions commonly known
as the XMCD sum rules, which were theoretically derived, based on the magneto-
optical sum rules, by Thole and Carra et al. [Carra et al., 1993; Thole et al., 1992]
and later reformulated by Chen et al. [Chen et al., 1995]. The sum rules modified by
Chen et al. are given in the equations (2.52) and (2.53), providing expressions that
reveal the unambiguously decomposed ground state spin and orbital angular magnetic
momentum mspin and morb from an experimental TM L edge XMCD spectrum in
units of µB/atom, respectively.

mspin = −
6
∫
L3

(µ+ − µ−) dω − 4
∫
L3+L2

(µ+ − µ−) dω∫
L3+L2

(µ+ + µ−) dω
(2.52)

× (10− n3d)

(
1 +

7 〈Tz〉
2 〈Sz〉

)
;

morb = −
4
∫
L3+L2

(µ+ − µ−) dω

3
∫
L3+L2

(µ+ + µ−) dω
(10− n3d) . (2.53)

n3d is the 3d electron occupation number of the specific transition metal atom. The L3

and L2 denote the integration range. In other words, the integral is the notation for
the area (sign sensitive) below the respective spectra region. 〈Tz〉 is the expectation
value of the magnetic dipole operator and 〈Sz〉 is equal to half of mspin in Hatree
atomic units. Usually for atoms in cubic symmetry, the term 7〈Tz〉/2〈Sz〉 � 1 and
can be omitted. ω represents the energy scale and the term [µ+− µ−] represents the
dichroic signal. Normally, the spin and orbital magnetic moments are normalized to
the “unpolarized” X-ray absorption spectrum [µ+ + µ0 + µ−] [Carra et al., 1993]. It
is important to note that in (2.52) and (2.53) the linear polarized spectrum µ0 was
replaced by [µ+ + µ−]/2 [Chen et al., 1995; Stöhr and Siegmann, 2006].

Please refer to section 3.5 for a detailed explanation of the evaluation of the mag-
netic momenta.

2.5 X-ray emission spectroscopy

In section 2.2 the two possible relaxation processes were already briefly discussed:
The excited atom relaxes either by emitting an X-ray photon (fluorescence) or by an
ejection of a second electron (Auger process). This section is contributed to give a
deeper insight to the photo in-photon out X-ray emission spectroscopic techniques. In
the case of X-ray emission the following dipole selection rules are relevant: ∆l = ±1
and ∆j = ±1, 0. Due to the fact that the probability of relaxation through electric
dipolar emission is more than twice larger than corresponding electrical quadrupoles
or magnetic dipole relaxation, the latter two are often negligible, particularly in X-ray
emission spectroscopy (NXES) [Brundle and Baker, 1979].
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Figure 2.15: Schematic of the main X-ray emission lines in the K and L series
(after Brundle and Baker [1979]).

2.5.1 Resonant X-ray emission spectroscopy

The X-ray scattering cross-section can be modeled by the Kramers-Heisenberg equa-
tion [Kotani and Shin, 2001; Kramers and Heisenberg, 1925]:

F (Ω, ω) =
∑
f

∣∣∣∣∣∑
m

〈f |T |m〉〈m|T |i〉
Ei + Ω− Em −mΓm

∣∣∣∣∣
2

· δ(Ei + Ω− Ef − ω) (2.54)

This expression describes an X-ray scattering process, where a photon with the energy
Ω excites a material resulting in a relaxation, thus, the emission of another X-ray
photon carrying the energy ω. In equation (2.54) |i〉 and |m〉 denote the initial and
the intermediate states with energies Ei and Em, respectively. |f〉 and Ef stand for
the final state configuration and the respective energy. The transition operator is
given by T . Γ describes the spectral broadening which is due to the core hole lifetime
in the final state).

As discussed in section 2.2, RIXS is a second order process comprising the X-ray
absorption and the X-ray emission processes. That is formulated in the Kramers-
Heisenberg equation by the transitions from |i〉 to |m〉 as X-ray absorption and the
emission from the |m〉 state to |f〉. Therefore it is clear that if the final state |f〉
is the same as the initial state |i〉, the equation (2.54) describes a resonant elastic
X-ray scattering (REXS) spectrum. When |f〉 is not the same as |i〉, it denotes
the resonant inelastic X-ray scattering (RIXS) process. A mixing of both kinds of
X-ray scattering processes are included, F (Ω, ω) reveals the complete resonant X-
ray emission spectrum (RXES). Figure 2.16 delivers a description of the differences
from X-ray absorption and resonant elastic X-ray scattering as transitions between
quantum mechanical states which are products of electronic and photon states. The
X-ray absorption process is a first-order transition process between an initial state |i〉
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Fig. 9.8. Description of X-ray absorption and resonant elastic X-ray scattering as
transitions between quantum mechanical states which are products of electronic and
photon states. The X-ray absorption process corresponds to a first-order transition
process between an initial state |i〉 and an excited state |f〉. The resonant scattering
process is a second-order process that involves intermediate states |n〉. The system
can pass through the intermediate states in a virtual sense that does not require
energy conservation until the final state |f〉 is reached

Hint
e =

e

me
p ·A . (9.54)

Since in free space E = −∂A/∂t this expression means that the electronic
transition is driven by the electric field E of the EM wave. The states and
energies in (9.53) reflect those of the combined photon plus atom system. The
wave functions |i〉 and |f〉 are products of electronic and photon states and
the energies are sums of electronic and photon energies. The quantity ρ(εf )
is the density of final states per unit energy.

The first-order term in (9.53) was originally derived by Dirac [367] and
called by Fermi the “Golden Rule No. 2” [370]. It is therefore often called by
the somewhat misleading name Fermi’s golden rule. The second-order term,
referred to by Fermi as “Golden Rule No. 1” [370], was originally derived
by Kramers and Heisenberg [366] and today is usually called the Kramers–
Heisenberg relation. It gives the transition probability from |i〉 to |f〉 via a
range of virtual intermediate states |n〉. The system can pass through the in-
termediate states in a virtual sense that does not require energy conservation
until the final state is reached. This energy conservation is reflected by the
delta function that involves only the initial and final states. With the dimen-
sions of h̄ [energy × time], ρ(εf ) [1/energy] and |Hint|2 [energy2], we obtain
the dimension of Tif as [1/time].

The total cross-section is obtained from the transition probability per unit
time Tif by normalization to the incident photon flux Φ0.

σ =
Tif

Φ0
. (9.55)

Figure 2.16: Description of the differences from X-ray absorption and resonant
elastic X-ray scattering (see text for details) (taken from [Stöhr and Siegmann,
2006]).

and the excited state |f〉. The resonant scattering process is a second-order process
that includes an intermediate state |n〉. The system can (virtually) pass the interme-
diate state. Energy conservation is not required until the final state |f〉 is reached.
That implies that in the RIXS process the initial and the final state have the same
parity, originating from the two (virtual) dipole transitions. Therefore, crystal-field
excitations between d-orbitals of different symmetries are allowed (commonly known
as d-d-excitations). The strong charge transfer effects occurring in transition metal
compounds are also present in RIXS, besides the low energy excitations [Hüfner,
1995; Kotani and Shin, 2001].

Another interesting fact is that the information of the ground state revealed by
RIXS is due to an intermediate core excited state. The excitation energy of the final
state Eexc is given by hν2 = hν1 −Eexc, considering the energy conservation rule. ν2

and ν1 denote the scattered and incident photon energies, respectively. Notably, Eexc

is not present in this relation, meaning the spectral broadening is only limited to
the experimental setup, i. e. beamline (monochromator) and spectrometer and not
dependent of the lifetime of the intermediate excited state [Rubensson et al., 1997].

2.5.2 Normal X-ray emission spectroscopy

The Kramers-Heisenberg equation can also be used to describe the normal X-ray
emission spectroscopy (NXES), if one assumes the incident photon energy Γ to be
well above the x-ray absorption threshold. With a sufficiently large Ω, a core electron
is excited by the incident photon into a high-energy continuum, namely into the
photoelectron state |φε〉 with energy ε. In this case the spectral shape does not
depend on Ω, in NXES the core hole creation is correlated with the x-ray emission
process. It is often possible to describe NXES within the energy-band model. By
taking into account a one-electron approximation, equation (2.54) reduces to

F (Ω, ω) = ρt2
∑
m

|〈ρf |t|ρm〉|2
(ω − εm + εf )2 + Γ2

m

. (2.55)
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The NXES spectrum gives the partial DOS, which is symmetry-selected by the dipole
transition |〈ρf |t|ρm〉|2, broadened by the lifetime broadening Γm of the intermediate
state.

2.6 Magnetic measurements

DC susceptibility and magnetization are the standard magnetic measurements per-
formed on solids and clusters. These measurements are of fundamental importance
for the description of the low-lying levels and for the determination of the nature of
the ground state and of its zero-field splitting. These techniques are well known and
available in many laboratories [Miller and Drillon, 2002].

DC magnetic measurements determine the equilibrium value of the magnetization
in a sample. A constant magnetic field is applied to the sample, the sample is magne-
tized and the magnetic momentum is measured. This gives a DC magnetization curve
M(H) or M(B), respectively. The momentum can be measured by force, torque or
induction techniques. In modern instruments the inductive method is usual.

The Faraday law is used to extract useful informations by moving the sample
relative to a set of pickup coils:

Uind = −dΦ

dt
= −d(B ·A)

dt
= −

[
dB

dt
·A + B · dA

dt

]
. (2.56)

The movement is done by vibration, one-shot extraction or linear extraction using a
stepping motor. The common way to get the information is to measure the voltage
in a set of copper pickup coils, which occurs by moving the magnetic momentum of
the sample.

Applying the Biot-Savart law, the magnetic momentum of the sample is calculated
taking into account the motion of the sample and the variation of the magnetic flux
in dependence of the position:

dB =
µ0

4π

Idl× r̂

r2
or (equivalently) dB =

µ0

4π

Idl× r

r3
(2.57)

2.6.1 SQUID magnetometer

For the detection of very low magnetic field strength, superconducting quantum inter-
ference devices (SQUID magnetometer) are used. Their extremely high sensitivity to
tiny variations in the magnetic field strength (as low as 5·10−18 T, within a few days

of average) and their very low noise levels of 3 fT/
√

Hz is based on superconducting
loops containing Josephson junctions.

Superconductivity and the Josephson effect – based upon the tunneling effect –
is central to the operation of SQUIDs: Superconductivity is described as the result
of a correlated motion of electrons in a solid. The formation of pairs of electrons
called Cooper pairs is a part of this correlation. All Cooper pairs can be described
by a unique wave function in a superconductor (BCS theory of superconductivity
[Bardeen et al., 1957a,b; Cooper, 1956]). Two such superconductors joined together
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by a thin insulating or normal conductive layer of a few nm are commonly known as
Josephson junctions. During Josephson tunneling the Cooper pairs move from one
superconductor to the other across those junctions, due to the coupling of the two
superconductor’s Cooper pair wave functions. Tunneling of such pairs of electrons
through the Josephson junctions is responsible for the Josephson current. It occurs
also without the application of a DC current and is described by

Is = Ic sin ∆ϕ , (2.58)

where ∆ϕ is the phase difference of the wave functions across the junction. Ic the
critical current of the Josephson junctions and therefore an important phenomeno-
logical parameter of the device that can be affected by temperature as well as by
an applied magnetic field. The number of back and forth tunneling Cooper pairs is
identical and no net current can be observed (∆ϕ = 0) implying that no voltage can
be measured at the Josephson junctions.

If a DC current is applied across the superconductors, the wave functions are
shifting (∆ϕ 6= 0) and a net current is crossing the insulator in the corresponding
direction. Since Iext < Ic the Josephson junctions still behave superconducting and
the current is carried by Cooper pairs. This is the DC Josephson effect, and the
Josephson current may take values between −Ic and Ic. Equation (2.58) is known as
the 1st Josephson equation.

If Iext is increased above Ic some Cooper pairs become uncoupled, and also single
electrons tunnel through the barrier, leading to the drop-out of a voltage U over the
isolating junction. The phase difference varies linearly with time

∂∆ϕ(t)

∂t
=

2π

Φ0

U with Φ0 =
h

2e
, (2.59)

leading to an AC current oscillating at high frequency f = 2eU/h (Josephson fre-
quency). Φ0 is the magnetic flux quantum1. This equation is commonly known as
the 2nd Josephson equation and the AC Josephson effect [Josephson, 1962, 1974]. A
voltage of 1 mV comply with a frequency of f = 483.5979 GHz.

The presence of magnetic fields near the superconductors influences the Josephson
effect, allowing it to be used to measure very weak magnetic fields. The magnetic
field dependent 1st Josephson equation is given below:

Is = Ic sin

∆ϕ− 2π

Φ0

SC 2∫
SC 1

Adl

 . (2.60)

Here, A is the magnetic vector potential and the integral a line integral from the
superconductor (SC) 1 through the barrier to SC 2. The dependence of the phase
shift on the magnetic flux through the superconducting loop leads to variation of
the Josephson frequency. Thus, it can be used to detect very small changes in the
magnetic flux.

1Φ0 = 2.067 833 667(52)× 10−15 Wb
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The use of superconductors in magnetic fields is limited by the fact that strong fields
above a certain critical value, depending upon the material, cause a superconductor
to revert to its normal, or non-superconducting, state, even though the material is
kept well below the transition temperature. Thus, for extremely high magnetic fields
above 20 T [Uhlarz, 2009], conventional “resistive” magnet and pick-up coils are
necessary to produce the magnetic field and to detect the magnetic momentum of
the sample in question, respectively.

Additional techniques which are becoming increasingly important are: AC mag-
netic measurements for the determination of the dynamic susceptibility, Can-
tilever magnetometry for a direct measurement of the magnetic anisotropy in
small single crystals, and mircoSQUID array techniques for the investigation of
very small crystals and magnetic molecules [Wernsdorfer and Sessoli, 1999].

2.7 Instrumentation

2.7.1 Indispensable: ultra high vacuum conditions

Ultra-high vacuum (UHV) conditions are required when performing X-ray spectro-
scopic measurements. Thus, all components of the main chamber are kept under
UHV during the experiments. Several important reasons can be mentioned why
such conditions are indispensable during core level spectroscopic measurements at
the synchrotron facilities and the local XPS system:

1. Storage ring: The ring current of a few hundred mA bunches for several hours
implies that collisions of electrons with gas atoms are as rare as possible.

2. Beamlines: to avoid an absorption of the X-radiation and to keep mirrors,
gratings and other beamline components clean.

3. XPS main chamber & XAS, XES endstations: The photoelectrons and photons
emitted by the sample have to reach the corresponding analyzer/detector with-
out being scattered by gas molecules. Additionally, it is a must to work with
clean sample surfaces.

4. Since XPS and XAS (depending on the detection technique) are very surface
sensitive, UHV conditions must be ensured in order to make measurements
over several hours possible without letting surface contamination become a too
severe problem.

This is accomplished when the basic pressure is in the 10−7 mbar range for beamline
endstations and XPS and in case of the storage ring in the 10−12 mbar region. Several
adequate vacuum pumps are combined to create the necessary vacuum conditions,
for example: turbo molecular, sputter, and sublimation pumps. During the recording
of the XPS, XAS and XES spectra presented in this work the base pressure in the
main chambers was maintained in the 10−8 mbar region.
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2.7 Instrumentation

2.7.2 The PHI 5600ci multi-technique XPS system

All XPS experiments presented in this work were performed with a commercially
available spectrometer – the local PHI 5600ci Multi-Technique System produced by
the Perkin Elmer Corporation. Figure 2.17 shows a schematic of the spectrometer.
The PHI 5600ci is equipped with a dual Mg/Al X-ray anode. X-rays are produced

Al X-ray anode

Monochromator

Sample

Vacuum-
chamber

Elektron
gun

Electron
optic

16- Channel
Detector

Hemispherical
Analyzer

Ion gun

Al/ Mg-
Anodes

To the preparation chamber

Figure 2.17: Schematic diagram of the PHI 5600ci multitechnique spectrometer
[Karla, 1999].

by bombardment of an anode at high positive potential with electrons emitted from
a hot filament at earth potential. The energies of Al Kα and Mg Kα radiations are
1486.6 eV and 1253.6 eV and their half widths for the unmonochromatized radiation
are 0.85 eV and 0.7 eV, respectively. The Al Kα radiation is monochromatized by
using an appropriate quartz crystal, which reduces the half width to ∼ 0.3 eV. The
crystal–sample–analyzer angle is fixed to 90◦. This is important for the corresponding
photoionization cross sections.

Analyzer After photo emission the electrons are focused with an electronic lens
system and afterwards filtered with respect to their kinetic energy by an 11 inches
hemispherical analyzer. Before electrons entry the analyzer, their kinetic energy is
reduced to a certain, desired pass energy Ep. This is necessary to ensure a constant
absolute resolution for the whole binding energy range (1400 eV - (-5) eV). If the
analyzer is operated in the mode commonly known as constant analyzer transmission
(CAT) one, only electrons with the energy Ep±∆E may pass the analyzer, where ∆E
denotes the absolute energy resolution. The usage of small pass energies increases
the absolute energy resolution of the recorded spectra but also reduces the overall
intensity of the XPS signal.

Neutralizer Superficial local charges can occur on the surface when measuring insu-
lating samples. This leads to a serious perturbation of the measurement. To prevent
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this, a low-energy electron gun can be used to compensate the charging. The accel-
erating potential can be chosen between 0 and 10 V at a maximal current of 25 µA.
The use of neutralizer is not at all trivial, both charge stabilized and narrow lines
are desired [Cazaux, 1990, 2000].

Sample preparation Usually the samples were sticked to a piece of carbon tape. To
avoid strong charging effects [Cazaux, 1990, 2000] of the sample surface, a small piece
of aluminum or copper foil aperture was used to assure a conductive connection of
sample surface and sample holder, i.e. spectrometer. In situ preparation was not
applied. The samples have been synthesized as polycrystalline powders and were
pressed on the carbon tape or as a pressed IR pellet to obtain a higher density and
a flat surface.

Calibration of the XPS spectra Even the spectra whose form is staple and well
resolved may undergo variations in their detected energy position by some eV, due
to different technical conditions. Therefore, all X-ray photoelectron spectra presented
in this work, were calibrated to the corresponding carbon 1s core level line of the
adsorbed carbon onto the surface. The carbon peaks were deconvolved according
to the chemical shifts and ratios of the different carbon bonds (O–C–O, C–O, C–N,
C–H) using Beamson and Briggs [1992] as reference or in case of the CrMn3 molecule
in addition to available earlier C 1s XPS measurements of the corresponding ligand
(pyridine) [Cheng et al., 2002].

2.7.3 Synchrotron radiation based experiments

An XAS/XMCD spectrum originates from the energy dependence of the absorption
coefficient. Therefore, the energy of the X-radiation has to be tunable. Nowadays,
high intensity and energy variable X-rays are provided by the by synchrotron radia-
tion (SR) facilities [Attwood, 1999].

2.7.3.1 Storage ring and insertion devices

Third-generation synchrotron sources appeared in the 1990s. The radiation is pro-
duced using a combination of focused electron beams and insertion devices. An
overview of all synchrotron radiation sources is provided at www.lightsources.org
[Lightsources Website, 2009]. In a synchrotron the electrons are generated and ac-
celerated to velocities close to the speed of light. Afterwards, they are injected into
a the storage ring; without the presence of an external magnetic field, the electrons
travel in a straight line. Therefore, insertion devices comprising different magnetic
structures are placed in the traveling path of the electron beam through the storage
ring. Within magnetic fields the electrons are accelerated by the Lorenz force. Due
to their relativistic velocity, the accelerated particles emit electromagnetic radiation
within a narrow intense cone tangential to their trajectory. The energy loss of the
electrons, which is due to the emitted radiation, can be compensated by using an
oscillating electric field in a radio frequency (RF) cavity.
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Various magnetic structures are available to bend the electron’s trajectory and
subsequently to distribute the SR to the beamlines, thus to the experimental end-
stations. The two most common insertion devices are the bending magnets and
the undulators. A storage ring including two different types of insertion devices is
schematically presented in figure 2.18. A bending magnet just bends the electrons in

Figure 2.18: A storage ring including two different types of insertion devices
(taken from Kuepper [2005]).

a single curved trajectory, so that a rather narrow cone of radiation is produced. The
spectrum is continuous over a wide energy range, e.g. 100-1000 eV. In an undulator
the electron beam is periodically deflected by weak magnetic fields from a larger
number of short dipoles with alternating polarity. The electrons oscillate through
this periodic magnetic structure leading to an emission of a coherent X-ray pulse at
each magnetic dipole which leads to constructive interference.

The overall emitted radiation is very intense and emitted within a very narrow cone
with small angular width. The spectral resolution of the radiation (usually ranging
over a few eV) is proportional to the number of undulator periods. A variation of
the magnetic field strength (i. e. the undulator gap between the magnets) shifts the
resonance wavelength. An increasing of the magnetic field creates relativistic effects
and causes a distorted motion of the electrons in the undulator. Many harmonics are
generated that mix into a continuous spectrum from IR to hard X-rays. Almost 100%
linearly and horizontally polarized X-rays can be obtained from an undulator using
upper and lower rows of permanent magnets. In order to perform experiments in
dependence of the polarization, especially if circular polarized radiation is required,
a combination of two undulators can be applied. The APPLE-type elliptical polar-
izing insertion device comprises horizontally separated magnet rows, meaning four
individual lateral slidable row of magnets. The sophisticated shifting of these rows
produces a helical field at the position of the electron beam revealing an elliptical or
even circular trajectory. Consequently, elliptically or circularly polarized radiation
is emitted. To change the polarization while staying at a fixed photon energy, both
undulator gap and offset of the four magnet rows have to be varied. In Figure 2.19 a
schematic of an APPLE type undulator is presented, showing also the three various
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Linear polarized
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Figure 2.19: Schematic APPLE device at different settings. Top panel: linear
mode without shift (linearly horizontally polarized light). Middle panel: circu-
lar mode. The shift (λ/4) is set to the position with equal amplitudes of the
horizontal and vertical magnetic fields (quarter period of the magnetic struc-
ture). Lower panel: linear mode with shift set to half period (λ/2) (linearly
vertically polarized light) of the magnetic structure (by M. Räkers, adapted
from BESSY Webseite [2009]).

settings to obtain different polarizations.
Synchrotron radiation is a very wide quite interesting field of physics, including

accelerator physics, particle beam optics, storage ring design, insertion devices, free
electron lasers and the non-trivial physics beyond. Please refer to the corresponding
books or lecture notes [Attwood, 1999; Lightsources Website, 2009].

2.7.3.2 Beamline and endstation

As discussed above the radiation produced by a synchrotron is polychromatic. To
record a XAS spectrum, tunable monochromatic X-rays are required. To filter the
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Figure 2.20: Common undulator beamline layout for beamline 8.0.1 at the Ad-
vanced Light Source (ALS) at the Lawrence Berkeley National Laboratory.

desired wavelength, a monochromator is installed in the beamline. In the case for
hard X-rays , the monochromator is based on crystal optics (Bragg’s law). Soft X-ray
absorption experiments have much longer wavelengths. Below 800 eV photon energy,
no appropriate natural crystals are available for diffraction and artificial gratings have
to be used. Those gratings have a much larger d-spacing than crystal optics, and
are used with very grazing incident angles to tune the correct energy range. The
combination of entrance and exit slit widths tune the spectral resolution of the X-
radiation refocused onto the sample surface by a mirror. For the XAS and (R)XES
experiments performed in this work, two different types of X-ray monochromators
have been used; the plane grating monochromator (PGM) and the spherical grating
monochromator (SGM) [Peatman, 1997]. In figure 2.20 the layout of beamline 8.0.1
at the Advanced Light Source is presented. The results presented in this work have
been obtained from measurements at the beamlines 8.0.1 and 4.0.2 of the at the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, Berkeley,
USA.

Beamline 8.0.1 The (R)XES measurements and the corresponding XAS have been
performed at the beamline 8.0.1 (Figure 2.20). The beamline operates over the energy
range from 65 to 1400 eV (at 1.5-GeV electron-beam energy) using a 5-cm-period
undulator and a spherical-grating monochromator (SGM) with three interchangeable
gratings.[Advanced Light Source, 2009b]. The spectral resolution (typically E/∆E
has been set to around 1000-3000) can be selected with help of the entrance and exit
slits. The spectra were recorded using the soft X-ray fluorescence (SXF) endstation
of the University of Tennessee in Knoxville and the Tulane University in New Orleans
[Jia et al., 1995]. It has a variable spectrometer entrance slit; the emitted photons
arising from the sample fluorescence are analyzed by four interchangeable gratings
which are in a Rowland geometry with a multichannel plate detector.

Beamline 4.0.2 The XMCD experiments were carried out at beamline 4.0.2. It is
equipped with an elliptically polarizing undulator and a high resolution variable-
included-angle PGM monochromator that covers the energy range between 50 and
2000 eV for arbitrary, user selectable polarization of the incoming photons. Linear
polarization continuously variable from horizontal to vertical, left and right circular
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Figure 2.21: Picture of the cold stage of the XMCD endstation including the
cryostat and the IR heat shield together with a schematic of the 3He cryostat.

(or elliptical) polarization in an energy range of 50-1900 eV is available [Advanced
Light Source, 2009a]. For a detailed description of the beamline design refer to [Young
et al., 1999].

The experimental endstation consists of an UHV chamber housing a commercial
6 T superconducting magnet and a sample stage attached to a liquid He bath cryostat.
To minimize heating by infrared (IR) radiation, the sample stage of the cryostat is
equipped with a heat shield cooled by liquid helium (see Figure 2.21). With this
setup, sample temperatures of 5 K are obtainable [Funk et al., 2005].

2.7.4 Magnetic measurements

The SQUID measurements where done by Sumit Khanra in the group around Prof.
Phalguni Chaudhuri at the Max Planck Institute for Bioinorganic Chemistry in
Mülheim a. d. Ruhr, Germany. The temperature and field dependent magneti-
zation measurements of the CrMn3 molecule were performed in the range 2 to 290 K
at 1, 4 or 7 T on a Quantum Design MPMS SQUID-Magnetometer.

The high-magnetic field measurements were performed by Marc Uhlarz at the High-
field laboratory of the Forschungszentrum Rossendorf-Dresden e.V., Germany, using
a Quantum Design PPMS (14 T) Magnetometer. The field dependent magnetization
measurements of the CrMn3 molecule were performed in at the temperatures 1.8,
4.2, 10, 20, 30, 50, 100 K in a magnetic field of 0-14 T.

The samples were encapsulated in gelatin capsules and the response functions were
measured for each given temperature. The resulting volume magnetization from
the samples had its diamagnetic contribution compensated and was recalculated as
volume susceptibility. Diamagnetic contributions were estimated for each compound
by using Pascal’s constants [Bain and Berry, 2008].
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3 Star-shaped Molecule of MnII
4 O6 Core with

an St=10 high-spin State

In the present chapter a experimental and theoretical study of a star-shaped high-spin
molecule is presented. Besides SQUID, XPS, XMCD (XAS) and XES measurements,
charge transfer multiplet model and DFT calculations are used to interpret the ex-
perimental results. The strong collaboration between chemists and theoreticians was
essential: The molecule was synthesized and magneto-chemical characterized by Prof.
Phalguni Chaudhuri and co-workers from the Max Planck Institute for Bioanorganic
Chemistry in Mülheim, Germany. The DFT calculations were performed by Prof.
Andrei Postnikov from the Paul Verlaine University in Metz, France. This work has
been already published: Khanra, Kuepper, Weyhermüller, Prinz et al. [2008].

3.1 Introduction

Exchange coupled polymetallic complexes, in which spin coupling between paramag-
netic metal ions is propagated via bridging atoms, are of special interest to researchers
who seek new molecule-based magnetic materials [Gatteschi et al., 1991; Kahn, 1993]
displaying interesting electronic properties.

The intimate relationship between spin coupling and molecular structure has fos-
tered, on the other hand, the emergence of molecular magnetism as a multidisci-
plinary field [Christou et al., 2000; Gatteschi and Sessoli, 2003]. The fundamental
understanding regarding the factors that determine the spin states of polynuclear
transition metal complexes owes much to the study of model compounds where mag-
neto structural correlations can be established in a systematic way.

To achieve this goal, the influence of parameters such as the symmetry of magnetic
orbitals, the nature of bridging and terminal ligands, and changes in coordination
geometry is being studied.

Surprisingly, few studies of the influence of the molecular topology on the magnetic
properties of coordination complexes have been performed [Hodgson et al., 1991;
Lloret et al., 1990]. For example, the chromium(III) analogue of the Werner’s hexol,
[CrIII{(OH)2CrIIIen2}3](ClO4)6 exhibits a high spin St = 3 ground state [Andersen
and Berg, 1978; Güdel and Hauser, 1980] owing to its topology, as shown in figure 3.1.

A ferromagnetic-like behavior is obtained with a ground state characterized by a
large spin, although the interaction between the nearest neighbor Cr(III) ions (SCr

= 3/2) is antiferromagnetic. This effective ferromagnetic coupling between the outer
ions is very interesting in the context of synthesizing “high spin” molecules.

The best result would be obtained in a topology, where a maximum number of spins
align in the same direction, as shown above. The other two topological possibilities
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Figure 3.1: The chromium(III) analogue of Werner’s hexol.

for tetranuclear complexes namely the square and the linear arrangements, led in the
case of identical metal ions, to a diamagnetic ground state due to the equal number
of spins in each direction. Thus, it is possible to tune the magnetic properties of
polynuclear complexes by controlling the topology and the nature of the ions in
interaction. This approach is particularly promising for the synthesis of “high spin”
molecules.

Of particular concern in this context is the development of synthetic routes that
can provide high nuclear metal complexes with high spins in a controlled fashion.
Amongst the variety of methodologies applied to synthesize polymetallic coordination
compounds, the use of “metalloligands”, i.e. metal complexes as ligands, in which the
ligands already bound to one metal have free lone pair of electrons for coordination
to a second metal of the same or different kind, has proven to be very successful
[Chaudhuri et al., 1990; Kahn, 1995]; this route offers many potential advantages
over the self-assembled route in which no control upon the products that are formed
is possible, whereas the approach of using metalloligands proceeds step by step and
provides a route to gain control of the nuclearity in addition to the preparation of
species containing different metal ions, i.e. heterometallic complexes.

Since a few years Chaudhuri and co-workers have been favoring the strategy of using
“complexes as ligands” and have already reported star-shaped tetranuclear molecules
like NiII(NiIIL)3 [Pavlishchuk et al., 2002] CrIII(MnII-oxime)3 [Khanra et al., 2007]
as depicted below in the modular form (Figure 3.2). They generate the star-shaped
Mn4O6 motif by the use of a mononuclear, neutral Mn(II) complex MnIIL2, in which
the phenoxo-oxygen atoms of the tridentate ligand [L]− occupy the cis-position, as a
building block (Figure 3.2). In this Chapter the electronic and magnetic properties of
the star shaped molecule of Mn4O6 core [Mn4L6](BF4)2 · 2CH3CN·H2O (MnStar) are
explored. Similar to the Fe star molecule [Saalfrank et al., 2006; Takács et al., 2006]
it is expected that the spins of the outer three Mn ions will couple antiparallel to that
of the central ion leading to an overall ferrimagnetic coupling between outer Mn ions
and central Mn ion. Since the MnStar molecule comprises four Mn2+ ions (S=5/2
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Figure 3.2: a. Formula and abbreviations of the ligands used. b. The core-
structure of the MnStar illustrating the topology of the high-spin d5 Mn(II)-
ions. c. The concept of “metal complexes as ligands” is depicted in modular
form.

spin state) one expects a giant magnetic net moment of 10 µB/f.u. Although far
from trivial by means of chemical manipulation (crystallization with different ligands
and/or central ions) or deposition on surfaces, this relatively simple model system
allows an exact study of its chemical, electronic, and magnetic properties. To achieve
a complete characterization of the MnStar molecule a number of complementary
experimental and theoretical approaches were applied. One appealing finding is a
weak ferromagnetic coupling in moderate external fields of a few Tesla due to the
very weak nature of the intramolecular coupling constants. This leads to a “high
spin” molecule with an overall magnetic moment of 20 µB/f.u. in an ideal case.

This chapter is structured as follows: First the experimental and computational
details are described in the next section. Afterwards a short description of the syn-
thesis and a structural characterization is given. The next point is will be a detailed
analysis of the magnetic properties by means of SQUID and XMCD-techniques.
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A detailed discussion on the evaluation of the magnetic spin and orbital angular
momentum is presented, including background subtraction, saturation effects (Sec-
tion 2.2.6)and spin moment correction (Section 2.4.1.1). Whereas the SQUID method
tackles the overall magnetic properties of the compound in question, XMCD is well
known for its unique capabilities not only to be an element specific probe of the
magnetization but also to enable the separation into orbital and spin moment [Chen
et al., 1995; Funk et al., 2005].

The underlying mechanism of X-ray absorption spectroscopy (XAS) furthermore
gains deep insight into the local electronic structure of the Mn2+ ions. Besides
XAS the techniques of X-ray photoelectron spectroscopy (XPS) and X-ray emission
spectroscopy (XES) are tools of unique precision concerning the analysis of the spatial
distribution of the electron and chemical bonding of transition metal compounds,
including molecular magnets [Kuepper et al., 2005; Takács et al., 2006].

The latter probes are especially useful in combination with first principles electronic
structure calculations. A detailed analysis of the electronic valence band structure of
the Mn-star molecule by comparing experimental and theoretical results is performed.
Finally, the main conclusions are summarized.

3.2 Molecular structure of [Mn4L6](BF4)2·2CH3CN·H2O

The structure consists of discrete tetranuclear dications [Mn4L6]2+, tetrafluorobo-
rate anions, acetonitrile and water as solvent molecules of crystallization. A view
of the entire complex cation is given in figure 3.3. The crystallographic data for
the tetranuclear [MnII

4LH
6 ](BF4)2 · 2CH3CN·H2O complex is summarized in table

3.1. Relevant bond distances and angles are listed in table 3.2. The complex
cation in the [Mn4L6](BF4)2 compound can be described as three neutral [MnL2]0

units acting as bidentate ligands through the cis-disposed phenolate oxygens for the
central Mn(2) yielding the central Mn(2)O6 core. The peripheral three manganese
atoms Mn(1), Mn(1*) and Mn(3) form an isosceles triangular arrangement with the
centrally situated Mn(2) atom, as schematically shown in the left panel of Figure
3.4, with corresponding Mn–Mn distances. The labeling of corresponding interac-
tion parameters (to be discussed below) is introduced in the right panel of Figure
3.4. The bridging plane comprising the Mn2O2 atoms are strictly planar for Mn(3)
due to the imposed 2-fold symmetry, whereas mean deviation for the atoms involv-
ing Mn(1)O(35)Mn(2)O(15) is only 0.019 Å from the mean plane, thus lending the
tetranuclear cation a propeller shape, as is also evidenced by the dihedral angles
of 93.5◦ and 84.7◦ between the planes involving Mn(2)Mn(3)O2/Mn(2)Mn(1)O2 and
Mn(2)Mn(1)O2/Mn(2)Mn(1*)O2, respectively.

All apical manganese atoms, Mn(1), Mn(3) and Mn(1*), are coordinated to four
nitrogen atoms [pyridine nitrogens N(1), N(21) and azomethine nitrogens N(8) and
N(28) for Mn(1)] and two phenolate oxygens, O(15) and O(35), resulting in a six-
coordinated MnN4O2 core, which is attained by ligation of two deprotonated ligands
to each of the manganese atoms Mn(1), Mn(3) and Mn(1*). Although Mn(1) and
Mn(3) are crystallographically independent, their structural parameters are compa-
rable. The Mn-N bond lengths, as expected, are longer than the corresponding Mn-O
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Table 3.1: Crystal Data and Structure Refinement for the [MnII
4LH

6 ](BF4)2 ·
2CH3CN·H2O complex [Khanra et al., 2008].

Empirical formula C76H62B2F8Mn4N14O7

Formula weight 1676.78
Temperature, K 100(2)
Wavelength, Å 0.71073
Crystal system Tetragonal
Space group I41/a
Unit cell dimensions a = 17.0154(9) Å

b = 17.0154(9) Å
c = 53.619(4) Å
α = β = γ = 90◦

Volume (Å3), Z 15524.0(16), 8
Calculated density Mg/m3 1.435
Absorption coefficient, mm−1 0.717
F (000) 6832
Crystal size, mm 0.23 × 0.17 × 0.13
θ range for data collection (deg) 2.24 to 26.35
Refl. collected / unique 53622/7932 [Rint = 0.0338]
Absorption correction Gaussian, face-indexed
Refinement method Full matrix least-squares on F 2

Data/restraints/parameters 7843 / 0 / 507
Goodness-of-fit on F 2 1.028
Final R indices [I > 2σ(I)] R1 = 0.0353, wR2 = 0.0930
R indices (all data) R1 = 0.0571, wR2 = 0.1742
Largest diff. peak and hole 0.649 and -0.413 eÅ3

distances; on the other hand, Mn-N (pyridine) distances are longer than the Mn-N
(azomethine) bond lengths. The Mn-O (phenoxide) at average 2.141 Å and the Mn-N
at average 2.267 Å fall well within the ranges that are considered as normal covalent
bonds for high spin d5 Mn(II) ions and very similar to those for the mononuclear pre-
cursor [MnLR12]0. All cis-angles at the apical manganese centers deviate from ideal
90◦, the smallest for Mn(1) and Mn(2) being 72.14(6) and 71.65(6)◦ for the cis-angles
N(8)-Mn(1)-N(1) and N(48)-Mn(3)-N(41), respectively, indicating large angular dis-
tortions of the coordination environments. The central manganese atom Mn(2) is
surrounded by an almost perfect octahedron (maximum deviation of the twist angles
between the octahedral faces being 6◦) of six phenolato oxygen atoms O(15), O(35),
O(55) and their equivalents. The angle at the bridging phenolate oxygen, Mn-O
(phenolate)-Mn, varies only between 98.75(6) and 100.82(6)◦. The Mn(2)-O distance
of average 2.179 Å is significantly longer than the trivalent manganese-oxygen dis-
tances, ca. 2.00 Å indicating that Mn(2) is in a lower oxidation state than +III.
That the central Mn(2) ion must be ascribed to a +II (d5 high spin) oxidation is
borne out by the facts that (i) two tetrafluoroborate anions are present for maintain-
ing the electroneutrality of the dicationic [Mn4L6]2+ complex, (ii) the magnetic data
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Table 3.2: Selected Bond Lengths (Å) and Angles (deg) for
[Mn4L6](BF4)2·2CH3CN·H2O

Mn(1)· · ·Mn(2) 3.286 Mn(3)· · ·Mn(2) 3.322

Mn(1)-O(15) 2.139(14) Mn(2)-O(55) 2.17(14)
Mn(1)-O(35) 2.144(14) Mn(2)-O(55) 2.17(14)
Mn(1)-N(28) 2.214(2) Mn(2)-O(15) 2.181(14)
Mn(1)-N(8) 2.223(2) Mn(2)-O(15) 2.181(14)
Mn(1)-N(1) 2.288(2) Mn(2)-O(35) 2.186(14)
Mn(1)-N(21) 2.313(2) Mn(2)-O(35) 2.186(14)
Mn(3)-O(55) 2.141(14) N(50)-Mn(3)-N(42) 143.56(11)
Mn(3)-O(55) 2.247(14) N(10)-Mn(1)-N(2) 141.7(12)
Mn(3)-N(48) 2.226(2) O(15)-Mn(1)-O(35) 82.00(5)
Mn(3)-N(48) 2.226(2) O(55)-Mn(3)-O(55) 79.81(8)
Mn(3)-N(41) 2.337(2) O(55)-Mn(2)-O(55) 78.55(7)
Mn(3)-N(41) 2.337(2) O(15)-Mn(2)-O(15) 93.68(8)

O(55)-Mn(2)-O(15) 168.54(5)
Mn(1)-O(15)-Mn(2) 99.07(6)

can only be simulated by considering an SMn = 5/2 for the central Mn(2) center.
The molecules in the crystal are well separated from each other with the shortest
Mn· · ·Mn distance between neighboring complexes being 10.34 Å. The structural
parameters are very similar to those reported [Gao et al., 2005; Reddig et al., 2002]
recently of [Mn4L6](BPh4)2 and [Mn4L6](ClO4)2 complexes.

3.3 Experimental details

The soft XAS and XMCD-spectroscopy was performed at the elliptically polarizing
undulator beamline 4.0.2 of the Advanced Light Source (ALS), Berkeley, USA [Young
et al., 1999]. The samples have been sticked onto copper tape and mounted into a
cryostat equipped with a 6 Tesla superconducting magnet [Funk et al., 2002]. The
sample stage was connected to a pumped helium cryostat reaching a base temperature
of around 5.0 K during the experiments presented here. The measurements at the
Mn L edge have been recorded under external magnetic fields of different strength
in the total electron yield (TEY) mode.

The X-ray emission spectra were recorded at the soft X-ray fluorescence (SXF)
endstation at the undulator based beamline 8.0.1 of the ALS [Jia et al., 1995]. The
excitation energies were set to about 543.9 eV for the O K and 639.1 eV for the Mn
L3 edge, with an overall resolution (beamline plus spectrometer) set to around 1 eV
for the XES measurements.

The complementary XPS measurements were performed at the Department of
Physics, University of Osnabrück, Germany, using a PHI 5600ci multitechnique spec-
trometer with monochromatic Al Kα = 1486.6 eV radiation of 0.3 eV at FWHM.
The overall resolution of the spectrometer is 1.5 % of the pass energy of the analyzer,
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Figure 3.3: Molecular structure of the cation in the [Mn4L6](BF4)2 complex
[Khanra et al., 2008].

Figure 3.4: Left panel: distances (in Å) between Mn atoms in the “MnStar”-
molecule; right panel: labeling of corresponding different exchange parameters.
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0.35 eV in the present case. The XES and XPS measurements were performed at
room temperature.

The SQUID measurements were done as explained in section 2.7.4.

3.4 Computational details

3.4.1 Density functional theory calculations

The electronic structure calculations have been done within the density functional
theory (DFT) paradigm, technically using the Siesta calculation method [Soler et al.,
2002] and band structure code [SIESTA Website, 2009]. This implementation uses
norm-conserving pseudopotentials, which were in our case generated within the
Troullier-Martins scheme [Troullier and Martins, 1991]. The pseudopotential for
Mn has been constructed in the 4s1 3p6 3d5 4f 0 configuration of the valence states,
with corresponding pseudoization radii 2.00, 1.90, 1.90 and 1.50 Bohr in s- through
f -channels. The parameters of other pseudopotentials were as follows (charge con-
figuration followed by the corresponding radius in Bohr):

• H 1s1(1.25)2p0(1.25)3d0(1.25)4f 0(1.25)

• C 2s2(1.25)2p2(1.25)3d0(1.25)4f 0(1.25)

• N 2s2(1.25)2p3(1.25)3d0(1.25)4f 0(1.25)

• O 2s2(1.15)2p4(1.15)3d0(1.15)4f 0(1.15).

As for (atom-centered and strictly confined) basis functions, they were constructed
as pseudoatomic orbitals for given pseudopotentials, see e.g. [Junquera et al., 2001;
Sánchez-Portal et al., 1996]. They have been taken in (at least) double-ζ quality,
adding polarization orbitals for O and N (which are responsible for the chemical
bonding with Mn), and extending up to triple-zeta in the Mn 3d channel (and adding
polarization orbitals to Mn 4s). The spin density isosurfaces plots were prepared with
the XCrySDen software [Kokalj, 2003].

3.4.2 Charge transfer multiplet model calculations

The XAS and MCD line shapes of the Mn L2,3-edges were simulated using the TTmul-
tiplet simulation program [de Groot F. M. F., 1994, 2005]. First the energy levels of
the initial (2p63d5) and final state 2p53d6 were calculated in spherical (O3) symmetry.
The parameters include the spin orbit coupling of the 2p core and 3d valence band
electrons, the 3d3d as well as the 2p3d Slater integrals in the initial and final states
which are summarized in Table 3.3. The d-d and p-d integrals were reduced to 90% of
the values [Uozumi et al., 1997] shown in the table, whereas the spin-orbit parameters
were not reduced. Then a cubic crystal field (Oh symmetry) of 0.6 eV strength and
an internal exchange field of 0.05 eV were considered in the crystal field approach.
Finally admixtures of other configurations, namely a charge transfer configuration
3d6L was considered by performing additional monopole calculations for the initial
(between 2p63d5 and 2p63d6L) and the final (between 2p53d6 and 2p53d7L) state. The
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Table 3.3: Slater integrals used for the multiplet simulations of the Mn L2,3 XA-
and MCD-spectra. For the calculations the d-d and p-d integrals were reduced
to 90% of the values shown in the table, whereas the spin-orbit parameters were
not reduced.

2p63d5 2p53d6 2p63d6L 2p53d7L
initial state final state initial state final state

Slater integrals
F2

3d3d 10.316 11.155 9.073 9.972
F4

3d3d 6.414 6.943 5.591 6.157
F2

2p3d 6.321 5.653
G1

2p3d 4.606 4.059
G3

2p3d 2.618 2.305
Spin-orbit coupling

LS2p 6.846 6.847
LS3d 0.040 0.053 0.035 0.046

energy difference between the two configurations E(2p63d5) − E(2p63d6L) = ∆ was
set to 9.0 eV, which corresponds to the value found for MnO [Okada, K. and Kotani,
A., 1992]. For the comparison with the experiment, the lifetime broadening of the
2p core hole and the resolution of the spectrometer were taken into account.

3.5 Spin and orbital moment evaluation of the Mn L edge
XMCD

As already mentioned, the indirect X-ray absorption techniques, namely the total
electron and fluorescence yield methods are known to suffer from saturation and
self-absorption effects that are difficult to correct. The total electron yield detection
technique can be sensitive to the varying applied external high magnetic field, chang-
ing the electron detecting efficiency, i.e. the sample photo current. The fluorescence
yield method is insensitive to the applied magnetic field, but the measured signal is
intrinsically not proportional to the absorption cross section [Chen et al., 1995].

For all X-ray absorption spectra presented in this thesis, including the XMCD
spectra, the total electron yield detection technique was used. Due to the mentioned
effects of the magnetic field on the electron detecting efficiency, in a first step the
recorded spectra were corrected by a subtraction of linear backgrounds.

Even if the optimal sample alignment was used, meaning that the incident X-rays
and the surface normal were parallel to each other, one had to take into account self-
absorption effects. The correction was done after Nakajima et al. [1999] assuming
an electron escape depth of λe = 2 nm at the L3/L2 edges and X-ray penetration
depths of λx,L3 = 17 nm and λx,L2 = 52 nm. The XAS intensity at the L3/L2 edges
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is then corrected by the factor

f(θ, λx, λe) ≡
1

1 + λe/λx cos θ
, (3.1)

where θ is the angle between the incident X-rays and the surface normal. As men-
tioned above, here θ = 0◦. Together with the assumed λe and λx,L3 , λx,L2 the
following correction factors are evaluated: fL3 = 1.12 and fL2 = 1.04. For a more
detailed explanation of self absorption refer to Nakajima et al. [1999] and references
therein.

Following Chen et al. [1995], a simple no-free-parameter two-step-like function
have been adopted to remove the L3 and L2 edge jumps in the dichroic spectra, to
prepare the spectra for the evaluation of the spin and orbital angular momentum.
The thresholds for the two-step-like function has been set to the peak positions of
the L3 and L2 white lines. The height of the L3 (L2) step has been set to 2/3
(1/3) of the average intensity of the last 10 eV of the spectra, according to its
quantum degeneracy, 2j + 1. Finally, each step function has been convoluted with a
Voigt function to simulate the intrinsic linewidth and experimental resolution. Figure
3.5 shows the Mn L2,3 edge absorption spectra of the two different X-ray helicities
together with the MCD and XAS spectra given by squares. The solid lines represent
the MCD and XAS integrated signals. The values p, q and r labeled in the figure are
needed in the individual calculation of morb and mspin as follows:

morb =
4q(10− n3d)

3r
; (3.2)

mspin = −(6p− 4q)(10− n3d)

r
. (3.3)

Here, as mentioned in Section 2.4.1.1, the term 〈Tz〉 / 〈Sz〉 can be omitted. A larger
disagreement among the individual moments can be attributed to the possible vari-
ations in the two-step-like functions or the uncertainties in the circular polarization
degree of the incident photons.

During the measurements of the presented data, light with circular polarization of
90 % (either left or right) has been used1. Therefore, both equations were multiplied
by CPol = 1.1 to calibrate the evaluated moments to 100% X-ray polarization.

For a comparable analysis of the magnetic spin and orbital angular moments,
the analyzed photon energy range was fixed from 630 to 660 eV, implying also fixed
photon energy values E for the integrated intensities p, q and r, set to Ep = 647.5 eV,
Eq = Er = 660.0 eV.

Since Mn2+ ions are incorporated revealing a 3d5 configuration, n3d = 5 was used
and the momenta were calculated in µB/f.u.

Within the sum rules several approximations were made. Is is assumed that the
2p → 3d transitions occur in free atoms – many-particle effects are neglected. Fur-
thermore, the spin sum rules were derived assuming well separated core spin-orbit

1The used EPU5 at BL 4.0.2 of the ALS could also work with 100% left and right polarization, but this
setting needs much more time to switch the undulator gap and magnetic structure between the data points
of left and right polarization for each photon energy.
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Figure 3.5: L2,3-edge XAS and MCD of manganese in the MnStar compound:
a Absorption spectra for left and right circularly polarized X-rays. b and c
show the MCD and XAS spectra (squares) together with the corresponding
integrated signals (solid lines). The p and q shown in b and the r shown in
c are the three integrals needed in the sum-rule analysis. The two-step like
functions are already subtracted.
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multiplets in the final state of X-ray absorption. Meaning, the L3 and L2 edges
and corresponding multiplets have to be well separated on the energy scale to assure
that a separated integration of the corresponding absorption feature can be correctly
performed.

This is well provided by the L edge absorption spectra of the late 3d transition
metals like nickel, cobalt and iron. Applying the spin sum rule to the intermediate
transition metal ions like Mn or Cr is particularly difficult, and corrections have to
be made.

Teramura et al. [1996] have shown that the violation of the spin sum rule applied
to manganese can be more than 30%, due to the Coulomb interactions between
electrons, that mixes the L3 and L2 multiplet regions with each other. They provide
spin rule correction factors, which account for this mixing effect. The calculated
spin sum rule correction factor for Mn2+ ions including the full multiplet and the
crystal field with Oh symmetry is given by CTeramura, Mn2+ = 1/0.68 = 1.47. This
large deviation from the spin sum rule can be well understood plotting the density
of 2p3/2 and 2p1/2 components for all the final states as a function of the relative
photon energy. Figure 3.5 displays such a plot together with the absorption and
MCD spectra of the particular Mn2+ ion. It is observed that even the L3 and L2

regions are apparently well separated in the corresponding absorption and MCD
spectra, the separation of the two regions is not sufficient concerning all 2p53d6 final
states. More precisely, the 2p3/2 (2p1/2) component extends to the L2 (L3) [Teramura
et al., 1996].

Including the self-absorption corrections fL3 and fL2 affecting the integrated in-
tensities, the following adopted sum rules were used to evaluate the total spin and
orbital momenta of the manganese ions incorporated in the [Mn4L6](BF4)2 complex:

morb = CTeramura, Mn2+ · CPol ·NMn ·
4q(10− n3d)

3r
; (3.4)

mspin = −CPol ·NMn ·
(6p− 4q)(10− n3d)

r
. (3.5)

3.6 Magnetic susceptibility and VTVH measurements

Magnetic susceptibility data for the polycrystalline sample of the tetranuclear com-
plex [Mn4L6](BF4)2 were collected in the temperature range 2 - 290 K in an applied
magnetic field of 1 T. The magnetic moment µeff/molecule for the MnStar of 11.75 µB

(χM · T = 17.257 cm3 K mol−1) at 290 K increases monotonically with decreasing
temperature until the value of µeff = 12.428 µB (χM · T = 19.31 cm3 K mol−1) is
attained at 10 K, below which µeff decreases reaching a value of 7.99 µB (χM · T =
7.98 m3 K mol−1) at 2 K.

This temperature dependence indicates an overall ferromagnetic coupling. To
model the spin system of the MnStar molecule, the Heisenberg spin Hamiltonian

H∼ = −2J(S2 · S1 + S2 · S1∗)− 2J ′S2 · S3 (3.6)

is used for an isotropic exchange coupling with S1 = S2 = S3 = S1∗ = 5/2. The
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Figure 3.6: Taken from Teramura et al. [Teramura et al., 1996]: Calculated Mn2+

L absorption edge with corresponding MCD spectra (top panel). Density of
2p3/2 and 2p1/2 components of all the 2p53d6 final states as a function of the
relative photon energy ω.

experimental data as the effective magnetic moments (µeff) vs. temperature (T ) are
displayed in figure 3.6. For the simulation and analysis of the magnetic susceptibility
data the least-squares computer program julX was used. This program use a full-
matrix diagonalization approach and was written by E. Bill [julX Website, 2009].
The solid line in figure 3.6 represents the simulation.

The magnetic analysis were carried out using a “two-J” model corroborating with
two different prevailing average bridging angles, Mn(1)–O–Mn(2) at 98.9◦ and Mn(2)–
O–Mn(3) at 100.8◦, as is displayed in figure 3.4.

In order to avoid over parametrization, the single ion axial zero-field splitting, D,
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Figure 3.7: A plot of µeff vs. temperature (T ) for the MnStar complex.

has been set to zero and an unique isotropic g factor is considered to evaluate the
order of magnitude for the main parameters J and J ′ (see figure 3.4). The best fit
parameters are: J = +0.32 cm−1, J ′ = −0.2 cm−1 with gMn = 1.98. It is worth
mentioning that the experimental data can also be simulated with a “one-J” model
leading to the fit parameters, J = J ′ = +0.2 cm−1, gMn = 1.98 and Θ = −0.2 K. As
the nature of the signs of the exchange parameters corroborates with the Mn–O–Mn
angle correlation and the Mn(2)· · ·Mn(1), Mn(2) · · ·Mn(3) separations, the two-J
model is preferred.

To verify further the weak ferromagnetic interactions, variable-temperature
variable-field (VTVH) measurements have been performed with 1, 4 and 7 T in
the temperature range of 1.95 to 290 K, depicted in figure 3.8. The magnetiza-
tion increases more rapidly than that of the uncoupled system with the saturation
magnetization at 10 Ngβ , confirming the ferromagnetic interaction. At very low
temperatures (2 to 3 K) there are small drops in the magnetization curves. That
the saturation occurs much more slowly indicates the weakness and the presence of
additional antiferromagnetic interactions, supporting further the “two-J” model.

The parameters evaluated from the VTVH measurements are: J = +0.47 cm−1,
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Figure 3.8: The variable-temperature variable field (VTVH) plot for the MnStar
complex at 1, 4, and 7 Tesla in the temperature range 2-290 K.

J ′ = −0.19 cm−1, gMn = 1.98, which are very similar to those from the isofield
measurements (see Figure 3.4 and Equation (3.6)). So the high-spin Mn(II) centers
with S = 5/2 in the MnStar molecule exhibit weak dominant ferromagnetic coupling,
yielding a “high-spin” molecule with an St = 10 ground state. Due to the weak nature
of the couplings, the molecule shows a complicated low-lying magnetic structure with
the ground state not well-separated from the upper-lying states. Accordingly, the
measured magnetization has more contributions from excited states of lower spins
than from the ground spin.

The above discussion is qualitatively valid, although the zero-field splitting effects
have been ignored. The magnetic behavior of the MnStar is similar to that reported
for the analogous perchlorate salt, for which the authors used a “one-J” model to-
gether with the Weiss-constant Θ (see above) [Gao et al., 2005]. Due to negligi-
ble zero-field-splitting and intermolecular effects, magnetic momenta extracted from
XMCD measurements, to be discussed in the next section, can nicely be fitted by a
Brillouin magnetization curve.

Exchange coupling constants in bis(µ-phenoxo)-bridged dimanganese(II) com-
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plexes published [Chang et al., 1988], the number of which is much smaller than
that of the diferric(III) analogues, have been found to be very small, lying in a small
range of +0.2 to −1.88 cm−1. The angle at the bridging phenoxide oxygen is ex-
pected to be important, as this affects the nature of σ and π overlap between the
manganese magnetic orbitals and the oxygen px, py and pz orbitals that mediate the
exchange interaction.

Such correlations between the exchange integral J and the M–O–M bridging angle
[Crawford et al., 1976; Nanda et al., 1994] have been tried to establish for Ni(II) and
Cu(II), and the exchange interaction changes from antiferromagnetic to ferromagnetic
at an angle, in most cases, below 98◦. However, such magneto structural analyzes for
the coupled Mn(II) and Fe(III) complexes are far more intrinsically difficult due to
the larger number of magnetic orbitals and exchange pathways involved for high spin
d5 ions. Nevertheless, some semi empirical correlations between J and the bridging
parameters have been attempted to establish for diiron(III) complexes [Weihe and
Güdel, 1997] with phenoxo-, alkoxo- and hydroxo-bridges.

It is notable that all diiron(III) complexes display antiferromagnetic interactions
except one whose ferromagnetic coupling [Snyder et al., 1989] has been attributed
to the distortion of the coordination geometry, based on extended Hückel MO calcu-
lations. That the exchange interactions for the ferric complexes are much stronger
than those for the isoelectronic Mn(II) complexes reflects the stronger covalency of
the Fe(III)-ligand bonds in comparison to that for the Mn(II)-ligand bonds.

All reported 6-coordinated bis(µ-phenoxo)-bridged dimanganese(II) complexes ex-
hibit weak antiferromagnetic interactions. However, only one 5-coordinated bis(µ-
phenoxo)dimanganese(II) compound has been found to be very weak ferromagneti-
cally coupled (J = +0.24 cm−1).

Overall, the exchange parameter J , both ferro- and antiferromagnetic exchange, is
found to be very low for all reported Mn(II) complexes including the present MnStar
complex, as ineffective t2g-t2g π pathways dominate the exchange; this weak nature is
further augmented by the deviation of the metal geometry towards a trigonal prism
(D3h). Similar star-shaped FeIII

4 O6 motives [Saalfrank et al., 2006; Takács et al.,
2006] have been found to be antiferromagnetically coupled yielding a ground state of
St = 10/2.

3.7 X-ray magnetic circular dichroism incl. CTM calculations

The top viewgraph of figure 3.9 displays the X-ray absorption spectra (dotted lines)
excited with 90% left and right circular polarized light in an external magnetic field
of 5 T. The spectra have been corrected as described in section 3.5.

The thinner solid lines represent the corresponding Mn2+ charge transfer multiplet
calculations. The spectra have been calculated at T = 5 K using the TTmultiplet
program code developed by Thole, which is based upon the codes of Cowan and Butler
[Butler, 1981; Cowan, 1981; de Groot F. M. F., 1994, 2005]. In a first step the Slater
integrals and the spin orbit couplings were calculated in spherical symmetry, these are
already summarized in table 3.3. The next step takes into account the crystal field in
Oh symmetry (10 Dq) of the manganese environment. Finally the mixing of the 3d5
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with 3d6L charge transfer states was considered by introducing the charge transfer
energy between the two configurations, ∆ = E(3d6L) − E(3d5) (see section 2.1.3).
Scanning through the parameter room of 10 Dq and ∆ an almost perfect agreement
was found between the experimental and theoretical spectra with 10Dq = 0.6 eV and
∆ = 9.0 eV (Figure 3.9). In order to directly compare experiment and simulation,
the calculated spectra have been normalized to 90 % circular polarization plus 10
% z-polarized absorption (∆ml = 0 transitions), both for left and right circular
polarized light. Furthermore, the calculated spectra have been convoluted with the
overall experimental resolution (lifetime broadening + spectrometer resolution).

The bottom viewgraph of figure 3.9 shows the XAS and the MCD signal of the
dichroic X-ray absorption spectra displayed above. The Mn L2,3-XAS consists of a
shoulder at about 638.0 eV, a main peak at 639.0 eV and two further shoulders located
around 640 eV and 642.5 eV, respectively. These features represent the excitations
originating from the Mn 2p3/2 core level, followed by the excitations from the Mn
2p1/2 core level around 649.0 eV and 651.5 eV. The XAS, sensitive to the chemical
environment of the absorbing atom, clearly reflects a pretty ionic Mn2+ valence state.

From the charge multiplet simulations a 93.8% 3d5 and 6.2% 3d6L configuration
has been extracted. It is noted that, although only ≈ 6% charge transfer states are
involved in the spectrum, the charge transfer multiplet simulation leads to a signif-
icant improvement as compared to a simple ligand field simulation. This especially
accounts for the intensity and energetic position of the shoulders between the Mn L2

and Mn L3 main peaks.

Moreover, XAS is a direct probe of the local crystal field environment (strength)
around the absorbing Mn atom. Thus, with help of charge transfer multiplet calcu-
lations the octahedral crystal field could be characterized by 10Dq = 0.6 eV.

Although the structural characterization reveals that octahedral environment is
somewhat distorted around some of the atoms, this is a good estimation of the
average crystal field strength which is present around the Mn atoms.

In order to extract the spin and orbital magnetic moments, the sum rules as de-
veloped by Chen et al. and corrected as explained in section 3.5 were applied.

From the experimental data a spin moment mspin = 12.35 µB/f.u. (3.09 µB/Mn
atom) and an orbital moment of morb = 0.36 µB/f.u. (0.09 µB/atom) were extracted.

From the ground state of the charge transfer multiplet calculations, a spin moment
of mspin = 5.00 µB/atom and an orbital moment of morb = 0.00 µB/atom have been
revealed. If we apply the sum rules to the theoretical XMCD spectra shown in figure
3.9 (including 3d spin-orbit coupling), the values change to mspin = 3.59 µB/atom
and morb = 0.02 µB/atom.

This implies the expected error in the spin sum rule as mentioned in section 3.5,
due to strong multiplet effects of the core hole Coulomb interactions that mix the
character of the L3 and L2 edges. This error is estimated from the calculations to be
3.59/5.00 = 0.72. This value is close to that obtained for a crystal field calculation
of a Mn2+ ion with 10Dq = 1.5 eV performed by Teramura et al. [1996].

It is important to note that the variations of these values (as well as the error) with
10 Dq are small and that in case of a high-spin 3d5 ground state also the spin-orbit
coupling has no influence on the sum rule [de Groot and Kotani, 2008].
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Figure 3.9: Left and right polarized X-ray absorption spectra recorded in an
external magnetic field of 5 T at a temperature of 5 K (top panel), and the
corresponding XAS and XMCD signals (bottom panel). The XMCD signal has
been normalized to 100% circular polarization. The experimental results are
compared with corresponding CTM calculations, using an octahedral crystal
field of 0.6 eV strength.

This correction factor is only valid if the L3 to L2 splitting is sufficiently large, so
that no considerable L2/L3 mixing is present, like in the present case. Considering
the sum rules and the correction factor for the spin sum rule, a spin moment of mspin

=17.65 µB/f.u. and a small orbital moment of morb = 0.36 µB/f.u. are evaluated
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Figure 3.10: Experimental data of the spin magnetic moment determined at ex-
ternal fields, of 0, 1, 3 and 5 Tesla (squares) and the fit of the magnetization
by the Brillouin (solid line). The magnetization curve has been simulated by
means of a Brillouin function.

Table 3.4: Spin and orbital moments as obtained from the experimental XMCD
data at various external magnetic field strengths.

1 Tesla 3 Tesla 5 Tesla
mspin = 6.51 µB/f.u. mspin = 13.62 µB/f.u. mspin = 17.15 µB/f.u.
morb = 0.10 µB/f.u. morb = 0.17 µB/f.u. morb = 0.36 µB/f.u.

for the “Mn-star” molecule in an applied magnetic field of 5 T and at a temperature
of 5 K. Moreover, the magnetization behavior by performing XMCD measurements
at a number of different external fields has been analyzed (Figure 3.10). Table 3.4
sums up the results. Since zero field splitting effects or intramolecular interactions
are negligible, as discussed in section 3.6, one can nicely extract the (theoretical)
magnetization curve by fitting the experimental data with help of a Brillouin function
using an uncoupled S = 5/2 as spin ground state for the “MnStar” molecule [Gao
et al., 2005; Neese and Solomon, 1999]. The extracted XMCD spin momenta are
plotted along the the Brillouin simulation in figure 3.10. The experimental data are
in good agreement with a Brillouin function considering a simple ionic state for the
Mn2+ ions and a sample temperature of 5 K during the XMCD experiments. Thus,
this result is also a nice manifestation that the weak coupling constants between the
central ion and the three outer ions lead to an overall weak ferromagnetic coupling
in quite moderate external magnetic fields. (see also section 3.6 and 3.8 (magnetic
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Table 3.5: Local magnetic moments (in µB) on Mn atoms (1,2,3,1∗) total mag-
netic moment per molecule M , HOMO–LUMO energy difference and total en-
ergies (relative to the ground-state configuration) for different magnetic config-
urations of the “MnStar” molecule.

config. (1) (2) (3) (1∗) M (µB) HOMO–LUMO (eV) ∆Etot (meV)
UUUU 4.68 4.71 4.69 4.68 20 0.404 12.20
DUUU -4.68 4.70 4.69 4.68 10 0.439 7.38
UDUU 4.68 -4.70 4.69 4.68 10 0.523 0.00
UUDU 4.68 4.70 -4.69 4.68 10 0.424 8.90
UUUD 4.68 4.70 4.69 -4.68 10 0.440 7.33
DDUU -4.68 -4.70 4.69 4.68 0 0.453 4.36
DUDU -4.68 4.70 -4.69 4.68 0 0.459 4.42
DUUD -4.68 4.70 4.69 -4.68 0 0.519 2.64

measurements and ab initio DFT theory).

3.8 Electronic structure calculations of the MnII
4 O6 complex

In setting up the DFT calculations, different orientation of the spin moments at Mn
atoms were used; all magnetic solutions turned up to be stable, with nearly identical
values of local magnetic moments and charges (according to the Mulliken popula-
tion analysis). Moreover the local densities of states (LDOS) calculated for different
magnetic configurations are almost indistinguishable. This reveals a high enough lo-
calization of the electronic states which are responsible for magnetic behavior (mostly
Mn 3d, with a slight admixture of O or N 2p) on Mn centers. Obviously there is a
difference in LDOS at the central and peripherical Mn atoms, which are in different
chemical environment. Moreover, among the peripheric Mn atoms which are struc-
turally (topologically) identical, one differs from two others, because of the specific
packing of molecular units in crystal, and a slight difference in the bond lengths re-
sulting from that. This means that each star-shaped molecule does not quite have a
threefold symmetry axis, but rather a variation of a mirror-plane symmetry. Corre-
spondingly, for the sake of fitting the results to the Heisenberg (or any other) model,
one should allow two distinct center-peripheric (strong) couplings and, in principle,
two peripheric-peripheric (weak) ones. Table 3.5 gives the data for the total (over
all orbitals) Mulliken occupation numbers and HOMO-LUMO energies in both spin
channels, for all magnetic configurations considered, in the nominal (experimental
determined) structure. The total energies are also given, relative to the lowest one
(that for the situation with the central spin opposite to three others). The configu-
rations are numbered by combinations of U and D letters, according to Up or Down
spin setting on four manganese atoms (1), (2), (3), (1∗) – see figure 3.4. We consider
only eight non-equivalent configurations; the other eight can be obtained by inverting
the spins on all atoms.

The fact that the local magnetic moments are almost insensitive to the orientation
is an argument in favor of the validity of the Heisenberg model, even if a priori we
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cannot be sure that the correction terms to it are not important. As a spin value to
use in the Heisenberg fit, we took the nominal value S = 5/2, because this is exactly
a change by 10 µB per molecule accompanying an inversion of a single Mn spin. All
magnetic configurations studied have a pronounced band gap, and are therefore easily
identifiable as corresponding to an inversion of S = 5/2 spins. The difference from
the nominal number (mMn ≈ 4µB) following from the Mulliken populations merely
indicated that this “rigid” moment is not fully localized at the Mn site but involves
some admixture from the ligand states. For the S = 5/2 spin one can be relatively
sure about unimportance of orbital moment and anisotropic exchange terms, even if
this would in principle need to be checked [Fernández-Seivane et al., 2006].

The least-square fit to the Heisenberg Hamiltonian like of equation (3.6) with four
Heisenberg exchange parameters as marked in the right panel of figure 3.4, from
seven energy differences of Table 3.5 yields the following values: J = −2.26 K,
J ′ = −1.38 K, J1 = −0.08 K, J ′1 = −0.03 K (−1.57, −0.96, −0.06 and −0.02 cm−1,
correspondingly). Whereas all interaction parameters are antiferromagnetic, the J1

and J ′1 which account for “second-neighbor” Mn interaction are, in fact, negligible.
Of two remaining ones, the J which couples the central Mn to its nearest peripheric
counterpart is dominant.

Comparing these results with the above parameters from the magnetization fit
(+0.32 and −0.2 cm−1 for J and J ′, correspondingly), one marks opposite signs
of the dominant interaction, as they follow from the experiment and theory. This
is unusual, because typically the DFT (in whatever practical scheme) is accurate
enough to yield not only the sign but the order of magnitude of exchange parameters,
overestimating their value, however, by a factor of 3–5 (due to an underestimation
of correlation effects within strongly localized d shells). This “consistency” in the
order of magnitude between experiment and theory holds also in the present case:
the interaction parameters calculated for the “MnStar” molecule are by a factor of
∼50 smaller than those estimated for the “ferric star” [Saalfrank et al., 2006; Takács
et al., 2006], a FeIII[FeIII(L)2]3 star-type single-molecule magnet with similar 3d ions
topology and bridging as the present one, but different type of ligands L.

The experimental situation (J positive and of larger absolute value than the neg-
ative J ′) would favor, among the configurations listed in Table 3.5, the UUDU one.
According to the DFT, this configuration is almost degenerate with other two, in
which one or another of peripheric spins is set antiparallel to three others, ferro-
magnetically coupled. The energy separation from the DFT ground state (with the
central spin inverted) is merely ≈ 8 meV. A possible explanation of the experiment
vs. DFT controversy could be that strong interaction of DUUU, UUDU and UUUD
states yields a mixed ground state, whose energy is lower than that of the pure UDUU
state. Figure 3.11 shows spin density isosurfaces in the UDUU (nominal DFT ground
state) and UUDU (its apparent competitor, according to experiment) configurations.
The spin density level is chosen in the figure very low, in order to show the spilling of
magnetic density from Mn over neighboring oxygen and nitrogen atoms. Isosurfaces
for a slightly higher spin density level would have been nearly spherical, centered at
the manganese atoms. One sees that the spilling of the local magnetic moment from
Mn onto its N neighbors is not affected by the magnetic configuration. This visual
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Figure 3.11: Isosurfaces of spin density corresponding to ±0.05 e/Å3 for UDUU
(left panel) and UUDU (right panel) configurations. Positive and negative mag-
netic density is shown by two colors (by courtesy of A. Postnikov)

impression from figure 3.11 is confirmed by the Mulliken population analysis for N
magnetic moments, which are of the order of 0.015 to 0.030 µB and stable (changing
from one configuration to the other) within 20%. The Mn(2)–Mn(3) bridging oxy-
gens also maintain their induced local moment (of ≈ 0.02 µB, parallel to that of the
peripheric Mn). On the contrary, the magnetic moments induced on Mn(1)–Mn(2)
oxygen bridge atoms within the “ferromagnetic” Mn(1)–Mn(2)–Mn(1∗) fragment of
UUDU are two times larger (≈ 0.04 µB) than in the corresponding “ferrimagnetic”
block of the UDUU configuration. An intriguing question arises whether this ap-
parently different magnetization of bridge oxygen atoms could ever be probed by
experimental techniques. The “differently itinerant” character of the magnetic den-
sity in two compared configurations, UDUU vs. UUDU, may also play a role in
determining their relative stability. An argumentation here may be that the DFT
generally underestimates the tendency towards charge localization in similar systems,
therefore the level of the “DFT error” can be different in slightly more localized and
slightly less localized situations. This can be important here, in view of very small
energy differences between competing configurations.

Another point to consider, in view of rather small values of exchange parameters
J , is their possible dependence on the details of crystal structure, in both experiment
and theory. In order to further analyze a competition between UDUU and UUDU
configurations, independent structure relaxation in these two magnetic states were
performed. This led to an overall energy lowering by ∼30 eV/molecule, maintaining
however the energy difference between two separately relaxed cases within 15 meV.
On the average it was found a good agreement with experimentally measured struc-
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ture: the “long” Mn(1,1∗)–Mn(2) distances are 3.285 Å (UUDU-relaxed), 3.281 Å
(UDUU-relaxed), to be compared to the measured 3.286 Å; the “short” Mn(3)–
Mn(2) distance makes 3.351, 3.350 and 3.322 Å, correspondingly, and the Mn–O–Mn
angles (≈ 99◦ for the short bridges and ≈ 101◦ for the long bridges) agree within
1.5◦ throughout the three structures. Still, the minute structural differences produce
markedly different exchange constant: J ≈ −0.6 K and J ′ ≈ −0.1 K, as estimated
from the energy differences (similar to those in Table 3.5) in the UUDU-relaxed
structure.

The obtained “scattering” of calculation data (J ≈ −2.2 ÷ −0.6 K) can serve to
estimate the “empirical” accuracy of the DFT treatment in our case, in addition to
possible basic limitations of DFT, in the extraction of exchange interaction param-
eters. Our results show that, since magnetic interactions in the MnStar are quite
weak, small variations of crystal structure with temperature or in the magnetic field
may have non-negligible effect on the definition and extraction of the J parameters.

The LDOS (Figure 3.12 & 3.13) and spin density plots (Figure 3.11) discussed in the
following are as obtained for the nominal DFT ground sate (UDUU configuration).

Both figures reveal a fair amount of localization of the Mn 3d states, with weak but
appreciable admixture to O 2p and N 2p states (that is responsible for binding the Mn
atoms into a molecule). LDOS at two Mn sites have similarities, but the differences
can not be overlooked. The splitting into t2g and eg bands, particularly pronounced
in the region of vacant states, is more net for (the central) Mn(2), which is in a more
perfect octahedral environment, whereas that around Mn(1) is considerably distorted.
Figure 3.12 displays the calculated partial densities of states (pDOS) of Mn 3d, O 1s,
and N 1s. These states are largely energetically overlapping and form a common
valence band going down to ≈ −20 eV below the Fermi level. The calculated densities
of states can be used to understand the XPS valence band and the Mn and O K
XES results (Figure 3.13). The XES spectra have been brought to a common energy
loss scale with the XPS valence band and the calculated total densities of states.
The calculated tDOS was evaluated by using Hatree-Slater subshell photoionization
cross sections at 1487 eV [Scofield, 1976] and convoluting with a 1.5 eV FWHM
Gaussian function with respect to spectrometer resolution. Thus, in figure 3.13 the
XES spectra reflect the element specific partial densities of states. The XPS valence
band comprises five distinct features labeled (i) to (v). A broad shoulder spanning
the range from Fermi level to about −4 eV, followed by two local intensity maxima
at around −5 and −9 eV. Finally bands (iv) and (v) are located between −13 to
−16 eV and −18 to −22 eV, respectively. With help of the XES and the calculated
pDOS we can assign band (i) to Mn 3d states, namely the spin-up states of the outer
Mn ions and the spin-down states of the central Mn ion (see top panel of figure
3.12). Feature (ii) comprises also a considerably amount of Mn 3d states, which
are likely hybridized with N 2p and O 2p states via charge transfer. However, the
relatively weak overlap between the Mn L and the O K XES indicate that charge
transfer effects are relatively weak in this compound. Finally bands (iv) and (v) can
be attributed to overlapping O 2p and C 2s states and to N 2s states, respectively.
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Figure 3.12: Local densities of states of two Mn atoms and their 2p-type neigh-
bors, calculated for the “MnStar” molecule in magnetic ground-state configu-
ration UDUU. The numbering of atoms is shown in the inset (by courtesy of A.
Postnikov).

3.9 Conclusions

We have studied a very interesting St = 10 high-spin molecule, namely a star-shaped
molecule of MnII

4 O6 core, leading to a number of interesting results.
A detailed x-ray structural analysis has been performed. Magnetic susceptibility

measurements exhibit very weak exchange coupling constants between the four Mn2+

ions. Thus, the magnetization measurements indicate complicated low lying states
in which the ground state is not well separated, resulting from a dominant weak
ferromagnetic coupling and a giant moment of up to 20 µB/f.u.

XMCD measurements reveal that almost the complete magnetic moment is located
around the Mn2+ ions, furthermore we can conclude that a few charge transfer states
are present, charge transfer multiplet calculations reveal a 93.8% 3d5 and 6.2% 3d6L
configuration.

Finally, electronic structure calculations confirm that the interaction parameters
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Figure 3.13: XPS valence band region (tDOS) compared to corresponding DFT
calculations. The photoionization cross-sections were taken into account for the
solid line. Lower panels: XES spectra of the Mn L edge and O K edge in
comparison with the calculated partial densities of states.

are much smaller (by a factor of ≈ 50) than for related compounds like the “ferric
star” molecule [Takács et al., 2006]. The “Manganese Star” is a very interesting
prototype for polymetallic complexes with weak exchange coupling constants.
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4 A star-shaped heteronuclear CrIIIMnII
3

Species and its precise electronic and
magnetic Structure

Further investigations on manganese-containing polynuclear complexes are presented
in the following. Here, a star-shaped heteronuclear, spin-frustrated CrIIIMnII

3 com-
pound and its precise electronic and magnetic spin frustrated structure is studied
by X-ray spectroscopic, magnetic and theoretical methods. In this compound the
Mn ions comprise local anisotropies, and frustrations leading to interesting magnetic
behavior also of the Cr ion. The introduction takes up anisotropy (refer to section
1.4), and section 4.2 briefly summarizes the term frustration.

4.1 Introduction

Magnetic materials comprising nano-sized molecular building blocks have attracted
large interest from several scientific disciplines. Chemically stable free radicals incor-
porated in purely organic compounds reveal long-range magnetic interactions at low
temperatures. The flexibility available in carbon chemistry is exploited to synthesize
such compounds. The most promising molecular magnets are polymetallic clusters,
containing transition metal ions bridged by molecular groups to mediate exchange
interactions between the paramagnetic centers. This leads to a relatively large spin
ground state (S) [Blundell, 2007].

Compared to other transition metals, complexes containing manganese ions are
often characterized by large spin ground states, and this in conjunction with the
presence of highly Jahn-Teller distorted Mn ions makes manganese clusters ideal
candidates for high-spin molecules [Hendrickson et al., 2002]. Combining the large
spin ground state, due to intramolecular exchange interactions and a large and nega-
tive (easy-axis-type) magnetoanisotropy (D) the phenomenon of single-molecule mag-
netism (SMM) arises [Christou et al., 2000]. This uncommon configuration results
in a significant barrier to thermally activated magnetization relaxation, and is most
often found in high-spin molecules containing manganese ions.

The most investigated species of single molecular magnets are the dodecanuclear
complexes [Mn12O12(O2CR)16(H2O)x]

n− (n = 0, 1, 2; x = 3, 4), but also manganese
containing polymetallic clusters with nuclearity ranging from 2 to 84 have been syn-
thesized and reveal a large spin ground state and magnetoanisotropy [Milios et al.,
2004]. The up to date highest blocking temperature is reached in hexanuclear man-
ganese compounds [Carretta et al., 2008; Milios et al., 2007]. Because these molecules
not only display a magnetization hysteresis but also quantum tunneling of magne-
tization (QTM) [Friedman et al., 1996; Thomas et al., 1996] and quantum phase
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interference [Wernsdorfer and Sessoli, 1999], they are promising new materials for
practical applications like ultra dense magnetic data storage, quantum computing,
or other interesting scopes [Leuenberger and Loss, 2001; Ohkoshi and Hashimoto,
2002; Verdaguer et al., 1999].

These properties are governed by the already mentioned magnetic anisotropy bar-
rier of the magnetic core, which originates from the spin-orbit coupling of para-
magnetic ions in a high-spin state [van Vleck, 1937]. Therefore investigations of
fascinating physical phenomena caused by uniaxial or single-ion anisotropy effects in
high-spin molecules are required.

The present chapter is devoted to the study of the electronic and revisited mag-
netic properties of an amazing manganese-containing high-spin molecule: The spin-
frustrated star-shaped heterotetranuclear CrIIIMnII

3 complex [Khanra et al., 2007].
The investigations of topologically similar, but chemically different ferric and man-
ganese star-shaped molecules [Khanra et al., 2008; Saalfrank et al., 2006; Takács
et al., 2006] show that there are star-shaped molecules in which predominately anti-
ferromagnetic couplings of the central ion with its peripheral neighbors leading to an
appreciable spin moment in the non-frustrated ground state. In spite of its topologi-
cally simple magnetic system, the [CrIIIMnII

3 (PyA)6Cl3]1 molecule (CrMn3) exhibits
the above-mentioned non-trivial magnetic properties, single-ion anisotropy and frus-
tration, bearing interesting consequences for the chromium ion. The tetranuclear
complex contains three Mn2+ ions (3d5, high-spin, S = 5/2) and a single Cr3+ ion
(3d3, high-spin, S = 3/2). The expected saturation magnetization is actually reached
at a magnetic field of about 12 T at 1.8 K. This gives rise to the assumption, that –
besides the rather small coupling constants far below 1 cm−1 – single-ion anisotropy
and frustration effects are of great importance.

This chapter shows that X-ray absorption spectroscopy and X-ray magnetic cir-
cular dichroism are very powerful techniques to study heteronuclear molecule-based
magnets because of their high sensitivity to the local electronic structure and ele-
ment and shell selectivity of the Mn2+ and Cr3+ ions. Furthermore, XMCD is one
of the rare experimental methods to determine element selectively spin and orbital
moments separately in heteronuclear systems [Chen et al., 1995; Funk et al., 2005].

This chapter is arranged as follows. In the next section a brief overview of the
molecular structure and basic magnetic properties of CrMn3 is presented. Later on,
the experimental and theoretical procedures are described. A detailed analysis of
the advanced magnetic properties by means of magnetization measurements using a
high-magnetic-field extraction technique (up to B = 14 T). Based on the high-field
measurements, theoretical simulations using an anisotropic spin Hamiltonian are pre-
sented. These simulations enable not only an improvement of the accuracy of the
exchange interactions, but also a determination of the dominant local anisotropies.
A discussion of the various spin-Hamiltonian parameters leads to a validation of
the element-selective transition-metal L-edge XMCD spin-moment contribution pre-
sented in section 4.7 of this chapter. Also charge-transfer multiplet model calculations
of the transition metal L-edges are provided to discuss and quantify the crystal field
and charge-transfer effects.

1PyA: pyridine-2-aldoximato ligand
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Besides XAS and XMCD, X-ray photoelectron spectroscopy and X-ray emission
spectroscopy are common methods to analyze the spatial distribution of the electron
density and chemical bonding of transition-metal compounds - including molecular
magnets - providing a unique precision [Kuepper et al., 2005; Kuepper et al., 2005;
Takács et al., 2006]. The latter methods are of special interest in combination with
first-principles electronic-structure calculations. The spectra give insight into the
partial density of states within the valence-band region allowing to perform a detailed
analysis of the electronic valence-band structure of the CrMn3 molecule. Additionally,
estimates of the local magnetic moments, the spatial spin-density distribution, and
magnetic interaction parameters of such calculations are compared to experiments.
Finally, the main conclusions are given.

4.2 Definition of frustration

Regarding the interplay of topology and exchange interactions in polynuclear high-
spin clusters, another interesting effect can be observed: magnetic frustration appears
due to e.g. triangular arrangements of antiferromagnetic exchange bonds (Figure
4.1). Geometric frustration of interacting spins leads to a variety of fascinating
phenomena in low-dimensional magnetism [Greedan, 2001; Schnack, 2004; Schröder
et al., 2005a].

Since frustration as well as the similarly often used term of “competing interac-
tions” are very widespread terms, we would like to point out the following: Here,
the term frustration describes the situation where in the magnetic ground state of
the corresponding classical spin system not all interactions can be saturated simul-
taneously. Nevertheless, it is not obvious whether or not this will lead to non-trivial
behavior.

Therefore, Oliver Kahn pointed out that a classical spin analysis of isolated “pla-
quettes” like the equilateral triangle is not sufficient. He proposed to call a spin
system to be frustrated if a non-trivially degenerate ground state is present (Exam-
ple: The ground state of an equilateral triangle is two-fold (orbitally) degenerate for
half-integer spins, but is non degenerate for integer spins.) [Dai and Whangbo, 2004;
Kahn, 1997].

From nowadays point of view this definition has to be extended since there are
frustrated structures such as the cuboctahedron, the icosahedron, or the icosidodec-
ahedron that have a non-degenerate ground state, but possess other unusual prop-
erties, which are solely driven by frustration and do not exist in systems commonly
known as bipartite spin systems, like low-lying non-magnetic excitations below the
first triplet excitation [Schmidt et al., 2005].

Referring to O. Kahn’s definition of frustrated spin systems, another interesting
example can be given, that actually shows the quantum mechanical character of
spins: In an isolated regular-tetrahedron spin tetramer although for the ground state
degeneration occurs, each spin site has no spin moment. Thus, no geometrical spin
frustration occurs [Dai and Whangbo, 2004].

Therefore, a definition of frustration, which does not rest on classical considera-
tions, could such that identifies all non-bipartite spin systems as frustrated [Lieb and
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Figure 4.1: Schematic of the a trimer.
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• Definition: A non-bipartite system is called frus-
trated.

• Bipartite: If the system can be decomposed into
subsystems A and B such that the coupling con-
stants fulfil J(xA, yB) ≤ g2 , J(xA, yA) ≥ g2 ,
J(xB, yB) ≥ g2, the system is called bipartite.

• Definition uses topological properties of the graph of
interactions.

unilogo-m-rot.jpg Jürgen Schnack, Frustration effects in magnetic molecules 8

Figure 4.2: Graph of interactions for a bipartite system (taken from Schnack
[2006]).

Mattis, 1962; Lieb et al., 1961; Schnack, 2006]. Figure 4.1 depicts a triangular spin
system. The true classical ground state in the antiferromagnetic triangle (middle) is
given by relative angles of 120◦ between neighboring spins. It is degenerate, whereas
the quantum ground state is non-degenerate for integer s and fourfold degenerated
for half-integer s [Bärwinkel et al., 2000].

The classical definition of frustration is: “A quantum spin system is frustrated if
the corresponding classical system is frustrated, i.e. if neighboring classical spins
are not aligned antiparallel.” If one uses the term bipartite an advanced definition
of frustration can be formulated: “A non-bipartite system is called frustrated.” A
bipartite system can be decomposed into subsystems A and B in that way that the
coupling constants fulfill J(xA, yB) ≤ g2, J(xA, yA) ≥ g2, and J(xB, yB) ≥ g2 [Lieb
and Mattis, 1962; Lieb et al., 1961] (note Figure 4.2). Besides the triangular-lattice
antiferromagnet and the Kagome-lattice antiferromagnet, there are several molecular
representatives for geometrically frustrated spin systems exhibiting a rich spectrum
of frustration phenomena, such as the giant Keplerate molecules [Müller et al., 2001;
Schröder et al., 2005b, 2008]. For more information about frustration and frustration
effects in magnetic molecules refer to respective literature:
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Table 4.1: Crystal Data and Structure Refinement for [CrIIIMnII
3 (PyA)6Cl3] (from

Khanra et al. [2007])

Empirical formula C36H30Cl3CrMn3N12O6

Formula weight 1049.89
Temperature, K 100(2)
Wavelength, Å 1.54178
Crystal system Trigonal
Space group R3̄
Unit cell dimensions a = 18.222(3) Å

b = 18.222(3) Å
c = 32.411(5) Å
γ = 120◦

Volume (Å3), Z 9320(3), 6
Calculated density Mg/m3 1.222
Absorption coefficient, mm−1 7.788
F (000) 3168
Crystal size, mm 0.11×0.11 × 0.06
Reflections collected / unique 3029 [Rint = 0.0561]
Absorption correction SADABS19 (Bruker-Nonius, 2004)
Refinement method Full-matrix least-squares
Data/restraints/parameters 3039 / 0 / 184
Goodness-of-fit on F 2 1.114
Final R indices [I > 2σ(I)] R1 = 0.0758, wR2 = 0.1577
R indices (all data) R1 = 0.0913, wR2 = 0.1629
Largest diff. peak and hole 0.522 and −0.596 e Å3

• non-trivially degenerate ground state [Kahn, 1997]

• low-lying non-magnetic excitations below the first triplet excitation [Schmidt
et al., 2005]

• jumps and plateaus occurring in magnetization – magnetic field dependencies
[Schnack, 2004; Schnack et al., 2004, 2007; Schröder et al., 2005a,b].

4.3 Chemical structure of the [CrIIIMnII
3 (PyA)6Cl3] molecule and

basic magnetic properties

The synthesis and structure refinement of the present heterotetranuclear complex
have been carried out at the Max Planck Institute for Bioanorganic Chemistry at
Mülheim a. d. Ruhr, Germany. The crystallographic data of the [CrIIIMnII

3 (PyA)6Cl3]
is summarized in table 4.1. Khanra et al. [2007] performed magnetic and HF-EPR1

measurements of this spin-frustrated compound. The tetranuclear star-shaped com-
plex [CrIIIMnII

3 (PyA)6Cl3] (CrMn3) molecule contains a CrIIIMnII
3 trigonal core with

1HF-EPR: high field and high frequency electron paramagnetic resonance
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Figure 4.3: Perspective view of the [CrIIIMnII
3 (PyA)6Cl3] molecule. Created with

the ORTEP-3 for Windows software [Farrugia, 1997] by Khanra et al. [2007].

a Cr(1) atom surrounded by three Mn(1) centers at the apices of an equilateral tri-
angle (Figure 4.3), so that the cluster comprises the C3 symmetry. The three Mn(II)
ions form a centered equilateral triangle with the Cr(III) ion, which is placed above
the Mn-Mn-Mn plane (and the chlorine atoms below). The peripheral manganese
centers, six-fold coordinated in highly distorted MnOClN4 cores, are linked through
the oximate (µ2–O–N) group. Some selected bond length and angles are presented in
table 4.2. Each Mn(II) ion is linked to the central Cr(1) atom through two oximate
(N–O) and one µ2-Oox donors. The central chromium atom Cr(1) is surrounded by
an almost perfect octahedron CrO6 (deviation from 90◦ being less than 1.8◦) of six
oximato oxygen atoms O(1) and O(11) and their equivalents, pendant from the three
peripheral Mn(PyA)2 fragments. From their detailed chemical studies the authors
Khanra et al. conclude that the CrMn3 complex contains a CrIIIMnII

3 (high spin) core.
The magnetization of a polycrystalline CrMn3 sample has been measured between
2 and 290 K in magnetic fields of 1, 3, and 7 T. EPR spectra have been collected
at a temperature of 10 K in magnetic fields up to 15 T and in a frequency range
between 19 and 388 GHz. Those investigations revealed the following conclusions:
The exchange interactions JCrMn = −0.40 cm−1 and JMnMn = −0.10 cm−1 are weakly
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4.4 Experimental methods

Table 4.2: Selected bond lengths (Å) and angles (◦) for the CrMn3 complex (taken
from [Khanra et al., 2007]).

Cr· · ·Mn 3.492 Mn(1)–N(9) 2.277(5)
Mn· · ·Mn 5.493 Mn(1)–N(19) 2.285(5)
Cr(1)–O(1) 1.976(4) Mn(1)–N(12) 2.300(5)
Cr(1)–O(11) 2.013(4) Mn(1)–Cl(1) 2.4050(17)
Mn(1)–N(2) 2.239(5) O(1)–N(2) 1.346(6)
Mn(1)–O(11)b 2.254(4) O(11)–N(12) 1.353(6)
O(1)a–Cr(1)-O(1) 86.61(17) N(19)–Mn(1)–N(12) 70.98(16)

O(1)–Cr(1)-O(11)a 178.84(16) N(2)–Mn(1)–Cl(1) 156.93(13)
O(1)a–Cr(1)-O(11) 92.24(15) O(11)b–Mn(1)–Cl(1) 95.88(10)
O(1)–Cr(1)–O(11) 93.50(15) N(9)–Mn(1)–Cl(1) 96.43(14)
O(11)a–Cr(1)-O(11) 87.65(16) N(19)–Mn(1)–Cl(1) 94.02(12)
N(2)–Mn(1)–O(11)b 75.49(15) N(12)–Mn(1)–Cl(1) 118.86(12)
N(2)–Mn(1)–N(9) 71.50(17) C(3)–N(2)–O(1) 117.7(5)
O(11)b–Mn(1)–N(9) 121.76(16) C(3)–N(2)–Mn(1) 118.4(4)
N(2)–Mn(1)–N(19) 104.82(16) O(1)–N(2)–Mn(1) 123.4(3)
O(11)b–Mn(1)–N(19) 147.14(16) N(12)–O(11)–Mn(1)a 138.0(3)
N(9)–Mn(1)–N(19) 89.97(17) Cr(1)–O(11)–Mn(1)a 109.70(16)
N(2)–Mn(1)–N(12) 80.52(16) Cr(13)–N(12)–O(11) 117.6(5)
O(11)b–Mn(1)–N(12) 76.80(15) O(11)–N(12)–Mn(1) 124.6(3)
N(9)–Mn(1)–N(12) 139.27(17)
Symmetry transformations used to generate
equivalent atoms: a −y + 1, x− y, z. b −x+ y + 1, −x+ 1, z.

antiferromagnetic (Figure 4.4). This is not common among Cr(III) and Mn(II) ions
in triply oximato-bridged complexes [Ross et al., 2004]. The experimental magneti-
zation data could not be simulated without taking into account exchange interactions
between the Mn(II)-spins connected through on oximate-bridge, although the periph-
eral Mn· · ·Mn distances are long with 5.49 Å. A zero-field spitting parameter D of
−1 cm−1 was found from the magnetic measurements in agreement with the HF-EPR
measurements. In summary, the following parameters were used to simulate the spin
system within a Heisenberg model applying the coupling scheme shown in figure 4.4:
JCrMn = −0.40 cm−1, JMnMn = −0.10 cm−1, gCr = 1.95, gMn = 2.0, D = −1.0 cm−1.
For a more detailed structural and magneto chemical characterization see reference
[Khanra et al., 2007].

4.4 Experimental methods

4.4.1 Synchrotron based X-ray spectroscopic techniques

Again, the soft XAS and XMCD spectroscopy was performed at the elliptically polar-
izing undulator beamline 4.0.2 of the Advanced Light Source (ALS), Berkeley, USA
[Young et al., 1999]. The samples have been sticked onto carbon tape and mounted
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Figure 4.4: Possible exchange pathways for the magnetic core of CrMn3. JMnCr is
the exchange interaction between the CrIII and MnII ions through a combination
of oximate (N–O) and µ2-Oox groups, and JMnMn is the exchange interaction be-
tween the MnII ions at the corner of an equilateral triangle through the oximate
(µ2–O–N) group (after Khanra et al. [2007].

into a cryostat equipped with a 6 Tesla superconducting magnet [Funk et al., 2002]
the sample stage was connected to a pumped helium cryostat reaching a base tem-
perature of around 5.0 K during the experiments presented in this chapter. The
measurements at the transition metal L edges have been recorded under external
magnetic fields of different strength in the total electron yield (TEY) mode.

The X-ray emission spectra were recorded at the soft X-ray fluorescence (SXF)
endstation at the undulator-based beamline 8.0.1 of the ALS [Jia et al., 1995]. The
excitation energies were set to about 565.0 eV for the O K and 641.3 eV and 577.3
eV for the Mn and Cr L3 edge, respectively, with an overall resolution (beamline plus
spectrometer) set to around 1 eV for the XES measurements. The X-ray emission
spectra were calibrated to the emission from MgO at 580 eV excitation energy.

4.4.2 X-ray photoelectron spectroscopy

The complementary XPS measurements were performed at the Department of
Physics, University of Osnabrück, Germany, using the PHI 5600ci multitechnique
spectrometer (see sections 2.7.2 and 3.3). The XES and XPS measurements were
performed at room temperature. The X-ray photoelectron spectra were calibrated
to the pyridine C 1s binding energy EB = 285.5 eV [Cheng et al., 2002].

4.4.3 Magnetization measurements

The magnetization measurements were performed by Dr. M. Uhlarz in the re-
search group of Prof. J. Wosnitza at the Hochfeld-Magnetlabor, Forschungszentrum
Dresden-Rossendorf, Dresden, Germany. A commercial PPMS magnetometer (Quan-
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tum Design, 6325 Lusk Boulevard, San Diego, CA 92121-3733, USA) equipped with
a superconducting 14-Tesla magnet was used. The magnetic moment of the samples
was determined by use of a DC extraction-mode technique after careful temperature
and field stabilization. For each measurement, the sample was moved at a high, uni-
form speed through a detection coil set. The sample moment was then derived from
the recorded profile of induction voltage vs. sample position. Each measurement at
fixed temperature and magnetic field was performed 5 times in rapid succession, in
order to obtain an averaged value for better resolution.

4.5 Theoretical procedures

4.5.1 Density functional theory calculations

The electronic structure was calculated in a very similar way as described in section
3.4. The generalized gradient approximation [Perdew et al., 1996, 1997] of the den-
sity functional theory was applied, using the SIESTA calculation method [SIESTA
Website, 2009; Soler et al., 2002]. The norm-conserving pseudopotentials were gen-
erated according to the Troullier-Martins scheme [Troullier and Martins, 1991] using
the following electronic configurations and cutoff (“pseudoization”) radii (in Bohr
units, shown in brackets for each l-channel):

• Cr 4s1 (2.27) 3p6 (2.00) 3d4 (1.90) 4f 0 (1.50)

• Mn 4s1 (2.00) 3p6 (1.90) 3d5 (1.90) 4f 0 (1.50)

• C 2s2 2p2 (all 1.25)

• N 2s2 2p3 (all 1.25)

• O 2s2 2p4 (all 1.15)

• Cl 3s2 3p5 (all 1.65)

• H 1s1 (all 1.25).

The basis functions were constructed in the “standard” SIESTA scheme (see details
in [Junquera et al., 2001]), as pseudoatomic orbitals generated with an “energy shift”
parameter of 15 mRy (controlling the localization of strictly confined orbitals). The
basis was of “double-zeta with polarization orbitals” quality for O, N, and Cl and
included triple-zeta functions for the 3d shells of Cr and Mn. An isolated neutral
molecule (91 atoms in total) was placed in a box of 22 Å size, to avoid an overlap
of the basis functions with those of the translated replicas of the molecule. The
Kohn-Sham energy levels were broadened by use of an ”electronic temperature” of
100 K allowing smoother summations. This broadening is small enough to ensure
the stability of the total energy differences between different magnetic configurations.
The densities of states, for illustrative purposes, were smeared additionally using a
halfwidth parameter of 0.1 eV. The real-space grid of 270×270×144 divisions along
the edges of the simulation box correspond to a “mesh cutoff” parameter of 398 Ry.
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Table 4.3: Slater integrals used for the multiplet simulations of the Cr L2,3 XA-
spectra. For the calculations the d-d and p-d integrals were reduced to 75%
of the values shown in the table, whereas the spin-orbit parameters were not
reduced.

2p63d3 2p53d4

initial state final state
Slater integrals

F2
3d3d 10.777 11.596

F4
3d3d 6.755 7.270

F2
2p3d 6.526

G1
2p3d 4.788

G3
2p3d 2.722

Spin-orbit coupling
LS2p 5.667
LS3d 0.035 0.047

4.5.2 Charge transfer multiplet model calculations

For the analysis of the manganese and chromium XAS and XMCD line shapes from
corresponding experiments on the CrMn3 molecule CTM calculations of Mn, as well
as for the Cr L3,2 edges were performed.

The basic parameters for the Mn CTM simulations were set as described in section
3.4 and table 3.3, meaning that ligand-field and charge-transfer effects were taken
into account. Variations are discussed within the text.

The XAS line shapes of the chromium L2,3 - edge were simulated within ligand
field multiplet model calculations (LFM) using the TTmultiplet program [de Groot
F. M. F., 1994, 2005]. The d-d and p-d integrals were reduced to 75% of the values,
also given in table 4.3, whereas the spin-orbit parameters were not reduced. Then, a
cubic crystal-field (Oh symmetry) was considered in the crystal-field approach. For
comparison with experiment the lifetime broadening of the 2p core hole (Lorentzian
line shape) and the resolution of the spectrometer (Gaussian line shape) were taken
properly into account.

4.5.3 Simulations with anisotropic spin Hamiltonians

In order to model the spin system of CrMn3 the following microscopic spin Hamilto-
nian has been used [Carretta et al., 2008; Glaser et al., 2008; Schnack et al., 2006]:

H = −2
∑
k<l

Jkl ~sk · ~sl +
∑
k

dk(~ek · ~sk)2 + µB

∑
k

~B · gk · ~sk . (4.1)

As mentioned in section 2.1.4.1 the first term accounts for the superexchange cou-
plings between the paramagnetic centers (Heisenberg term). The underlying mech-
anism of this interaction is superexchange via oxygen bridges [Goodenough, 1976;
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Figure 4.5: Schematic structure of the CrMn3 molecule; the central chromium
spin is antiferromagnetically coupled by JCrMn to the three surrounding man-
ganese ions (solid lines). The manganese ions are coupled antiferromagnetically
with each other by the exchange interaction JMnMn (dashed lines). The domi-
nant local anisotropy axes are given by the unit vectors. Figure by J. Schnack.

Kanamori, 1958; Khanra et al., 2007]. For CrMn3 two couplings in accordance with
Khanra et al. were assumed: JCrMn for the interaction of the central chromium spin
with the three surrounding manganese ions (solid lines in figure 4.5) and JMnMn for
the interaction between the manganese ions (dashed lines in figure 4.5). The second
term in equation (4.1) models the single-ion anisotropy of Mn and Cr, respectively,
by means of the dominant axis of the local anisotropy tensor (also known as D-term).
The local anisotropy axes point along the directions given by ~ek. The prefactors dk
denote the strength of the local anisotropy; a negative value corresponds to an easy
axis, a positive one to a hard axis. The last term in equation (4.1) reflects the in-
teraction with the applied magnetic field (Zeeman term). In this work we assume
an isotropic g tensor. Since the present sample is a powder, an orientational aver-
age is applied using discrete Lebedev-Laikov-grids [Lebedev and Laikov, 1999]. In
collaboration with Prof. Christian Schröder also classical spin-dynamic simulations
have been performed in order to investigate the field-dependent classical ground state
and low-temperature properties, in particular to study the role of the exchange cou-
plings and anisotropies for certain temperatures and external magnetic fields. The
Hamiltonian of the classical system is written as

Hc = −2
∑
k<l

J ckl ~mk · ~ml +
∑
k

dck(~ek · ~mk)
2 + µc

∑
k

~B · ~mk . (4.2)

The spins ~mk are classical unit vectors whose orientations are specified by the polar
and azimuthal angles, θi and ϕi, and these extending from 0 to π and 0 to 2π,
respectively. The Hamiltonian of equation (4.2) provides the classical counterpart
to the quantum Heisenberg model equation (4.1). This correspondence is achieved

by replacing in equation 4.2 all quantum spin operators by ~sk =
√
sk(sk + 1) ~mk,

with sk describing the spin quantum number of a given ion [Ciftja et al., 1999]. It

thus follows that J ckl =
√
sk(sk + 1)sl(sl + 1)Jkl and dck = sk(sk + 1)dk; moreover the

quantity µc in equation 4.5.3 is given by µc = gkµB

√
sk(sk + 1) where gk is the Landé
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g-factor for a given ion and is the Bohr magneton.
The applicability of our classical treatment by comparing the results of classical

Monte Carlo calculations with the above described exact quantum model calculations
were checked. Furthermore, the low-temperature field-dependent spin dynamics were
studied. An effective method for investigating this property is to use the numerical
solution of the stochastic Landau-Lifshitz equation which simulates the time evolu-
tion of the spin system coupled to the heat bath. Fluctuating fields with white noise
characteristics are used to account for the effects of the interaction of the spin system
with the heat bath. Those environmental degrees of freedom are also responsible for
the damped precession of the magnetization parameterized by a phenomenological
damping factor.

4.6 Magnetization measurements and anisotropic
spin-Hamiltonian simulations

Some gross properties of the magnetic heterotetranuclear complex
[CrIIIMnII

3 (PyA)6Cl3] have been investigated previously. It has been found
that besides a dominant antiferromagnetic exchange interaction between the central
chromium spin (sCr = 3/2, 3d3) and its surrounding manganese spins (sMn = 5/2,
3d5) a frustrating antiferromagnetic coupling between the manganese ions exist
[Khanra et al., 2007]. A sizable zero-field splitting was also inferred from EPR
measurements. Here, detailed investigations of the microscopic parameters of
the CrMn3 molecule are presented. The corresponding anisotropic Heisenberg
simulations were performed by Prof. Jürgen Schnack.

For a more detailed study of the interesting magnetic properties of
[CrIIIMnII

3 (PyA)6Cl3] (CrMn3), the magnetization of a polycrystalline sample has
been measured at high magnetic fields by using a standard inductive method. The
measurements were carried out by Dr. Marc Uhlarz from the high magnetic field
laboratory of the Forschungszentrum Rossendorf-Dresden, Dresden, Germany. Mag-
netic fields from 0 to 14 Tesla at temperatures of 1.8, 4.2, 10, 20, and 50 K have
been applied and are in agreement with the data collected by Khanra et al. [2007].
The results are shown by symbols in the upper panel of figure 4.6. The observed
magnetic-field dependence of the magnetization as well as the field needed to reach
saturation at 18µB (sCr = 3/2, 3 × sMn = 5/2) reflects a non-trivial magnetic in-
teraction between the magnetic ions. Near B = 0, a detailed analysis revealed no
magnetic hysteresis.

The high-field magnetization measurements enable us not only to improve the
accuracy of the exchange interactions but also to determine the dominant local
anisotropies. To this end, Hamiltonian (4.1) is used. Following Khanra et al. [2007],
CrMn3 possesses the C3 symmetry, i.e., the exchange coupling JCrMn of the cen-
tral chromium is the same for all three surrounding manganese ions and JMnMn is
equal between the latter. For the local anisotropies, this symmetry implies that the
anisotropy axes of the manganese ions share a common angle ϑ with respect to the
C3 axis of the molecule. The azimuthal angles φk differ by 120◦ between adjacent
spins. Their exact orientation relative to the molecular skeleton cannot be speci-

94



4.6 Magnetization measurements and anisotropic spin-Hamiltonian simulations

Figure 4.6: Top panel: Magnetic-field dependence of the magnetization per
[CrIIIMnII

3 (PyA)6Cl3] molecule. The experimental data for various tempera-
tures is given by symbols. The lines represent theoretical estimates using the
parameters given in the text. Bottom panel: Theoretical estimates of the lo-
cal magnetization of the center Cr ion in the CrMn3 magnetic core for various
temperatures. A detailed discussion on the different exchange interaction pa-
rameters is given in the text.

fied since E-anisotropy terms have not been included in the spin Hamiltonian. For
chromium, the C3 symmetry implies that its anisotropy axis coincides with the molec-
ular C3 axis. Using these assumptions, the fit describing best the magnetization data
is shown in figure 4.6 (top panel) for JCrMn = −0.29 cm−1, JMnMn = −0.07 cm−1,
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dMn = −1.05 cm−1, ϑMn = 15◦, dCr = 0.40 cm−1. The g-factors gMn = 2.0 and
gCr = 1.95 were used as given in reference [Khanra et al., 2007].

The exchange couplings differ slightly from those found in by Khanra et al., since
now the local anisotropies are incorporated in the spin Hamiltonian (Equation (4.1)).
On first glance it is astonishing that Mn(II) with a half-filled d-shell should have an
anisotropy as large as dMn = −1.05 cm−1. However, the six-fold coordination of the
manganese ions in CrMn3 results in a highly distorted MnOClN4 core. In such a
distorted local environment Mn(II) can reach anisotropies of up to 1.5 cm−1, as has
been shown in recent investigations and the corresponding publications, for instance
[Duboc et al., 2008; Pichon et al., 2007].

Since the consequences would be only minor, isotropic g tensors are assumed for
simplicity. Concerning ϑMn, it is noteworthy that there are Mn–Cl bonds pointing out
of the Mn3 plane and it is well conceivable that the directions of the Mn anisotropy
axes are governed by the Cl atoms. The accuracy of the fit depends differently
on the various parameters. Variations of the exchange parameters as well as of
the manganese anisotropy strength have drastic consequences, whereas variations
of and the chromium anisotropy influence the fit only mildly. Therefore, the first
can be considered as accurate to the last figure whereas the latter are less sharply
determined.

The theoretical results with above parameters (solid lines) are compared to the
experimental data (symbols) in the upper panel of figure 4.6. It is very interesting
to discuss the influence of the various spin-Hamiltonian parameters on the magne-
tization. For this purpose, additional curves for three various cases are plotted for
T = 1.8 K.

• First, as a dashed-dotted curve the result for the case when only the coupling
between manganese and chromium is considered, and all other terms are set to
zero. Such a system would be bipartite, i.e. non-frustrated.

• The second curve shows the dependence with the inclusion of the manganese
←→ manganese coupling that results in a weak frustration. This effect is de-
picted by the dashed curve. The resulting deviation is largest at low fields.

• The dotted curve, which is hardly visible on top of the solid curve, presents the
third result when including as well the local manganese anisotropies.

• Switching on the chromium anisotropy then contributes only a minor improve-
ment of the final fitting curve (solid).

Referring to the lower panel of figure 4.6, a detailed discussion on the theoretical
behavior of the chromium moment as a function of field for the same temperatures
as in the top panel is given. At low temperature (T = 1.8 K) and fields below 4
Tesla, the chromium moment points dominantly opposite to the field direction. This
can be understood due to the fact that the three dominating manganese moments
align along the field direction, whereas the Cr moment, that is antiferromagnetically
coupled to the manganese moments, points opposite to the manganese moments.
Nevertheless, the Cr moment is largely reduced by frustration and anisotropy. For
T = 1.8 K this is again demonstrated by the above-discussed scenarios:
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Figure 4.7: Energy spectrum of the CrMn3 magnetic core evaluated at a magnetic
field of Bz = 0.2 T to separate degenerate states. The solid line shows a
fictitious anisotropy barrier derived from the two lowest-energy eigenvalues on
either side. The corresponding zero-field splitting parameter of these curves is
D = −0.575 K.

• The bipartite case (only JCrMn > 0) shows the largest antiparallel alignment.

• Frustration due to JMnMn reduces the Cr moment somewhat.

• The largest impact arises from the manganese anisotropy which reduces the
chromium moment at B = 2 T by about a factor of two.

• Counter intuitively, the chromium anisotropy again has little influence on the
chromium moment (dotted curve).

Due to the functional dependence of the chromium moment, it acquires quite small
values at certain temperature and field regions. In case of temperatures around
T = 5 K and a magnetic field of about 4 to 5 T, the expectation value of the
chromium moment virtually vanishes. The uniaxial anisotropy behavior is discussed
within the figure 4.7 which shows the energy eigenvalue spectrum of the CrMn3

magnetic core. Since the Hamiltonian is anisotropic, these eigenvalues do not belong
to multiplets of the total spin. Nevertheless, they can be correlated with the total
magnetization of the respective eigenstate, which depends on field. In order to split
possible degeneracies, the eigenvalues at a rather small field of Bz = 0.2 T along the
molecular C3 axis are presented.

As can be derived from the data and qualitatively seen in figure 4.7, the total
ground state is twofold degenerate with a magnetization of approximately ±12µB.
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Figure 4.8: Classical ground state configuration of the CrMn3 molecule as ob-
tained by spin dynamics simulations at T = 0 and B = 0.

One can also see that these states do not belong to a well-separated ground-state
multiplet, which is only split by anisotropy terms. On the contrary, the spectrum
is rather dense. If one would try to attach an anisotropy barrier to the two ground
states (M ≈ ±6) and the next higher-lying states with M ≈ ±5, one would arrive at
an anisotropy barrier as given by the solid line in figure 4.7.

The corresponding zero-filed splitting parameter of this curves is D = −0.575 K.
Nevertheless, this discussion is purely fictitious. What would be needed to constitute
a single molecule magnet is that the local Mn anisotropy axes would be aligned
parallel (see section 1.4).

In figure 4.8 the classical ground-state configuration of the CrMn3 molecule is
presented as obtained by spin-dynamic simulations at T = 0 and B = 0 performed
by Prof. Christian Schröder. The local anisotropy axes are depicted as yellow sticks.

According to the model parameters, the strong easy-axis anisotropy dominates the
orientation of the manganese spins in an up-up-down fashion, almost independently
of the rather weak exchange interactions in the system. Only a very small canting
with respect to the anisotropy axes is visible. The easy-plane anisotropy of the
central chromium spin is clearly visible with a small canting in the direction of the
downwards pointing manganese spin. This situation changes when an external field
is applied. In figure 4.9 the simulation results for the classical spin orientations in an
external field of B = 5 T applied along two different directions is shown. Compared
to the ground-state at B = 0 T one manganese spin is flipped, so that the up-up-
down configuration is replaced by an up-up-up configuration in both cases. At 5 T,
the Zeeman energy is much larger than the exchange interactions between all spins.
However, the system is not yet fully saturated due to the fact that the anisotropy
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Figure 4.9: Classical ground state configuration of the CrMn3 molecule as ob-
tained by spin-dynamic simulations at T = 0 and an external field B = 5 T
applied in different directions.

is still dominant. Finite-temperature Monte Carlo and spin-dynamic simulations
have also been performed. For temperatures not too low (T ≈ 5 K) the presented
classical Monte Carlo simulations show qualitatively the same results as our exact
quantum calculations. In particular, the element-specific magnetization curves show
a vanishing local moment at the central chromium site at around B = 5 T. By using
the stochastic Landau-Lifshitz method one can directly study the time evolution of
the classical spin system coupled to a heat bath at that field value. Here, a rather
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large and “stiff” local magnetic moment at the manganese sites were found, i.e.
thermal fluctuations have little influence on the spin-vector motion due to the large
local anisotropies.

In contrast to this, the central chromium spin-vector motion is heavily influenced by
thermal fluctuations. It can be observed that the net moment of the chromium is only
non-zero for the component in the external field direction. Therefore, an orientational
average would lead to a vanishing moment as derived from magnetization data and
as observed in XMCD measurements discussed in the next section.

4.7 X-ray absorption spectroscopy and X-ray magnetic circular
dichroism

This section includes a detailed study of the XMCD transition-metal L3 and L2

spectra of the paramagnetic centers, manganese and chromium contained in the
[CrIIIMnII

3 (PyA)6Cl3] complex.
The current transition metal XMCD spectra of the CrMn3 molecule are compared

to charge transfer multiplet model calculations and to the XMCD spectra and cor-
responding CTM calculations from the investigations of the star-shaped St = 10
high-spin molecule with MnII

4 O6 core (MnStar) [Khanra et al., 2008] of the last chap-
ter. From this polymetallic complex with very weak exchange coupling it was possible
to probe almost the complete magnetic moment at the manganese ions by XMCD,
yielding a giant total magnetic moment of 20 µB per molecule.

Starting with the CrMn3 XMCD explorations, the CrMn3 and MnStar Mn L2,3

X-ray absorption spectra excited by soft X-rays with 90% left and right circularly
polarized light measured at B = 5 T and T = 5 K are presented in the top panel
of figure 4.10. The bottom panel displays the corresponding XAS spectra and the
dichroic signals. The experimental spectra are given by circles and squares for CrMn3

and MnStar molecule, respectively. The corresponding Mn2+ CTM calculations are
represented by solid lines. The theoretical spectra have been calculated using the
TTmultiplet program developed by T. Thole, based upon the computer codes of
Cowan and Butler [Butler, 1981; Cowan, 1981; de Groot F. M. F., 1994, 2005].

In contrast to the MnStar CTM calculations it was not possible to reproduce
the Mn L edge XAS spectra of CrMn3 assuming the Oh symmetry. Taking into
account the highly distorted octahedral coordination of the MnII ions, the CrMn3

CTM calculations had to be performed in the C4h symmetry. All other parameters,
namely Slater integrals, Slater d − d and p − d integral reduction, and spin-orbit
couplings are equal to the MnStar CTM calculations and can be found in section
3.4.2 and table 3.3.

Charge transfer was considered by the mixing of 3d5 and 3d6 charge transfer initial
states with an energy difference ∆ = E(3d6L) − E(3d5L) between the two configu-
rations. For the calculated CTM spectra of the MnII ions incorporated in CrMn3 a
good agreement is achieved for a crystal field of 10Dq = 0.6 eV, ∆ = 9.0 eV, and
T = 5 K.

The calculated spectra have been convoluted with a Lorentzian (0.2 eV and 0.4 eV
FWHM for the L3 and L2, respectively) and Gaussian function (0.15 eV FWHM)
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Figure 4.10: Dichroic Mn L2,3 spectra of CrMn3 (circles) and the MnStar
(squares) taken at a temperature of 5 K and an applied magnetic field of 5
Tesla (top panel) and corresponding XAS and MCD signals (bottom panel).
The solid lines represent the appropriate Mn2+ CTM calculations in D4h sym-
metry (highly distorted octahedral ligand field) using a crystal field strength of
0.6 eV.

with respect to the lifetime broadening and spectrometer resolution. Finally, a lin-
ear combination rating 90/10 % of the circular and z-polarized absorption spectra
(ml = 0 transitions) were calculated for a direct comparison of experiment and CTM
spectra. On the lower panel of figure 4.10 the sum (XAS) of the two helicities shown
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in the top panel is compared to the dichroic (MCD) signals of CrMn3 (circles) and
the MnStar (squares).

The characteristic two Mn L edges visible at about 640 and 652 eV originate from
the spin-orbit coupling of the 2p shell representing the 2p3/2, 2p1/2 to 3d transitions.
In detail, the Mn L3,2 XAS comprises six main features: a shoulder at approximately
639.0 eV, the Mn L3 main peak at 640.0 eV, two additional L3 shoulders at higher
energies 641.0 and 643.5 eV, and two coequal peaks at the L2 edge at 650.0 and 652.5
eV. This is the case for both, the CrMn3 and MnStar XAS spectrum. That clearly
reveals a rather ionic Mn2+ (3d5) valence state since XAS is sensitive to the local
electronic structure and chemical environment.

To better understand the ionic Mn2+ behavior, it is necessary to mention that
here, as well as for the MnStar a 93.8% 3d5L and a 6.2% 3d6L configuration was
extracted from the CTM calculations. This is noteworthy, because charge-transfer
can result in the deformation of the multiplet structure and the appearance of satellite
structures [van der Laan and Kirkman, 1992]. Thus, for a complete analysis the
mixing between those charge-transfer configurations are taken into account; they lead
to a significant improvement of the CTM calculations between the Mn L3 and L2

edges. Furthermore, the local crystal-field strength around the absorbing manganese
atom can directly by probed by XAS. Modeling of the XAS spectra with the CTM
calculations delivered a crystal field of 0.6 eV, equal to the value used in the MnStar
CTM calculations.

Nevertheless, a further improvement of the Mn2+ CTM calculations for the CrMn3

molecule is desirable in order to obtain a better agreement especially with the larger
L3/L2 ratio and the structure changes of the two shoulders to lower and higher
energies of the L3, meaning XAS and dichroic spectra.

This was done trying to model the highly distorted octahedral coordination of the
MnII ions within the D4h symmetry setting the splitting parameters to Ds = −0.07
and Dt = −0.09, describing the strong elongation of the octahedral surrounding.
With these parameters the spectra is mainly reproduced, but having in mind the
highly distorted octahedral surroundings the Ds and Dt parameter are quite small
with respect to the 10Dq value. Since the Mn2+ symmetry in CrMn3 is very low,
mainly due to the Cl ion but also because of mixed O and N ligand atoms, this
approach is not correct. Here, maybe a modeling of the local Mn2+ symmetry by
two square pyramidal surroundings comprising different crystal fields – leading to an
inhomogenous crystal field – would be successful but far away from trivial. The upper
panel of figure 4.11 presents the dichroic XAS and MCD spectra of the chromium ion
in the magnetic core of CrMn3 at a magnetic field of 5 Tesla and at a temperature
of 5 K. Compared to the Mn2+ spectra, the Cr3+ X-ray absorption spectra comprise
rather broad peaks. Two main peaks are located at 577.0 and 585.0 eV photon energy
for the L3 and L2, respectively. Clear multiplet structures around the main peaks are
visible. The spectrum allows to identify eight identifiable features, which are unique
characteristics for the presence of a Cr3+ ion in an octahedral environment [Gaudry
et al., 2006].

Looking at the XMCD signal of chromium is at first glance astonishing: no sig-
nificant signal was recorded. To get a deeper insight into the local symmetry and
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Figure 4.11: Dichroic Cr L2,3 spectra and MCD signal of CrMn3 taken at a tem-
perature of 5 K and an applied magnetic field of 5 Tesla (top viewgraph).
Comparison of the CrMn3 and Cr2O3 [Gaudry et al., 2006] Cr L edge XA-
spectra plotted along with CTM calculations for a Cr3+ ion in Oh symmetry
(10Dq = 2.2 eV) (bottom viewgraph).

multiplet structure of the Cr ion, ligand-field (LF) multiplet calculations (using the
TTmultiplet program) for trivalent chromium in the Oh symmetry were performed.
The result is given as the black solid line in the lower panel of figure 4.11 together
with the corresponding XAS Cr L2,3 edge of Cr2O3 [Gaudry et al., 2006] and the
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isotropic XAS of the CrMn3.

All spectra show up with basically the same shape. The CrMn3 XAS (dark gray)
agrees nearly perfectly with the Cr2O3 spectrum (light gray). There is one particular
feature shifting: the main peak of the Cr L3 edge of Cr2O3 is located at 576.6 eV
photon energy, whereas in the XAS spectrum of CrMn3 it is shifted to a photon
energy of 577.0 eV. Also the relative intensities of the peaks at the edges L3 and L2

differ slightly. For Cr2O3, a 10Dq value of 2.0 eV was estimated from TTmultiplet
calculations performed by Gaudry et al. [2006]. To reproduce the shift of the main
peak and preserve the overall multiplet structure, it was necessary to scale the slater
integrals to 75 % and setting up a ligand field of 10Dq = 2.2 eV in Oh symmetry. This
is in agreement with investigations reported earlier for octahedrally coordinated Cr3+

systems [Gaudry et al., 2006]. With the LF multiplet calculation the characteristic
features of the CrMn3 absorption spectrum could be modeled, although an exact
reproduction of the relative intensities failed.

In order to extract the element selective separated spin and orbital moments of the
Mn2+ in CrMn3 the XMCD sum rules were applied in the same manner as described
in section 3.5 including the mentions corrections.

From the experimental data shown in figure 4.10 a local manganese spin moment of
mspin = 7.24µB per molecule (2.41µB per manganese atom) and an orbital moment
of morb = 1.56µB per molecule (0.52µB per manganese atom) have been extracted.
Because the sum rules can only be applied properly when the separation of the
2p3/2 and 2p1/2 excitations is large enough to clearly distinguish the j3/2 and j1/2

excitations, a spin-correction factor is necessary if the spectral features of the L2 and
L3 edges overlap. In this case a quantum-mechanical superposition of the j3/2 and
j1/2 excitations appears during the absorption process. In the MnStar section 3.5 the
corresponding correction factor was already discussed and validated, which was first
proposed and calculated by Teramura et al. [1996] (see also de Groot and Kotani
[2008]; Khanra et al. [2008]).

Using this spin-correction factor yields a local manganese spin moment of mspin =
10.65µB per molecule and a rather large orbital moment of morb = 1.56 µB per
molecule at a magnetic field of 5 Tesla and a temperature of 5 Kelvin. Although
the manganese L2,3 edge MCD signals of the former investigated MnStar compound
and the recent CrMn3 molecule look very similar at the first glance, the orbital
angular-momentum distribution is totally different for the two compounds. Figure
4.12 shows a direct comparison of the CrMn3 and MnStar manganese L2,3 edge
MCD signals and their integrated intensities. What can be observed is the clear
difference in the L2/L3 intensity ratio leading to a large unquenched orbital angular
momentum as a direct consequence of the Mn2+ single-ion anisotropy. There is no
orbital moment observable from electronic states created by the crystal field, since all
d orbitals are perfectly balanced within the ±m-contributions. Only if a strong spin-
orbit interaction destroys this balance, different d orbitals mix in a way to produce
a non-zero angular momentum [Stöhr, 1995, 1999; Stöhr and König, 1995].

An appropriate determination of the local chromium moment is not possible. The
use of the spin correction factor assumes a sufficiently large L3/L2 splitting so that
no L3-L2 mixing is present [Teramura et al., 1996]. In the case of chromium the
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Figure 4.12: Experimental Mn L2,3 MCD signals of the CrMn3 (black) and Mn-
Star (gray) compounds plotted along with the corresponding MCD integrated
intensities. For clarity the experimental XMCD signals are scaled by a factor
of 4.

L3/L2 splitting is not sufficiently large. Qualitatively, one can assume a very small
local magnetic spin moment of chromium ordered ferromagnetically with respect to
the manganese spins in the CrMn3 molecule.

Comparing the high magnetic field magnetization data and the anisotropic Heisen-
berg model calculations at 5 Tesla and 4.2 K – especially the local chromium mag-
netization extracted from these calculations (Figure 4.6) – with the evaluated local
magnetic moments of manganese and chromium from the XMCD experiments at 5
Tesla and 5 K, a perfect agreement is achieved. The total magnetization delivers
approximately 12.5µB per molecule, whereas the local chromium magnetic moment
has almost completely vanished, even though it is still ordered ferromagnetically with
respect to the manganese spins (Figure 4.6, bottom).

Also the large local anisotropy parameter for manganese (dMn = −1.05 cm−1) ob-
tained from the Heisenberg simulations can be understood qualitatively. The XMCD
measurements give direct experimental evidence that the orbital moments of the man-
ganese ions are only partially quenched. These fantastic results can be regarded as a
first example of strong anisotropy and frustration effects probed by X-ray magnetic
circular dichroism.
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4.8 X-ray photoelectron spectroscopy and electronic-structure
calculations

4.8.1 XPS 2p and 3s transition metal core level lines

X-ray photoelectron spectroscopy (XPS) measurements were performed to verify the
homovalency of Mn2+ in the CrMn3 molecule. To analyze the characteristic features
in the spectra, the Mn 2p and 3s core-level lines of several Mn compounds are dis-
played in figure 4.13: solid LaSrMnIIIO4 [Kuepper et al., 2006], MnIII

6 Salox [Prinz
et al., 2009], MnStar [Khanra et al., 2008], MnO, and CrMn3. In addition to the
2p1/2 and 2p3/2 main peaks at a binding energy of approximately 653 eV and 641
eV, respectively, the 2p core-level XPS spectra of CrMn3, MnStar (Mn2+) and MnO
show the characteristic satellite structure of divalent manganese ions (Figure 4.13,
top panel). From the corresponding 2p spectra of LaSrMnO4 (Mn3+) and MnIII

6 Salox
a chemical shift of about 1 eV is observed. This and the vanished shake-up satellite
structure indicates that here the Mn ions are trivalent. This comparison identifies
the CrMn3 molecule as a pure Mn(II) complex.

Next, the Mn 3s spectra of the compounds (Figure 4.13, lower panel) are compared.
For LaSrMnO4 and Mn6Salox a 3s multiplet splitting of 5.1 eV was observed in
agreement with previous results reported for homovalent Mn3+ compounds [Galakhov
et al., 2002]. For CrMn3, the MnStar and MnO the 3s splitting is found to be 6.1
eV, which is typical for homovalent Mn2+ compounds. Thus, the 3s spectra confirm
the result of the 2p XPS. For the discussion of the Cr valence state, the Cr 2p XPS
core-level spectrum of CrMn3 is plotted along with the corresponding Cr 2p line of
Cr2O3 in figure 4.14. One can clearly see that all the spectral features of Cr2O3,
i.e., the Cr 2p core level lines can be found in the CrMn3 Cr 2p spectrum as well.
The 2p3/2 main peaks are located at a binding energy of 577.0 eV having a slightly
asymmetric line shape. This is due to multiplet-splitting effects caused by unpaired
electrons [Gupta and Sen, 1975]. The 2p1/2 peaks are located at 587.0 eV binding
energy, revealing a spin-orbit splitting of 10.0 eV. The shake-up satellites of Cr2O3

are located at approximately 598.0 eV and 597.5 eV.
For CrMn3 the positions of the Cr 2p spectra are identical, but the satellites are

rather broad. Due to the fact that in Cr2O3 trivalent Cr ions are octahedrally co-
ordinated in a corundum structure, and that the CrMn3 shows the same shape and
chemical shift, it is concluded that Cr is trivalent in CrMn3. This is in agreement
with our XAS investigations and the results of Khanra et al. [Khanra et al., 2007].

4.8.2 DFT calculations confirming single ion anisotropy

For density-functional calculations, the molecule was prepared in different magnetic
configurations, with the spin moments of individual atoms set parallel or antiparallel.
Moreover, in some calculations the values of the total spin moment were fixed. Some
results are summarized in table 4.4. Thereby, the spin directions of the four magnetic
ions are labeled by U for up and D for down starting with Cr and, followed by
the three Mn spins. We calculated as well the energies for some non-collinear spin
configurations, but did not reach conclusive results due to convergence problems.
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Figure 4.13: Top panel: Mn 2p XPS spectra of CrMn3 compared to the spectra
of LaSrMnIIIO3, MnIII

6 Salox, MnStar, and MnIIO. Bottom panel: Comparison
of the corresponding XPS manganese 3s core-level lines. The spectra are scaled
relative to the energies of the main high-spin maxima.

Restricting the discussion to collinear cases only, the following facts can can be
emphasized:

1. The individual spins on the Cr and Mn positions tend to remain quite stable
at values of 3/2 and 5/2 correspondingly, but can be inverted at relatively low
energy cost.

2. The saturation value of the total spin, 18/2 as in the UUUU configuration,
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Figure 4.14: Cr 2p XPS core-level lines of the CrMn3 molecule plotted along with
the reference spectra of Cr3+

2 O3

agrees with that following from the measured magnetization curve. In fact,
in the DFT calculation this magnetically saturated configuration is also the
ground-state one.

3. At variance with what could have been a priori expected, i.e., a preferential an-
tiparallel coupling between Cr and Mn, the DUUU configuration with just the
central spin inverted is energetically by 39 meV higher compared to the UUUU
configuration. However, the inversion of two spins, such as in the DDUU and
other degenerate configurations, is by merely 13 meV higher in energy than the
fully magnetized situation. Hence, it can be expected that a mixture of several
such “two spins up, two spins down” configurations might ultimately emerge
as the ground state. Apparently, this is a manifestation of a strong frustra-
tion, as also evidenced by anisotropic Heisenberg and spin dynamic simulations
presented above.

4. Obviously (for reasons typical for DFT calculations in molecular magnets where
the intra atomic correlation effects are underestimated, see e.g. Postnikov et al.
[2006]) the magnetic splitting within the 3d shells of Cr and Mn comes out too
small, and consequently the HOMO–LUMO gap is strongly underestimated.
However, it does not fully disappear, at least in the most “competitive” spin
configurations, amounting to 0.51 eV in UUUU, 0.63 eV in DUUU, 0.70 eV
in DDUU. The latter supports the above argument that the mixing of several
DDUU-like states might result in a stable and energetically favorable (frus-
trated) configuration.

For discussing the local DOS and the spatial distribution of spin density, the DUUU
configuration is used, because it shows a reasonable “spin contrast” in the Cr-Mn
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Table 4.4: Number of valence electrons per (Cr, Mn) site and per CrMn3 molecule
in both spin channels, along with corresponding nominal values of the total spin
and relative energies of three spin configurations.

UUUU configuration
Cr Mn(1) Mn(2) Mn(3) Qtot

up 7.215 8.536 8.536 8.536 180.000
dn 4.176 3.843 3.843 3.843 162.000
nominal 2S 3 5 5 5 18
E − E(UUUU) = 0

DUUU configuration
Cr Mn(1) Mn(2) Mn(3) Qtot

up 4.253 8.538 8.538 8.538 177.000
dn 7.135 3.842 3.842 3.842 165.000
nominal 2S -3 5 5 5 12
E − E(UUUU) = +39 meV

DDUU configuration
Cr Mn1 Mn2 Mn3 Qtot

up 4.226 3.849 8.536 8.535 172.000
dn 7.163 8.531 3.845 3.845 170.000
nominal 2S -3 -5 5 5 2
E − E(UUUU) = +13 meV

coupling (see figure 4.16). It should be noted that each individual spin is not fully
localized on a 3d center, so that the corresponding magnetic density somehow spills
onto the neighboring atoms. However, the spins remain quite “rigid”, in the sense
that in a different spin configuration the corresponding local DOS (Figure 4.3) and
the spatial spin density around a given center in first approximation would be inverted
(i.e., spin up becomes spin down). Beyond the trivial observations from figure 4.3
(the 3d orbitals of Mn and Cr hybridize with the 2p orbitals of O and N; the induced
magnetic density is not negligible only at the first neighbors of the magnetic centers),
there are certain points to note:

1. The on-site magnetic spin density is quite spherical around Mn atoms, with
their half-filled and hence symmetric d-shells, and pronouncedly “cube-like”
at the Cr site, where in a simplified view “only” the t2g orbitals are occupied
(Figure 4.16). This different shape is even more pronounced in higher spin-
density isosurfaces (not shown) which more closely confine the atom cores.

2. Observing the spin density spilled onto the neighbors of a 3d center, is is found
highly (octahedrally) symmetric around the Cr site, due to the octahedral en-
vironment of oxygen atoms. The spin density around the Mn atoms is strongly
anisotropic (Figure 4.16). For one thing, the Mn are already structurally placed
in low-symmetry positions; moreover, one can see that the Cl 3p shell, even
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Figure 4.15: Two perspective views of the [CrIIIMnII
3 (PyA)6Cl3] molecule. The

labeling O1, O11, N2 is after [Khanra et al., 2007]. The figure was created with
the XCrySDen software [Kokalj, 1999].

though it is (almost) fully occupied, exhibits an interesting difference of its
spin-up and spin-down components, visible both in the DOS (Figure 4.17) and
in the magnetic-density plots (Figure 4.16). This might be an important source
of anisotropy found for the Cr atoms in the spin-Hamiltonian simulations, as
was already mentioned in section 4.6.
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Figure 4.16: Two views of the spin density isosurfaces, corresponding to
±0.0025 e/Å3, in the DUUU configuration of the CrMn3 molecule. Posi-
tive/negative values are indicated by light gray/dark violet color. The molecular
structure is shown as a framework, with orientation and color code as in figure
4.15.

4.8.3 Valence band region explored by XPS, XES and DFT

A comparison of the first-principles electronic-structure calculations with spectro-
scopic the XPS and XES data of the CrMn3 heteronuclear complex is given in figure
4.18. Using the core levels binding energies from the XPS, the different X-ray emis-
sion spectra of Mn, Cr, and O have been brought into the common energy-loss scale
with the valence-band XPS and with the calculated total and partial DOS of fig-
ure 4.17. What is labeled as tDOS in figure 4.18 is in fact summed up from the
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Figure 4.17: Spin-resolved local density of states of the Mn and Cr sites and their
nearest neighbors in the DUUU configuration of CrMn3. The numbering of O
and N atoms is as in figure 4.3 and 4.15.

individual calculated element-resolved DOS, scaled with the Hartree-Slater subshell
photoionization cross-sections at 1487 eV taken after Scofield [1976] and subsequently
convoluted with a 1.5 eV FWHM Gaussian function equivalent to the spectrometer
resolution. Additionally, the XES spectra are compared to the corresponding calcu-
lated partial densities of states for Mn3d, Cr3d, and O2p of figure 4.17, summed up
over two spin channels. The emission spectra of Mn and Cr correspond to resonant
L3 edge X-ray fluorescence, whereas the O K edge emission spectrum was recorded
in normal non-resonant fluorescence (the excitation energies are given in figure 4.18).
Such kind of comparison helps to identify the origin of the apparent features in the
XPS valence-band region and to understand the XES results.

In the valence-band spectra seven pronounced features appear, labeled by (i) to
(vii) in figure 4.18. A rather broad structure forms the top of the valence band rang-
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Figure 4.18: X-ray photoelectron spectrum of the valence-band region (top) of
CrMn3 compared to the calculated total density of states and to X-ray emission
spectra of Mn, Cr (L3 XES) and O (K XES), plotted along with DFT-calculated
partial density of states.

ing from the Fermi level to about −6 eV binding energy. It includes a pronounced
shoulder at −2 eV (i) leading to the maximum at −3.5 eV (ii). Feature (iii) comprises
a weak but widely spread band from −6 to −10 eV with a local intensity maxima at
−8 eV binding energy. In the energy range from −10 to −25 eV the bands (iv) to
(vii) are located with their intensity maxima at −13, −17, −21, and −23 eV, respec-
tively. The calculated tDOS is in very good agreement with the experimental data.
All mentioned features, as well as the complete XPS spectral shape, are perfectly
reproduced. However, a more detailed assignment of the valence-band structures can
be achieved together with the element-selective XES spectra.

Comparing these structures to the XES spectra given below the XPS valence band
and to the data shown in 4.18, it is possible to assign the band (i) to Cr 3d spin-down
3d and Cl 3p states. Feature (ii) at −3 eV can mainly be assigned to Mn 3d spin-up
states and to parts of Cr and Mn states weakly hybridized with O 2p, N 2p and Cl
3p states. The predominantly ionic behavior of the Cr and Mn bonds is also visible
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at the relatively small overlap between the Cr and Mn L and O K XES. Feature (iii)
can be ascribed to low-lying overlapping N 2p, O 2p, and C 2p states. The bottom
of the valance-band region comprising the bands (iv) to (vii) consists of Cl 3s and
hybridized C 2s, N 2s, and O 2s states.

This is in agreement with our observations of the electronic structure of the MnStar
molecule (see Section 3.8). Again, only weak indications of charge-transfer effects in
CrMn3 have been found. The sparse overlap of the Mn 3d and Cr 3d states with
the O 2p states confirms the very weak exchange-coupling constants and the small
but necessary charge-transfer contributions in the charge-transfer multiplet model
calculations, leading to the conclusion of a rather weak covalent character of the
bonds between the transition metal and oxygen/nitrogen in the present high-spin
molecule.

4.9 Conclusions

In summary, a comprehensive investigation of the electronic structure and the mag-
netic properties of the star-shaped heteronuclear CrIIIMnII

3 complex have been pre-
cisely investigated. Various X-ray spectroscopic methods were used to investigate
the internal chemical, electronic, and magnetic structure of CrMn3.

With XPS, the homovalency of the MnII and CrIII valence states have been veri-
fied. The XAS spectra of the manganese and chromium L edges were measured and
compared to Mn2+Star spectra investigated earlier or modeled within the ligand-field
multiplet model, respectively, in order to investigate the valence and local symme-
try. Crystal-field and charge-transfer parameter were extracted from the calculations
and are in case of the chromium in a good agreement with earlier data. Due to the
highly distorted local symmetry of the Mn2+ ions an appropriate CTM modeling was
far from trivial, but within Jahn-Teller distorted C4h symmetry the basic spectral
features were described.

The XPS and XES experiments were combined with DFT calculations to inves-
tigate the densities of states in the valence-band region and are in a very good
agreement with each other.

Using magnetization measurements, element-selective XMCD at the Mn and Cr
L edges. and quantum model calculations based on an anisotropic Heisenberg
Hamiltonian, it was possible to understand the complete magnetic structure of the
CrMn3 magnetic core, including the manganese single-ion anisotropy and frustration.
Magnetization data and XMCD fit perfectly to the quantum calculations allowing
an accurate determination of the exchange interactions and of the dominant local
anisotropies.

The extracted parameters were used to perform classical spin-dynamic simulations.
The field-dependent classical ground state and low-temperature properties were stud-
ied and completed the extensive work on the CrMn3 complex.
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5 Verification of a pure MnIII Compound:
MnIII

6 O2Salox6

As aforementioned, the investigations of manganese containing polynuclear com-
plexes like the substances from the previous chapters are of great importance to
clarify the interplay between the electronic structure and magnetic properties. This
interactions were especially pointed out by comparing and actually join the results
of X-ray magnetic circular dichroism and magneto-chemical studies complementing
one another.

The following chapter focuses more on the molecular and electronic structure of a
butterfly-shaped organo-metallic complex incorporating six trivalent manganese ions.
The presented scientific findings concerning the manganese valency are absolutely
necessary to study mixed-valent, or heterovalent manganese MnII/MnIII compounds.

5.1 Introduction

For the synthesis of high-nuclearity clusters primarily based on ligands with oxygen
donors, manganese is the preferred metal due to its oxophilicity and the occurrence
of at least three oxidation states, +II (d5), +III (d4), +IV (d3) which are easy to
obtain, and additionally it has the highest number of unpaired electrons possible in
the 3d orbitals of the coordinated metal center.

The oxime-based complex is an isotypic molecule of the hexanuclear MIII complexes
series (M = V, Cr, Mn, Fe) from Chaudhuri et al. [1998], which contain the structural
core [Mn6(µ3-O)2] and can be obtained through a general synthetic route.

In this chapter the preparation and characterization of the manganese(III) complex
[MnIII

6 (µ3-O)2(Salox)6(CH3CH2OH)4{(CH3)3CCOO}2]1 (Mn6Salox) by X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS) is presented.

The results give an important basis to study the electronic and magnetic structure
of several mixed-valent manganese containing organo-metallic high-spin complexes
like the wheel-shaped Mn7 and the “new” Mn12 molecules [Foguet-Albiol et al., 2005;
Rumberger et al., 2005; Saalfrank et al., 2007]. It is important to have reference
spectra of homonuclear manganese clusters with different Mn valencies (Mn(II), see
Chapter 3 and Khanra, Kuepper, Weyhermüller, Prinz et al. [2008]).

XPS is a powerful technique to reveal the chemical and electronic state of the
elements that exist within a material. Additionally, since the multiplet structure
at the XAS transition metal L edges shows strong changes in dependence of the
oxidation state, XAS at the Mn L edge in ionic transition metal oxides is very

1Salox: salicylaldoxime ligand
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useful for the determination of Mn valence states [Stöhr, 1992]. In comparison with
multiplet calculations one can gather a lot of information of the manganese valence
state and coordination symmetry.

5.2 Experimental section

5.2.1 Synthesis and structure refinement

Synthesis and structure refinement were performed by Prof. P. Chaudhuri and co-
workers. A detailed review of the general synthetic route and the characterization of
the molecular structure is described in the publication of Prinz et al. [2009].

5.2.2 X-ray spectroscopic techniques

The presented room temperature X-ray photoelectron spectra were measured using a
PHI 5600CI multitechnique spectrometer with monochromatic Al Kα (hν = 1486.6
eV) radiation of 0.3 eV at FWHM. The overall resolution of the spectrometer is
1.5 % of the pass energy of the analyzer, 0.35 eV in the present case. The soft
X-ray absorption spectrum was recorded at beamline 4.0.2 of the Advanced Light
Source (ALS), Berkeley, USA [Young et al., 1999]. The sample stage was connected
to a pumped helium cryostat reaching a base temperature of around 5.0 K. The
measurements at the Mn L2,3 edge have been recorded in the total electron yield
(TEY) mode.

5.3 Molecular structure

The crystallographic data for the [MnIII
6 (µ3-O)2(Salox)6(CH3CH2OH)4{(CH3)3CCOO}2]

(Mn6Salox) are summarized in table 5.1. The molecular structure of the hex-
anuclear core, MnIII

6 (µ3-O)2 is shown in figure 5.1, while figure 5.2 highlights only
the coordination spheres of the manganese centers. The six manganese atoms in
the hexanuclear structure are distributed in two µ3-oxo-centred trinuclear arrays
[Mn3(µ3-O)], related through an inversion center situated in the middle of the plane
comprising the Mn(3)O(20)O(20*)Mn(3*) atoms; thus the Mn3(µ3-O) units are
bridged through the oxygen atoms O(20) and O(20*) of the oxime moiety. The
doubly-bridging mode of the oxime oxygens O(20) and O(20*) is not very uncommon
[Pavlishchuk et al., 2002; Weyhermüller et al., 2005]. The most common mode is the
two-atom bridge, through the N- and O-donors, for metal oximato complexes. The
manganese atoms Mn(3) and Mn(3*), belonging to two separate Mn3(µ3-O) units
and bridged by two oximato oxygens O(20) and O(20*) are separated by a distance
of 3.346 Å . The angle Mn(3)-O(20)-Mn(3*) is 99.42(5)◦. The manganese atoms
Mn(1), Mn(2) and Mn(3) form an isosceles triangle with the following separations:
Mn(1)· · ·Mn(2) 3.283 Å, Mn(1)· · ·Mn(3) 3.253 Å, and Mn(2)· · ·Mn(3) 3.149 Å.
The Jahn-Teller axes are O(40)-Mn(1)-O(43) and O(32)-Mn(3)-O(20*).

The disposition of the µ3-oxide, O(100), is nearly symmetrical, the difference be-
ing insignificant within the 3σ range, and the average Mn-O(100) bond (1.874 Å)
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Table 5.1: Crystal Data and Structure Refinement for [MnIII
6 (µ3-O)2(Salox)6-

(CH3CH2OH)4)4{(CH3)3CCOO}2]

Empirical formula C68H84N10O22

Formula weight 1723.09
Temperature, K 100(2)
Wavelength, Å 0.71073
Crystal system Triclinic
Space group P1̄
Unit cell dimensions a = 11.7631(12) Å

b = 12.5266(15) Å
c = 13.8711(15) Å
α = 78.520(1)◦

β = 71.770(1)◦

γ = 88.650(1)◦

Volume (Å3), Z 1900.9(4), 1
Calculated density Mg/m3 1.505
Absorption coefficient, mm−1 1.045
F(000) 888
Crystal size, mm 0.22×0.14 × 0.10
θ range for data collection (deg) 3.01 to 30.99
Index range −17 ≤ h ≤ 17,−18 ≤ k ≤ 18, −20 ≤ l ≤ 19
Reflections collected / unique 44351/12000 [R(int) = 0.0461]
Absorption correction Not corrected
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 11952 / 1 / 488
Goodness-of-fit on F2 1.101
Final R indices [I>2σ(I)] R1 = 0.0377, wR2 = 0.0891
R indices (all data) R1 = 0.0528, wR2 = 0.1308
Largest diff. peak and hole 0.628 and −0.449 e.Å3

is distinctly shorter than that in the Mn3(µ3-O) core present in MnIII carboxylate
complexes [Vincent et al., 1987]. The manganese atoms Mn(1) and Mn(3) are in dis-
torted octahedral environments having MnNO5 coordination spheres, whereas Mn(2)
is in an unusual square pyramidal Mn(2)NO4 environment. The five-coordinated
Mn(2) is bonded to the azomethine nitrogen N(19), phenolate oxygen O(11), oxime
oxygen O(10), and an oxygen O(31) of the bridging carboxylate group in the apical
position. The Mn(2) atom is displaced by 0.235 Å from the mean basal plane com-
prising the N(19)O(11)O(10)O(100) atoms away from the apical atom O(30) of the
pivalate.

It is noteworthy that the Mn(3)-O(20*) distance at 2.4148(13) Å is considered to
be too long for bonding interactions, the Mn(3) also becomes five coordinate and
square-pyramidal (see table 5.2 and 5.3).
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5 Verification of a pure MnIII Compound: MnIII
6 O2Salox6

Figure 5.1: Representation of
[MnIII

6 (µ3-O)2(Salox)6(CH3CH2OH)4{(CH3)3CCOO}2]. The figure was pro-
duced using the ORTEP-3 for Windows software by Farrugia [1997].

5.4 Determination of the Mn valence by XPS and XAS

XPS measurements were performed to verify the Mn3+ monovalency in the
[MnIII

6 (µ3-O)2(Salox)6(CH3CH2OH)4{(CH3)3CCOO}2] molecule. To analyze the
spectral characteristics, the 2p and 3s core level lines of three Mn compounds are dis-
played in figure 5.3 (right panel): solid LaSrMnIIIO4 [Kuepper et al., 2006], a tetranu-
clear manganese(II) cluster (MnStar) [Khanra et al., 2008] and the title compound
Mn6Salox. The 2p core level XPS of the MnStar (Mn2+) shows the characteristic
satellite structure of divalent manganese ions. On the other side the corresponding
2p spectra of LaSrMnO4 (Mn3+) and the title compound Mn6Salox look almost the
same. The vanishing shake-up satellite structure – characteristic for Mn3+ ions [Fu-
jiwara et al., 1995] – and the chemical shift of about 1 eV (see vertical lines in figure
5.3, left panel) indicates that the Mn ions in (1) are trivalent. This comparison
identifies Mn6Salox as a pure Mn(III) complex. Next a comparison of the Mn 3s
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5.4 Determination of the Mn valence by XPS and XAS

Figure 5.2: A view of the first coordination spheres of the MnIII ions.

Table 5.2: Selected bond lengths (Å) for the Mn6Salox complex.

Mn(1)-O(100) 1.8815(11)
Mn(1)-O(1) 1.8977(12)
Mn(1)-O(30) 1.9202(12)
Mn(1)-N(9) 1.9995(14)
Mn(1)-O(40) 2.2457(13)
Mn(1)-O(43) 2.2886(13)
Mn(2)-O(11) 1.8664(12)
Mn(2)-O(100) 1.8672(12)
Mn(2)-O(10) 1.9081(12)
Mn(2)-N(19) 2.0183(14)
Mn(2)-O(31) 2.0808(13)
Mn(2)-Mn(3) 3.1489(5)
Mn(3)-O(100) 1.8741(12)
Mn(3)-O(21) 1.8768(12)
Mn(3)-O(20) 1.9548(12)
Mn(3)-N(29) 2.0062(14)
Mn(3)-O(32) 2.1308(13)
Mn(3)-O(20)#1 2.4148(13)
O(20)-Mn(3)#1 2.4149(13)
Symmetry transformations used to generate
equivalent atoms: #1 −x+ 2, −y + 2, −z + 1
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5 Verification of a pure MnIII Compound: MnIII
6 O2Salox6

Table 5.3: Selected bond angles (deg) for Mn6Salox.

O(100)-Mn(1)-O(1) 174.33(5) Mn(3)-O(100)-Mn(1) 120.05(6)
O(100)-Mn(1)-O(30) 92.81(5) N(19)-Mn(2)-O(31) 93.06(5)
O(1)-Mn(1)-O(30) 90.49(5) O(11)-Mn(2)-Mn(3) 149.93(4)
O(100)-Mn(1)-N(9) 86.34(5) O(100)-Mn(2)-Mn(3) 32.75(4)
O(1)-Mn(1)-N(9) 90.51(6) O(10)-Mn(2)-Mn(3) 122.98(4)
O(30)-Mn(1)-N(9) 177.97(6) N(19)-Mn(2)-Mn(3) 61.34(4)
O(100)-Mn(1)-O(40) 93.29(5) O(31)-Mn(2)-Mn(3) 79.99(4)
O(1)-Mn(1)-O(40) 91.61(5) O(100)-Mn(3)-O(21) 173.33(5)
O(30)-Mn(1)-O(40) 84.53(5) O(100)-Mn(3)-O(20) 90.04(5)
N(9)-Mn(1)-O(40) 93.67(5) O(21)-Mn(3)-O(20) 88.20(5)
O(100)-Mn(1)-O(43) 84.99(5) O(100)-Mn(3)-N(29) 89.07(5)
O(1)-Mn(1)-O(43) 90.05(5) O(21)-Mn(3)-N(29) 90.93(5)
O(30)-Mn(1)-O(43) 96.68(5) O(20)-Mn(3)-N(29) 164.74(6)
N(9)-Mn(1)-O(43) 85.09(6) O(100)-Mn(3)-O(32) 93.71(5)
O(40)-Mn(1)-O(43) 177.94(5) O(21)-Mn(3)-O(32) 92.82(5)
O(11)-Mn(2)-O(100) 169.60(6) O(20)-Mn(3)-O(32) 93.01(5)
O(11)-Mn(2)-O(10) 87.00(5) N(29)-Mn(3)-O(32) 102.25(6)
O(100)-Mn(2)-O(10) 91.07(5) O(100)-Mn(3)-O(20)#1 86.37(5)
O(11)-Mn(2)-N(19) 89.48(5) O(21)-Mn(3)-O(20)#1 86.99(5)
O(100)-Mn(2)-N(19) 89.26(5) O(20)-Mn(3)-O(20)#1 80.58(5)
O(10)-Mn(2)-N(19) 162.27(6) N(29)-Mn(3)-O(20)#1 84.16(5)
O(11)-Mn(2)-O(31) 95.57(6) O(32)-Mn(3)-O(20)#1 173.59(5)
O(100)-Mn(2)-O(31) 94.81(5) Mn(2)-O(100)-Mn(3) 114.63(6)
O(10)-Mn(2)-O(31) 104.57(5) Mn(2)-O(100)-Mn(1) 122.28(6)
Symmetry transformations used to generate
equivalent atoms: #1 −x+ 2, −y + 2, −z + 1

spectra of the three compounds (Figure 5.3, right panel) is done. For the MnStar a
3s multiplet splitting of 6.1 eV was found, which is typical for pure Mn2+ compounds,
whereas the 3s splitting in LaSrMnO4 and (1) is found to be ≈ 5 eV, in very good
agreement to previous results reported for pure Mn3+ compounds [Galakhov et al.,
2002]. Thus, the 3s spectra confirm the result of the 2p XPS.

In order to obtain even more evidence concerning the Mn valence state in (1) also
complementary XAS investigations were performed at the Mn L2,3 edges of Mn6Salox
and the two reference compounds. Additionally, the spectra were also compared
to charge transfer cluster calculations [Taguchi and Altarelli, 2002] (Figure 5.4).
XAS at the transition metal L edge in ionic transition metal oxides is dominated by
transitions to Mn 3d states and therefore sensitive to the local symmetry and very
useful for the determination of Mn valence states since the multiplet structure at the
Mn L edges shows strong changes in dependence of the oxidation state [Stöhr, 1992].

The Mn L2,3 XAS of the MnStar shows a very characteristic shape of Mn2+ ions
with a sharp absolute maximum in intensity at the L3 resonance, accompanied by
a prepeak and a shoulder at lower and higher photon energies, respectively. The L2
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5.4 Determination of the Mn valence by XPS and XAS
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Figure 5.3: Left panel: Mn 2p XPS spectra of the title compound Mn6Salox com-
pared to the spectra of LaSrMnO4 and the MnIIStar. Right panel: Comparison
of XPS manganese 3s core level lines of the title compound, LaSrMnO4 and
MnStar. The spectra are scaled relative to the energies of the main high-spin
maxima (see text for details).

edge comprises two small but rather sharp peaks [Khanra et al., 2008]. In contrast
the Mn L2,3 XAS of the Mn3+ compound LaSrMnO4 consists of two rather broad
multiplets due to the spin orbit splitting of the Mn 2p core hole. No sharp features
can be identified, at both edges a prepeak is followed by a broad main feature. The
main L3 peak is located at 2 eV higher photon energies compared to Mn2+. This
chemical shift is in good agreement to that found by Grush et al. [1996]. The Mn
L2,3 XAS of (1) has a very similar shape and energy position than that of LaSrMnO4.
XAS confirms that the title compound Mn6Salox is a pure Mn3+ compound.

Former reported model calculations based upon a (MnO6)−10 charge transfer clus-
ter model in D4h symmetry by Taguchi and Altarelli [2002], assuming a ground
state configuration comprising 73.6% 3d4L states and 26.4% 3d5L charge transfer
states are in quite good agreement with the LaSrMnO4 and Mn6Salox experimen-
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Figure 5.4: Manganese L2,3 edge X-ray absorption spectrum of Mn6Salox com-
pared to the Mn L2,3 XAS spectrum of the MnStar, LaSrMnO4 and to charge
transfer cluster calculations from Taguchi and Altarelli [2002].

tal data and one can reason that the Mn L2,3 XAS of LaSrMnO4 and [MnIII
6 (µ3-

O)2(Salox)6(CH3CH2OH)4{(CH3)3CCOO}2] are quite similar concerning the elonga-
tion of the oxygen octahedra, resulting in a strongly anisotropic crystal field.

5.5 Conclusions

In conclusion, this work on the synthesis and characterization of the hexanuclear
manganese(III) complex clearly shows that bridging ligands like carboxylato anions
for cooperation with the ancillary ligand, vis., salicylaldoxime are of great impor-
tance to build up high-nuclearity transition metal clusters. This molecule joins the
family of paramagnetic trivalent metal MIII

6 O2 complexes (M = V, Cr, Mn, Fe) with
salicylaldoxime as ligand described earlier by us and others, for example: Chaudhuri
[2003]; Chaudhuri et al. [1998]; Milios et al. [2007]. We presented the synthesis, char-
acterized the structure and verified the +III valence state of the six manganese ions.
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5.5 Conclusions

From XRD (Mn–O bond lengths, Table 5.2) typical Jahn-Teller distorted oxygen
octahedra have been found for Mn(III) ions. Comparisons of XPS and XAS spectra
of the Mn6Salox complex to LaSrMnIIIO4 and a tetranuclear manganese(II) cluster
we can definitely identify
[MnIII

6 (µ3-O)2(Salox)6(CH3CH2OH)4{(CH3)3CCOO}2] as a pure Mn3+ compound.
Comparisons with former reported charge transfer cluster calculations performed on
a (MnO6)10− cluster with D4h symmetry confirm the typical Jahn-Teller distorted
oxygen octahedra for Mn(III) ions in Mn6Salox [Taguchi and Altarelli, 2002]. To
our knowledge this is the first soft X-ray spectroscopic investigation of a polynuclear
complex revealing a pure and stable Mn(III) valence state. Thus, these spectra can
be regarded as the first core level XPS, and XAS reference spectra of polynuclear
complexes comprising Mn(III) ions octahedral surrounding.
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6 Summary and Outlook

6.1 Summary

In a first step the reader was inducted into the field of molecular magnets. A quick
insight into the appealing physical phenomena arising in manganese-containing mag-
netic molecules has been given leading to a few motivating future applications and
technologies.

The experimental and theoretical essentials have been given in the second part of
this work. Several core-hole spectroscopies, such as X-ray photoelectron spectroscopy,
X-ray absorption spectroscopy, X-ray magnetic circular dichroism and X-ray emission
spectroscopy have been mentioned. The used and explained theoretical methods
have been density functional theory, charge transfer multiplet calculations and the
Heisenberg model.

The goal of the presented investigations was to fully characterize the electronic
structure and magnetic properties of selected manganese containing tetranuclear
high-spin molecules by means of various X-ray spectroscopic, magnetic and theo-
retical methods. The research on the electronic and magnetic properties is necessary
for the development of novel synthetic routes in a controlled fashion to synthesize
high nuclear transition metal clusters. These new molecular materials incl. SMM
may feature a higher blocking temperature and are therefore more suitable for future
technologies, such as ultra-high density data storage and quantum computing.

6.1.1 Star-shaped molecule of MnII
4 O6 core with an St = 10 high-spin state

The investigations on this star-shaped molecule have lead to a number of interesting
results. Magneto-chemical studies exhibit very weak exchange coupling constants
between the four Mn2+ ions, leading to complicated low lying states in which the
ground state is not well separated, resulting from a dominant weak ferromagnetic
coupling and a giant moment of up to 20 µB/f.u.

XMCD measurements revealed that almost the complete magnetic moment is lo-
cated around the Mn2+ ions. This is in agreement with only a few charge transfer
states found within the detailed X-ray absorption spectroscopic study. Here, charge
transfer multiplet calculations reveal a 93.8% 3d5L and 6.2% 3d6L configuration,
leading to a rather ionic bond of the Mn2+ ions.

Finally, electronic structure calculations confirm that the exchange interactions are
much smaller than for related compounds like the “ferric star” molecule.
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6 Summary and Outlook

6.1.2 A star-shaped heteronuclear CrIIIMnII
3 species and its precise electronic

and magnetic structure

The electronic structure and detailed magnetic properties of the star-shaped het-
eronuclear CrIIIMnII

3 complex have been precisely investigated.
With XPS the homovalency of MnII and the CrIII valence states have been veri-

fied. The XA-spectra of the manganese and chromium L edges were measured and
compared to earlier investigated Mn2+Star spectra or modeled within the ligand
field multiplet model, respectively. Crystal-field and charge transfer parameter were
extracted from the calculations.

Due to the combination high-magnetic field magnetic measurements and element
selective XMCD in of Mn and Cr L edges together with quantum model calculations
based on an anisotropic Heisenberg Hamiltonian, it was possible to understand the
complete magnetic structure of the CrMn3 magnetic core. Besides frustrated antifer-
romagnetically coupled spins the manganese single-ion anisotropy is the dominating
feature in the magnetic structure of the CrMn3 molecule. In particular the un-
quenched manganese orbital moment may be correlated to the chlorine ions attached
to each manganese ion leading to a large manganese anisotropy.

6.1.3 Verification of a pure MnIII Compound: MnIII
6 O2Salox6

The +III valence state of the six manganese ions has been verified. From X-
ray diffraction, typical Jahn-Teller distorted oxygen octahedra have been found for
Mn(III) ions. Comparisons of XPS and XAS spectra of the complex to LaSrMnIIIO4

and a tetranuclear manganese(II) cluster it was definitely possible to identify
[MnIII

6 (µ3-O)2(Salox)6(CH3CH2-OH)4{(CH3)3CCOO}2] as a pure Mn3+ compound.
The soft X-ray spectroscopic investigation of this polynuclear complex, revealing a

pure and stable Mn(III) valence state can be regarded as the first core level XPS, and
XAS reference spectra of polynuclear complexes comprising Mn(III) ions octahedral
surrounding.

6.2 Outlook

With this work on manganese containing organo-metallic complexes it has been
demonstrated that those complexes have a rather ionic valency state, meaning a
strong localization of the electron density. Experimentally (by XAS) and theoreti-
cal (by charge transfer multiplet calculations), only a few percent of charge transfer
contributions have to be taken into account to describe the corresponding spectra.
This condition allows to fully characterize the electronic and magnetic structure by
X-ray spectroscopic methods.

In a second step very recent investigations are going on with regard to mixed-
valent manganese(II)/(III) complexes. Actually, all the findings in this thesis are
essential to characterize the electronic and magnetic structure of such mixed-valent
organo-metallic systems. First analysis of the XPS and XAS data of hepta- and
dodeca-nuclear wheel shaped manganese complexes lead to the conclusion, that either
very strong charge transfer effects are present, that the molecule is destroyed by
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6.2 Outlook

radiation damage or an effect like X-ray photoreduction is present during the X-
ray spectroscopic experiments. The same discussion will be necessary for surface
deposited manganese complexes and the mentioned effects have to be clarified.

Various new methods concerning the reduction and oxidation of the manganese
ions are necessary together with several new complexes build upon various organic
ligands.

Since XPS, XAS and XMCD measurements apparently show up with the above
mentioned effects it is rather difficult, even speculative to interpret the corresponding
XMCD results. With the help of this work including the acquired knowledge of
simulating the spectra within the charge transfer multiplet model it will be possible
to reconstruct the detailed physical processes behind.

The third step will be to switch to isostructural complexes that incorporate other
transition metal ions like iron. Here, the X-ray spectroscopic results show similar
effects that need to be discussed.
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of Osnabrück/Université Joseph Fourier of Grenoble.
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Weihe, H. and H. U. Güdel (1997). Angular and distance dependence of the mag-
netic properties of oxo-bridged iron(III) dimers. Journal of the American Chemical
Society 119, 6539.

Wernsdorfer, W. (2001). Classical and quantum magnetization reversal studies in
nanometer-sized particles and clusters. Adv. Chem. Phys. 118, 99.

Wernsdorfer, W. and R. Sessoli (1999). Quantum phase interference and parity effects
in magnetic molecular clusters. Nature 284, 133.

Weyhermüller, T., R. Wagner, S. Khanra and P. Chaudhuri (2005). A magnetostruc-
tural study of linear NiIIMnIIINiII, NiIICrIIINiII and triangular NiII3 species contain-
ing (pyridine-2-aldoximato)nickel(II) unit as a building block. Dalton Transactions
(15), 2539.

Young, A., V. Martynov and H. Padmore (1999). Magnetic high-resolution spec-
troscopy with Beamline 4.0.1-2: an elliptically polarizing undulator beamline at
the Advanced Light Source. Journal of Electron Spectroscopy and Related Phe-
nomena 103, 885.

145





Acknowledgments

I would like to mention that submission of this work would not have been possible
at all had I not been supported by the scientific expertise of many benign persons:

• I am very much thankful to Prof. Manfred Neumann for giving me the op-
portunity to work in his research group. He was an excellent supervisor: his
constant guidance, hour-long invaluable discussions, perpetual inspiration with
occasional reformatory thrashings always acted as motivating factors to my
research works.

• I am indebted to Prof. Phalguni Chaudhuri, Dr. Sumit Khanra and Dr.
Thomas Weyhermüller for preparing those excellent substances and performing
elegant work with the X-ray crystallography and SQUID measurements. It is
for sure, that this thesis would not have been possible without their expertise
in synthesizing high-spin molecules.
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Michael Räkers, Albert Takács, Christian Taubitz, Daniel Taubitz, Sebastian
Voget. Furthermore, I want to thank Marion von Landsberg, Birgit Guss, and
Claudia Meyer for assistance with all the administrative work.

• This work was performed in the framework of the PhD program “Synthesis
and Characterisation of Surfaces and Interfaces assembled from Clusters and
Molecules” of Lower Saxony. The financial support is gratefully acknowledged.

• Prof. Jürgen Schnack, Prof. Manfred Neumann, Prof. Lorenz Walder, Dr. Hei-
drun Elfering and Dipl. Phys. Christine Derks are acknowledged for leading and
coordinating the PhD program. Furthermore, I want to thank all the students
for the pleasant atmosphere during the lectures, seminars and workshops.

• Most of all I would like to thank my family: my mother Renate, my father
Bernd and my sister Michaela for the invaluable support. This work would
never have started and never have finished without their love and trust in me.

• I am also highly indebted to my girlfriend Désirée for her love, understanding,
inspiration, and having faith in me. Thanks a million to Désirée and her parents
Jaqueline and Dieter for the comprehensive support.

148



List of Publications

• Prinz, M., K. Kuepper, C. Taubitz, M. Raekers, S. Khanra, B. Biswas,
T. Weyhermüller, M. Uhlarz, J. Wosnitza, J. Schnack, A. V. Postnikov,
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