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1. Motivation

With the wide success of digital technologies in almost every aspect of human life, the impress-
ive amount of approx. 250 Exabytes (1 Exabyte equals 1018 byte) of data has been produced
worldwide in 2009 [1], with an estimated increase to 1000 Exabytes in 2010. Data storage
mainly relies on hard disk drives based on the magnetic recording principle that was first
employed by V. Poulsen in 1898 [2]. The first hard disk drive was introduced by IBM in 1956
[1], featuring a recording density of approx. 0.002 Mbit/inch2 [3]. Figure 1.1 visualizes the
development of hard disk drive recording densities between 1980 and 2009.

Up to 2009, the recording density had increased to 0.25 Tbit/inch2 [1], facilitated by the fact
that a scaling principle exists for magnetic recording technology [3–5]: Reducing all physical
dimensions corresponding to the magnetic read process by the same scale factor results in an
unchanged output waveform amplitude [6]. The magnetic writing process scales as well, as
long as the applied write gap field H is kept constant [6]. Experimental proof for the validity of
this scaling principle has been given [7].

The introduction of hard disk drive read heads based on the giant magnetoresistance (GMR)
effect discovered by P. Grünberg et al. in 1996 [8, 9] represents a milestone in the miniaturiza-
tion of the magnetic recording process, allowing to overcome the noise limitations associated
with the inductive pickup method [1]. The practical significance of the GMR discovery was
honored by awarding the 2007 Nobel Prize in Physics to P. Grünberg and A. Fert [9].

While the transition from longitudinal to perpendicular magnetic recording [10, 11] in 2005 [1]
represented an important step beyond the limitations of the longitudinal recording process,
a more severe limit is rapidly approached: Beyond a critical recording density of approx.
1 Tbit/inch2 [4, 12], thermal fluctuations can overcome the energy barrier of the magnetized
areas against magnetization reversal, leading to a thermally (or magnetic field [13]) induced
loss of information [4, 5, 14]. This superparamagnetic limit [4, 14, 15] is correlated to a
magnetic grain size of approx. 10 nm [14]. Single magnetic grains beyond this limit exhibit a
superparamagnetic [16] behavior characterized by the absence of a magnetic hysteresis and a
linear response to magnetic fields [15].

Possible ways to overcome these physical limits are the use of bit patterned media or the heat-
assisted magnetic recording (HAMR) [1, 12, 17, 18]. The first solution relies on microstructured
media consisting of physically separated ’magnetic islands’ each forming a single magnetic
domain instead of a large number of grains with varying preferential directions (see figure 1 of
[17]).
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Figure 1.1. Development of hard disk drive recording densities between 1980 and 2009. While simple
scaling methods determined the increase in recording density up to 1990, new technological develop-
ments like GMR read heads and thin film media [1] were required afterwards. Currently, the thermal
stability of magnetization (superparamagnetic limit) represents the technological limit for the record-
ing density. Figure by courtesy of R. Wood (HGST Western Digital), reprinted from [1], ©2009, with
permission from Elsevier.

HAMR employs higher coercitivity materials and a local, reversible reduction of the magnetic
anisotropy by external heating (e.g. by laser) to allow a change of the magnetization by the
write head [12, 18].

With the ongoing technological trend to further miniaturization, efforts are made to move
from bulk magnetic and semiconductor materials towards single molecules performing as
memory units, diodes, transistors or complete logical devices [19–21]. A comprehensive review
of logical devices based on single molecules is given in [22].

Single-molecule magnets (SMM) [23–25] represent a very promising approach in the fields of
quantum computing and storage technologies [26–29]. Beyond the magnetic concepts, high-
capacity information storage in artificially created DNA molecules is considered feasible today
[30]. The first experimental proof of the successful grafting of single-molecule magnets to
surfaces while maintaining their unique magnetic properties has been given by Mannini et al.
[31] in 2009. Being able to deposit SMM on surfaces in a regular pattern represents an essential
prerequisite with respect to technological applications: The magnetic molecules need to be
adressed individually to access the stored information. Recently, a preferential orientation of
Fe4 single-molecule magnets deposited on a gold surface was successfully established [32]
and 3D arrays of SMM are investigated [33].
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In contrast to the ’serendipitous approach’ [34] that lead to the discovery of the first single-
molecule magnet Mn12ac [35–37], rational bottom-up molecular design was utilized in the
synthesis of the [MnIII

6 CrIII]3+ single-molecule magnet [38–40] (see section 2.2). Antiferromag-
netic coupling between the six MnIII ions and the central CrIII ion (see figure 2.2) leads to a
high spin ground state of St = 21/2 for this SMM [38].

With respect to the remarkable properties of the [MnIII
6 CrIII]3+ SMM, the investigation of

this single-molecule magnet by suitable physical characterization methods constitutes the
main task of the thesis presented here, with the determination of the local spin and orbital
magnetic moments of the Mn constituents in [MnIII

6 CrIII]3+ SMM being a central question.
The possibility of influences on the [MnIII

6 CrIII]3+ condition due to the preparation process,
the deposition on substrates or the applied measurement methods is closely related to the
main task and deserves consideration.

The X-ray Magnetic Circular Dichroism (XMCD) method has become a very useful tool for
the investigation of magnetic properties [41–43] since latest generation synchrotron radiation
sources (see section 3.1.1) became available. The technique requires magnetic orientation
of the investigated samples (see section 3.3.2), which is usually obtained by the use of strong
external magnetic fields and low-temperature setups.

However, the application of external magnetic fields represents an unwanted influence on the
investigated systems. Distinct changes in the spectral shape of the Mn L2,3 absorption have
been observed in XAS measurements performed with and without external magnetic fields
(see section 5.7.2), hinting to the existence of such influences.

It has been shown by N. Müller et al. [44] in 2001 that spin-resolved electron spectroscopy
above the Curie temperature and without the application of external magnetic fields yields
information comparable to XMCD data: Though the sample atoms are not oriented, spin-
polarized electrons are excited using circularly polarized synchrotron radiation. This effect
has been described by U. Fano in 1969 [45].

Hence the primary excitation step is spin-dependent in both methods – governed by the
relativistic dipole selection rules [46]. Due to this common physical foundation, equivalent
information about the local magnetic moments is available from XMCD and spin-resolved
electron spectroscopy, if certain conditions (see page 86) are met. A thorough review of the
broad application of spin polarized photoemission experiments has been given recently by U.
Heinzmann and J. H. Dil [47].

In chapter 2 of this thesis, a short outline of the special properties of single-molecule magnets
will be given, along with some basic considerations regarding the formalism of electron spin
and spin-dependent scattering processes. The different methods employed within this thesis
as well as the [MnIII

6 CrIII]3+ preparation process will be introduced in detail in chapter 3. It is
followed by a description of the UHV apparatus that has been developed and built for the mea-
surements shown, see chapter 4. Spin polarization measurements and XMCD investigations of

9



1. Motivation

[MnIII
6 CrIII]3+ single-molecule magnets and reference substances are presented in chapter 5,

along with a comparison of the results obtained from both methods (see section 5.7). X-ray
absorption spectroscopy as another synchrotron radiation method was applied to characterize
the [MnIII

6 CrIII]3+samples and the influence of the preparation and the measurement process
on the sample condition. A brief summary of the main results obtained within this thesis will
be given in chapter 6.

10



2. Theoretical Background

Following the description of prospective applications of SMM in chapter 1, a short summary
of the basic properties of single-molecule magnets will be given in section 2.1. Afterwards, the
[MnIII

6 CrIII]3+ SMM representing the main scientific concern of this work is introduced. The
basic concept of the electron spin and its polarization is summarized in section 2.3, completing
the brief overview of the theoretical background behind the measurements presented in
chapter 5.

2.1. Single-molecule magnets

The term ’single-molecule magnet’ [23] was established in 1996, following the discovery of
the unexpected magnetical properties of the Mn12ac [35] complex. It describes a class of
coordination compounds which in most cases consist of various transition metal ions [39]
carrying a non-vanishing spin magnetic moment due to their incompletely filled valence shell,
embedded in a suitable organic ligand structure. The denomination for these compounds
refers to the unique properties of single-molecule magnets with respect to their magnetic
behavior:

• The existence of an easy-axis type magnetic anisotropy, characterized by a negative
zero-field splitting parameter D (see [48], p. 17) and an energy barrier against spin
reversal lead to a system showing magnetic bistability [25, 49].

• A slow relaxation of the magnetization occurs [50] for sufficiently low temperatures
(blocking temperature, see [48]), which allows the conservation of the magnetic orienta-
tion for extended times. This behavior originates from a small number of coupled spins
belonging to a single molecule [49], in contrast to the collective effects involving a large
number of spins governing the ’classical’ ferromagnetism (see figure 2.1 right).

The first transition metal complex showing these distinct magnetic properties was synthesized
in 1980: The mixed-valence Mn12ac complex [35] consists of eight MnIII ions arranged in a ring-
shaped structure, viewed along the S4 symmetry axis. They surround a central tetrahedron
comprised of four MnII ions [48]. The Mn12ac SMM exhibits a spin ground state of St = 10
[48, 51], resulting from an antiferromagnetic coupling between the MnII and MnIII ions, while
the spin of all Mn ions of identical oxidation state has parallel orientation. This spin orientation

11



2. Theoretical Background

Figure 2.1. Left: The energy barrier against spin reversal present in single-molecule magnets depends
on the magnetic anisotropy D as well as on the spin ground state St (see text). An alternative magne-
tization relaxation path by quantum tunneling is indicated by the grey arrows. Figure adapted from
[53]. Right: Different magnetic regimes, depending on the number of spins involved. In contrast to
macroscopic permanent magnets, SMM usually comprise a small number of magnetically active ions.
Figure adapted from [54].

scheme has been verified experimentally [52] using polarized neutron diffraction ([48], p. 138).
The magnetization relaxation process is sufficiently slow to observe magnetic hysteresis loops
below approx. 2.5 K, see [49] and figure 4.25 of [48].

However, Mn12ac and other single-molecule magnets have been discovered using ’serendipi-
tous approaches’ [34], without being able to predict or optimize the detailed magnetic proper-
ties of the synthesized compound. A ’rational design approach’ [38] providing close control
over the molecular topology was chosen for the [MnIII

6 CrIII]3+ SMM instead, see [39, 51] for
a thorough review on the topic. The key property concerning future applications of single-
molecule magnets is the height of the energy barrier [51]

U ∼ D ×S2
t (2.1)

for spin reversal (see figure 2.1), limiting the practical applicability of SMM for information
storage to very low operating temperatures. The ground state anisotropy D originates from the
projection of the local anisotropies Di onto the spin ground state St [38]. It has to be noted
that this projection leads to cancellation effects resulting in a low total D for the case of a
cubic symmetry [51]. Thermally activated quantum tunneling (see figure 2.1 left) provides an
alternative relaxation path for the SMM magnetization [24, 48, 54] resulting in a loss of the
information stored in the spin orientation.

Both problems can be solved by a purposeful SMM design controlling the molecular topology:
While keeping the overall symmetry below the cubic case to avoid said cancellation effects,
the introduction of an at least threefold symmetry axis completely suppresses the quantum
tunneling [38, 51].
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2.2. The [MnIII
6 CrIII]3+ SMM

The [MnIII
6 CrIII]3+ single-molecule magnet (see figure 2.2) investigated within this work has

been one of the first results of the rational SMM design approach [38]. A short overview of its
chemical and magnetic properties will be given in the following section.

2.2. The [MnIII
6 CrIII]3+ SMM

Heptanuclear metal-organic complexes of the
[
Mt

6 Mc
]3+ structure type have been investigated

thoroughly in the recent past [38–40, 53, 55–59]. The terminal metal ions have been varied
(Mt = Mn, Fe) as well as the central hexacyanometallate (Mc = Mn, Cr, Fe, Co).

The first
[
Mt

6 Mc
]3+ complex exhibiting the expected single-molecule magnet behavior [39]

is the
[{(

talent−Bu2
)

MnIII
3

}
2

{
CrIII (CN)6

}]3+
(abbrev. [MnIII

6 CrIII]3+) SMM [38] that has been
studied extensively within this work. It consists of two triplesalen-derived ligands H6talent−Bu2 ,
each forming a bowl-shaped shell [60] embedding three MnIII ions. Two of these are linked by
a hexacyanochromate complex containing a central CrIII ion, see figure 2.2. The special geo-
metry of the triplesalen ligand facilitates the formation of heptanuclear complexes by applying
a molecular recognition principle [55]: The non-planar structure of the ligand optimizes the
position of the three metal ions for the formation of a bond with three nitrogen atoms of the
hexacyanochromate complex [38, 56]. The approximate dimensions of the [MnIII

6 CrIII]3+ core
are 2.13 nm (diameter) by 1.22 nm (height) as shown in figure 2.2 [61].

The spin orientation scheme present in [MnIII
6 CrIII]3+ is shown in figure 2.2: The MnIII ions of

each triplesalen subunit exhibit a parallel spin orientation, while the spin of the central CrIII

ion points in the opposite direction [39]. With both Mn and Cr being in a high-spin state (see
figure 2.2), this leads to a total spin ground state of St = 21/2 [38, 62].

A comparison between temperature-dependent susceptibility measurements performed on
[MnIII

6 CrIII]3+ [38] and theoretical calculations allows an estimate of the coupling constants
JMn−Mn between two MnIII ions of one triplesalen unit and JMn−Cr between the terminal
MnIII ions and the central CrIII. The obtained value of JMn−Mn = −1.03 cm−1 revealed the
presence of a weak antiferromagnetic coupling between the MnIII ions of each triplesalen unit
[38], although the central phloroglucinol part of the triplesalen ligand induces ferromagnetic
coupling in Cu and Mo complexes [63–65]. However, the stronger antiferromagnetic Mn-Cr
coupling indicated by JMn−Cr = −5.00 cm−1 [38, 39] enforces the spin orientation scheme
shown in figure 2.2.

With the high spin ground state of St = 21/2, distinct local anisotropies Di due to the salen-
based ligand [66, 67] and a C3 symmetric geometry avoiding mutual cancellation of the
local anisotropies in the projection onto St [38], the [MnIII

6 CrIII]3+ complex meets the most
important requirements for the occurrence of single-molecule magnet behavior.

13



2. Theoretical Background

Figure 2.2. The [MnIII
6 CrIII]3+ single-molecule magnet. Simplified view of the [MnIII

6 CrIII]3+ core
with the six terminal MnIII ions and the central chromium complex. Figure adapted from [38]. Also
shown are three BPh−

4 anions surrounding the [MnIII
6 CrIII]3+ core to ensure charge neutrality. The spin

coupling scheme of the metal ions, the resulting spin ground state and the coupling constants JMn−Mn

between two MnIII ions of the same triplesalen ligand and JMn−Cr between MnIII and CrIII are given at
the top of the figure [39].
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2.3. The electron spin

Besides, the existence of a C3 axis suppresses quantum tunneling as an alternative relaxation
path as described in section 2.1 above. AC magnetic susceptibility data as well as single-
crystal DC magnetization measurements confirm [38] the presence of single-molecule magnet
behavior in [MnIII

6 CrIII]3+: Below 1.5 K, a distinct hysteresis loop is obtained (see figure 3 of
[38]). The height of the energy barrier against spin reversal was determined to be approx.
25.4 K [38] based on the AC magnetic susceptibility measurements.

[MnIII
6 CrIII]3+ complexes with the different anions tetraphenylborate (BPh−

4 ), lactate (C3H5O−
3 )

and perchlorate (ClO−
4 ) have been synthesized to investigate the influence of the anion choice

on the [MnIII
6 CrIII]3+ core. A detailed description of the synthesis is given elsewhere [38, 53, 61].

Differences in the deposition behavior of the three [MnIII
6 CrIII]3+ complexes are described

in section 3.2.1, the effect of the anion choice on the radiation stability [61] is discussed in
section 5.2.

2.3. The electron spin

An approach based on electron spin polarization measurements (see section 3.4) was chosen
for this work to gain insight into the magnetic properties of [MnIII

6 CrIII]3+ single-molecule
magnets. The electron spin is an essential component of this approach, hence section 2.3.1
gives a short introduction into the properties of the electron spin and its theoretical description.
Spin polarization effects in electron scattering processes and their application in electron spin
polarization detectors of the Mott type will be outlined in section 2.3.2.

2.3.1. Basic considerations

The well-known experiments carried out by Stern and Gerlach on silver atomic beams in 1922
experimentally confirmed the existence of space quantization of atomic angular momenta
[68, 69], but could then not be explained completely within the framework of quantum theory.
A thorough review of the experiments and their interpretation is given in [70], chapters IV and
VI.

However, the later interpretation of the experiments hints to the existence of an additional
angular momentum: The observed splitting of the atomic beam requires the presence of a
magnetic moment – this can not be attributed to the electron orbital momentum with the
silver atoms (electron configuration [Kr] 4d 10 5s) being in a state now known as a 2S1/2 ground
state. The observed shape of the splitting revealed the existence of only two possible values
for this angular momentum [71]. The electron spin as an intrinsic angular momentum of
the electron was first postulated by Goudsmit and Uhlenbeck [72, 73] in 1925, interpreting
the fourth quantum number introduced by Pauli [74] as an additional degree of freedom
immanent to electrons.
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2. Theoretical Background

It has to be noted that the spin angular momentum of the electron must not be interpreted as a
mechanical rotation, as originally assumed by Goudsmit and Uhlenbeck [70, 75]. The electron
spin is characterized within the framework of quantum mechanics by the spin operator S [76].
The components Sx , Sy and Sz in a Cartesian representation satisfy the commutation relations
(see [76] p. 171, [77] p. 299)

[Sx ,Sy ] = i~Sz [Sy ,Sz ] = i~Sx [Sz ,Sx ] = i~Sy , (2.2)

which characterize an observable as an angular momentum (see [77] p. 293). As generally true
for angular momenta, the operator

S2 = S2
x +S2

y +S2
z (2.3)

defined as the square of the spin angular momentum operator commutes with the three
components Sx , Sy and Sz , allowing the simultaneous experimental observation of S2 and Sz

[77]. Using the relation [76, 78]

S = ~
2
σ , (2.4)

the spin angular momentum operators can be expressed in matrix form, known as the Pauli
spin matrices [76–78]:

σx =
0 1

1 0

 σy =
0 −i

i 0

 σz =
1 0

0 −1

 (2.5)

Restricting the situation to spin- 1
2 particles (like electrons), the general state of a particle can

be expressed as

χ= a1 ·
(

1

0

)
+a2 ·

(
0

1

)
=

(
a1

a2

)
(see [77] p. 308), (2.6)

being a linear superposition of the two eigenvectors
(1

0

)
and

(0
1

)
corresponding to the +~/2 and

−~/2 eigenvalues of the σz operator, respectively (see [76] p. 175).

An electron ensemble (e. g. an electron beam) is called polarized if the two orthogonal spin
states with respect to a reference direction are not populated equally, see [79].
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2.3. The electron spin

Assumingχ as normalized (which is always the case for a one-electron state), i. e. the constraint

|a2
1|+ |a2

2| = 1 (2.7)

is satisfied ([76] p. 174, [77] p. 308), the polarization is defined as the expectation value of σ:

P = 〈
χ
∣∣σ ∣∣χ〉

(see [79], p. 9) (2.8)

If P is a pure spin state in a direction characterized by the polar angles (θ,φ), the Cartesian
components of P are derived ([79] p. 10, [77] p. 311):

Px = sinΘcosΦ

Py = sinΘsinΦ

Pz = cosΘ

(2.9)

It has to be noted that the polarization definition of equation 2.8 needs to be modified ([79] p.
12) for a non-normalized χ (as in the case of electron ensembles),

P =
〈
χ
∣∣σ ∣∣χ〉〈
χ

∣∣χ〉 , (2.10)

ensuring that the magnitude of Px,y,z stays within the interval [0,1] under all circumstances.
The physical interpretation of the quantities |a1|2 and |a2|2 yields the probabilities to find an
electron in the spin-up (+~/2) or spin-down (−~/2) state when measuring the spin orientation
in the z direction by means of a polarization analyzer. The polarization obtained by such a
measurement

P = N↑−N↓
N↑+N↓

(2.11)

is determined from the number N↑ (N↓) of electrons detected in the spin up (spin down)
state [79].
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2. Theoretical Background

2.3.2. Spin-dependent electron scattering: The Mott polarimeter

The Dirac equation found by Dirac in 1928 [77] represents a relativistic generalization of the
Schrödinger equation. It is fundamental for the investigation of electron spin polarization
effects, as it correctly predicts the existence of the spin-orbit interaction governing spin-
dependent scattering processes ([77] p. 714 and [79] p. 30).

The differential cross section for electrons scattered in the Coulomb field of the atomic nucleus
can be obtained from the Dirac equation. However, the full derivation is tedious and will not
be given here, see [79] p. 20-35 for a detailed description. The scattering process of an electron
from the inital pure spin state χ into the final state χ′

χ=
(

a1

a2

)
−→ χ′ =

(
a′

1

a′
2

)
(2.12)

is mathematically expressed in matrix formalism as

χ′ =
S11 S12

S21 S22

a1

a2

= Sχ (2.13)

with S being the scattering matrix [79]. Simple expressions are derived for the components of S,

S11(θ,φ) = S22 = f (θ)

S21(θ,φ) =−S12 = g (θ)e iφ (2.14)

by solving the Dirac equation for incident electrons with longitudinal spin orientation (±z-
direction), see [79] p. 32-35. Choosing the direction of the transverse polarization component
P⊥ to be the x direction (see figure 2.3), the resulting differential cross section is

ρ(θ,φ) = I (θ)
[
1−Pt S(θ) · sinφ

]
(see [79], p. 40), (2.15)

with I (θ) = | f |2 +|g |2 being the φ-independent differential cross section for an incident beam
with a vanishing transverse polarization component P⊥. The differential cross sections into
the scattering angles φ= 90◦ and φ= 270◦ (see figure 2.3) are:

ρ(θ) =
{

I (θ)[1−S(θ)P⊥] for φ= 90◦

I (θ)[1+S(θ)P⊥] for φ= 270◦.
(2.16)
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2.3. The electron spin

Figure 2.3. Geometry of the polarization-dependent scattering process described in the text: k and k′
represent the wave vectors of the incoming and the scattered electron wave, respectively. The scattering
plane is indicated by the hatched area. The vector n̂ is perpendicular to the scattering plane. Figure
adapted from [79].

This scattering asymmetry is the basic physical principle applied in spin polarization detectors
of the Mott type [80], like the one that was used for the spin polarization measurements in this
work. The Sherman function [81] defined as

S(θ) = i
f g∗− f ∗g

| f |2 +|g |2 (see [79], p. 35) (2.17)

is determined by the scattering matrix elements Snn (see equation 2.14), depending on the
physical conditions of the actual scattering process, i. e. the electron energy and the scattering
target material. It provides a means of comparing and characterizing polarization detectors
based on scattering processes. A comparison of different spin polarization detectors with
respect to their figure of merit

F = I

I0
S2 (2.18)

is given by M. Getzlaff et al. [82]. F depends on the Sherman function S as well as on the ratio
of the scattered and incoming intensities I /I0.

It has to be noted that the theoretical value for S is not applicable when considering a real
scattering experiment due to the influence of multiple scattering processes and other ef-
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2. Theoretical Background

fects. Therefore the polarization sensitivity or effective Sherman function Seff is introduced,
depending on the thickness of the scattering target as well as on the scattering geometry [82].
The experimentally observed scattering asymmetry between two opposite detectors in the
scattering plane (seen from incoming beam direction, figure 2.3)

A = Nleft −Nright

Nleft +Nright
(2.19)

is related to the polarization component P⊥ of the incoming electron beam [79] via the polar-
ization sensitivity S(θ) by

A = 1+P⊥S(θ)− (1−P⊥S(θ))

1+P⊥S(θ)+ (1−P⊥S(θ))
= P⊥S(θ) . (2.20)

The differential cross section can be rewritten as

ρ(θ,φ) = I (θ) [1+S(θ)P · n̂] (2.21)

by introducing the unit vector perpendicular to the scattering plane (hatched area in figure 2.3):

n̂ = k×k′

|k×k′| (2.22)

This expression is independent of the coordinate system chosen due to the scalar product
being invariant under coordinate transformations [79].
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3. Methods

3.1. Synchrotron radiation physics

The synchrotron radiation available from different electron storage ring facilities was the
most crucial tool for all investigations performed on [MnIII

6 CrIII]3+ single-molecule magnets
within this thesis, making experimental methods like XAS, XMCD or SPES feasible in the first
place. Therefore, a short description of the special properties of synchrotron radiation and the
development of synchrotron radiation sources will be given in this section.

3.1.1. Synchrotron radiation sources

Synchrotron radiation was experimentally confirmed first in 1947 [83] at a synchrotron with an
electron energy of 70 MeV operated at General Electric laboratories [84]. It had been observed
indirectly before by measuring the decrease of the betatron electron orbit due to the energy
loss caused by radiation emission [85], confirming calculations estimating the energy loss in
betatrons [86].

The emission of synchrotron radiation is based on classical electrodynamics: An electric
charge subjected to an acceleration (e. g. by a magnetic field) emits electromagnetic radiation
[86]. Most relevant early works on this topic were done by A. Liénard [87], E. Wiechert [88] and
G.A. Schott [89]. Due to relativistic effects, the emitted radiation is collimated into a narrow
cone with an opening angle of ±1/γ [90], with γ being the relativistic factor γ = 1/

√
1−β2

and β= v/c (see figure 3.1). Within the plane defined by the electron orbit, the radiation is
completely linearly polarized in this plane. Leaving the plane, the degree of linear polarization
is reduced and an increasing fraction of elliptically polarized light occurs [90].

Assuming a constant bending radius over the whole electron orbit, the total power radiated by
a beam of N electrons circulating with the frequency forbit and thereby representing a current
of I = e ·N · forbit can be estimated [84] as

Prad (MW) = 0.088463 · E 4 (GeV)

ρ (m)
· I (A), (3.1)

21



3. Methods

with E being the electron energy and ρ the bending radius of the electron orbit. The E 4

dependence of the radiated power represents a severe limitation for the final energy attainable
in circular particle accelerators.

First synchrotron radiation experiments were performed in parasitic mode on large syn-
chrotrons designed for high-energy and nuclear physics (see [91] for various examples), usu-
ally operating in cycles of injection, acceleration and extraction with high repetition rates,
imposing practical limitations on synchrotron radiation experiments. Storage rings are able
to overcome these limitations by keeping the electrons on (approximately) circular orbits on
the timescale of several hours after injection and acceleration. Upon reaching the nominal
energy, the accelerator RF cavity is used to reaccelerate the circulating electrons in order to
compensate for the energy loss due to synchrotron radiation. In 1968, the first electron storage
ring was operated as a dedicated synchrotron radiation source [92], marking the beginning of
a whole era of dedicated synchrotron radiation facilities.

Besides the synchrotron radiation emitted from bending magnets along the storage ring, later
third generation synchrotron facilities use insertion devices (undulators, wigglers) installed in
the straight sections of the storage ring between bending (dipole) magnets. They consist of
periodic permanent magnet arrays (see figure 3.2) or (often superconducting) magnet coils to
modulate the electron orbit and create radiation with higher intensity and smaller emittance.
The theory behind undulators and wigglers was first developed by Ginzburg in 1947 [93]. By
introducing a longitudinal shift between the split magnet assemblies of a so-called planar
elliptical undulator, different polarization modes can be achieved (see [94] and figure 3.2).
Thereby a parallel shift of the indicated magnet rows by λ/4 achieves circular polarization
by forcing the electrons on a helical trajectory, an antiparallel shift of λ/2 results in linear
polarization in the vertical plane.

Synchrotron radiation emitted in a bending magnet exhibits a broad spectral width extending
from the infrared region up to hard X-rays, see fig. 3 in ref. [95]. The radiated intensity drops
sharply beyond a critical energy εcrit, although higher photon energies still contribute to the
synchrotron radiation spectrum. A simple approximation [96] yields

εcrit (eV) = 2218
E 3 (GeV)

ρ (m)
(3.2)

with E being the electron energy in GeV and ρ the bending radius in m. In contrast to bending
magnet sources, undulators emit a narrow spectrum around a fundamental wavelength de-
fined as [84, 90]

λ= λp

2γ2 (1+ K 2

2
) (3.3)
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3.1. Synchrotron radiation physics

Figure 3.1. Synchrotron radiation emission geometry: The synchrotron radiation emitted by an accel-
erated electron moving in a circular orbit is focused into a narrow cone within the plane of the electron
orbit. The opening angle is determined by the relativistic factor γ due to the relativistic nature of the
electron motion.

Figure 3.2. The magnetic field created by the magnet rows of an APPLE-II type undulator superim-
poses an oscillatory transversal component on the electron momentum, leading to the emission of
synchrotron radiation in each ’bend’. The emitted wavelength depends on the magnetic field strength,
which can be adjusted by changing the undulator gap. A horizontal shift of two magnet rows allows to
change the polarization of the emitted synchrotron radiation.
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3. Methods

with γ defined as before and λp the period length of the undulator. The bandwidth 1/Np [84]
of the undulator radiation is determined by the number of magnet periods Np . K denotes the
so-called undulator parameter [84]

K ≈ 0.934B0 (T) ·λp (cm), (3.4)

which depends on the magnetic field strength B0 of the undulator poles and the undulator
period λp .

Higher harmonics of the undulator fundamental also occur and represent usable undulator
operation modes with different spectral characteristics. As the wavelength of the undulator
fundamental (and the harmonics) depends on the magnetic field strength, the emitted spec-
trum can be shifted to different energies by changing the magnetic field. In permanent magnet
undulators as used in most synchrotron radiation facilities, this is done by changing the dis-
tance (gap) between the magnet rows (see figure 3.2). Due to the narrow spectrum emitted
by an undulator source, the selection of a specific wavelength in an undulator beamline is
performed by moving the undulator gap as well as the monochromator grating.

With their high intensity, continuously variable wavelength over a very broad spectral range
extending from the far infrared to hard X-rays, and the variable polarization properties of the
emitted radiation, synchrotron sources represent a unique light source for scientific work. For
the results presented within this thesis, the capability of synchrotron sources to emit circularly
polarized radiation of variable wavelength with a high degree of polarization in the soft X-ray
range was essential, as there are no laboratory X-ray sources with comparable properties
available.

3.1.2. Overview of the synchrotron beamlines used within this work

The results presented within this work have been obtained using different synchrotron ra-
diation beamlines at the facilities BESSY II (HZB Berlin, Germany), MAX-II (MAX-lab Lund,
Sweden) and SLS (PSI Villigen, Switzerland). A short overview of the different beamlines and
their specifications will be given in this section. The most relevant parameters of all beamlines
used are summarized in table 3.1.

Beamline UE52-SGM at BESSY II Berlin

A large part of the spin-resolved measurements has been carried out at the BESSY II undulator
beamline UE52-SGM. It utilizes the synchrotron radiation provided by a permanent magnet
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3.1. Synchrotron radiation physics

beamline source type flux ( photons
s·100mA ) spot size (µm) ref.

BESSY II UE52-SGM undulator 1011 20 × [exit slit] [97]

BESSY II UE56/2-PGM2 undulator 2·1011 900 × 20-200 [98]

MAX-lab D1011 dipole 1010 1000 × 1000 [99]

SLS X11MA-SIM undulator 2·1015 100 × 30 [100]

Table 3.1. Basic parameters of the synchrotron radiation beamlines used to perform the measurements
presented within this work. The given spot sizes (horizontal × vertical) are nominal values that do
not necessarily correspond to the spot size used, the latter depending on the position of the appara-
tus/sample as well as on the exit slit setting. Photon fluxes are nominal values in the relevant 600-700 eV
range. For the X11MA beamline, this flux figure has been significantly reduced by increasing the cff

value of the monochromator and inserting an additional aluminium filter.

undulator of the APPLE-II type [94, 101, 102]. The UE52 undulator features 77 magnet periods
with a period length of 52 mm [103]. By shifting two of the four magnet rows accordingly,
synchrotron radiation of variable polarization (linear, elliptic/circular) can be obtained. The
circular polarization mode of the undulator was used for the spin polarization measurements
shown in sections 5.4 and 5.5. The usable range of photon energies delivered by the UE52-SGM
beamline is approx. 90 eV to 1500 eV with an energy resolution better than 4000 [97].

The UE52-SGM beamline is based on a spherical grating monochromator with three different
gratings (900, 1200 and 1500 lines/mm). The incoming radiation is vertically demagnified
(17:2.5) [97] onto the entrance slit by a cylindrical mirror. Afterwards, the entrance slit is
imaged onto the exit slit by the spherical grating. A cylindrical mirror vertically refocuses the
radiation.

In the horizontal plane, focusing is performed by a plane elliptical mirror in the last chamber
of the beamline, leading to a spot size of approx. 20 µm (horizontal) [97]. The vertical spot size
is determined by the exit slit setting. For our experiments, an off-focus position was chosen for
the sample: Due to the beam divergence of 6 mrad (h) by 1 mrad (v) [97], the spot size changes
with the distance from the focal point. A spot size of approx. 1 mm2 was selected by adjusting
the UHV apparatus to the appropriate distance.

Using the 3rd harmonic of the UE52 undulator and a 1200 lines/mm monochromator grating, a
photon flux of approx 1011 photons/s/100mA reached the sample at an exit slit setting of 20µm,
see figure 3.3. During XAS characterization measurements, this flux was significantly reduced
by closing a set of baffles in the beamline front-end and using the minimum reproducible exit
slit setting of 0.5 µm.
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Figure 3.3. The relation between photon energy and resulting photon flux for different undulator
harmonics and monochromator gratings at beamline UE52-SGM of the BESSY II synchrotron facility.
Figure taken from [104].

Beamline UE56/2-PGM2 at BESSY II Berlin

The UE56/2-PGM-2 beamline at BESSY II is based on a double undulator of the APPLE-II
type with a period length of 56 mm and 31 periods in each section. A small angular offset
between the synchrotron radiation beams exiting the two undulators allows fast switching
between them via a chopper assembly in the post-monochromator beamline optics [105]. The
available range of photon energies extends from approx. 90 eV up to 1300 eV. A monochromator
resolution of up to 90000 can be achieved at 64 eV photon energy [98].

The synchrotron radiation from the beamline front-end is horizontally focused on the sample
position by a toroidal mirror. In the vertical plane, the mirror creates a collimated beam
entering the SX-700 type [106, 107] plane grating monochromator. A second mirror deflects
the light onto one of two different gratings with 400 lines/mm and 1200 lines/mm. Afterwards,
a cylindrical mirror focuses the radiation vertically onto the exit slit. Behind the exit slit, the
monochromatized synchrotron radiation is vertically focused onto the sample position by a
conical mirror, leading to a final spot size of 900 µm (h) by 20-200 µm (v), depending on the
exit slit setting [98, 105]. The available photon flux at the sample position is approx. 2 ·1011

ph./s/100mA [98]. The baffles in the beamline front-end were used to reduce the photon flux
for the XAS characterizations as described for the UE52-SGM beamline before.
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3.1. Synchrotron radiation physics

Beamline D1011 at MAX-lab Lund

The D1011 soft X-ray beamline at the MAX-II storage ring of the MAX-lab facility in Lund was
used for the investigation of the [MnIII

6 CrIII]3+ radiation stability and various influences on the
condition of the deposited SMM, see sections 5.1 and 5.2. Being a dipole-magnet beamline,
D1011 delivers a significantly lower photon flux than undulator beamlines, allowing a detailed
study of radiation-dependent effects for the [MnIII

6 CrIII](BPh4)3 and [MnIII
6 CrIII](C3H5O3)3

SMM despite their high radiation sensitivity.

The beamline uses the synchrotron radiation delivered by a 4.7 mrad bending magnet and
covers a usable range of photon energies from 40 eV up to 1500 eV with an energy resolution
of 1500−13000 [99]. A cylindrical mirror as the first optical element of the beamline horizon-
tally focuses the radiation onto the monochromator exit slit. After the first mirror, the light
enters the SX-700 type [106, 108] planar grating monochromator. It is then directed at the
1200 lines/mm planar grating by a plane mirror and afterwards focused onto the monochro-
mator exit slit in the vertical plane by a plane elliptical mirror. As there are no refocusing
optics between the exit slit and the first experimental chamber, the radiation is divergent at
the sample position with a spot size of approx. 2 mm by 1 mm [99]. During the measurements
presented within this work, the spot size was reduced to approx. 1 mm2 by using a set of baffles
further upstream in the beamline.

The flux delivered to the sample for different settings of the monochromator exit slit is shown
in figure 3.4. The 6 µm slit setting was used for the radiation damage studies, leading to a
photon flux of approx. 1010 photons/s reaching the sample at 100 mA ring current. Note that
this flux is half the value given in figure 3.4 due to the use of the beamline baffles.

Beamline SIM at PSI Villigen

The XMCD studies of [MnIII
6 CrIII](ClO4)3 single-molecule magnets have been performed at

the X11MA-SIM beamline at the Swiss Light Source (PSI Villigen). The beamline uses the light
produced by a set of two permanent magnet undulators with a period length of 56 mm and 64
periods each, comparable to the UE56 undulators operated at BESSY II. Both undulators can
be operated with opposite polarization or helicity, allowing fast polarization switching by a
chopper system in the beamline optics [100]. The available photon energy range extends from
90 eV up to 2000 eV with an energy resolution better than 5000 [100].

The synchrotron radiation of the undulator is collimated before entering the SX-700 type
[106, 108] planar grating monochromator (300 lines/mm or 1200 lines/mm). Afterwards, it is
focused onto the exit slit in the vertical plane. Horizontally, the light focus is located on the
chopper unit to allow selection of the different polarizations emitted by both undulators. A
refocusing mirror images the exit slit onto the sample position, leading to a final spot size of
100 µm (h) by 30 µm (v) [100].
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Figure 3.4. The relation between photon energy, monochromator exit slit width and the resulting
photon flux for beamline D1011 at MAX-lab, Lund. Flux data are normalized to a ring current of 100 mA.
The energy resolution depending on the photon energy is shown in the inset [99].

The nominal photon flux of 1015 photons/s/400mA was significantly reduced for the investiga-
tion of [MnIII

6 CrIII]3+ by tuning the monochromator to a high fix-focus constant

cff =
si nα

si nβ
' 20 (α, β: grating incident and exit angle) (3.5)

instead of the usual value of cff = 2.25. Increasing cff leads to a higher spectral resolution and
a decreased photon flux due to the lower grating efficiency [107]. An additional aluminium
filter was inserted into the photon beam. The XMCD data have been obtained using the
XMCD apparatus of the IPCMS Strasbourg, providing a magnetic field of ±6.9 T at a sample
temperature of approx. 2 K.

3.2. Sample preparation

The [MnIII
6 CrIII]3+ SMM synthesized in the group of Prof. T. Glaser (Faculty of Chemistry,

Bielefeld University) were deposited onto substrates in order to perform the measurements de-
scribed within this thesis. Although the synthesis of the investigated [MnIII

6 CrIII]3+ substances

28



3.2. Sample preparation

yields macroscopic crystals (see figure 3.5 left), these are extremely sensitive to mechanical
stress, making it impossible to handle or mount single crystals in a sample holder. Fur-
thermore, the insulating properties of the bulk [MnIII

6 CrIII]3+ make sample current based
absorption spectroscopy as well as electron spectroscopy almost impossible due to charging
effects, enforcing the use of thin [MnIII

6 CrIII]3+ layers on conductive substrates.

Figure 3.5. Left: Microscope image of [MnIII
6 CrIII](C3H5O3)3 crystallite as obtained from the synthesis.

Right: The different substrate materials used for the [MnIII
6 CrIII]3+ preparation within this work.

Different metallic substrates as well SiO and HOPG were used for both preparation methods
described below (see figure 3.5 right). The substrates were square with an edge length of
5.5± 1 mm up to 8± 1 mm for the drop-casting method and 11± 1 mm for the airbrush
preparation. The HOPG [109], gold [110] and silicon [111] substrates were commercially
available, the ruthenium substrates were prepared by sputter deposition in the group of
Prof. G. Reiss, Bielefeld University [112]. The basic properties of all substrates used for the
preparation of [MnIII

6 CrIII]3+ samples are summarized in table 3.2.

3.2.1. Drop-casting

Prior to the drop-casting preparation, the crystalline [MnIII
6 CrIII]3+ powders were dissolved in

methanol. The concentration of the resulting SMM solutions was 4.5·10−4 mol/l. A droplet
of approx. 10 µl of the SMM solution was then placed on a horizontally oriented substrate
by using an adjustable µl-capable pipette. Microcrystallites began to form in the solution
covering the substrate during solvent evaporation, leading to the formation of a granular
[MnIII

6 CrIII](ClO4)3 deposit on the substrate surface. AFM investigation (see figure 3.6) re-
vealed particle heights between 250 nm and 3000 nm with a large fraction of the microcrys-
tallites being in the (500±250) nm height range. The total area coverage calculated from the
AFM data shown in the inset of figure 3.6 was approx. 30% [61].

29



3. Methods

substrate composition source, reference

gold 250±50 nm Au ’Arrandee’ [110]

2.5±1.5 nm Cr

0.7±0.1 mm borosilicate glass

ruthenium 50 nm Ru AG Reiss [112]

10 nm Ta

0.5 mm Si(001)

silicon Si(100), n-doted (phosphorus), MaTeck GmbH [111]

thickness 525 µm

HOPG type ZYB, 10·10·1.2 mm3 Anfatec Instruments AG

mosaic spread 0.2-1.2 deg [109]

Table 3.2. Composition and basic properties of the substrates used for the [MnIII
6 CrIII]3+ preparation.
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Figure 3.6. AFM characterization of a [MnIII
6 CrIII](ClO4)3 sample prepared by drop-casting. The height

distribution of the microcrystallites forming on the substrate surface upon solvent evaporation is given.
Inset: The height distribution was determined from the 80µm by 80µm section of the sample shown in
this AFM micrograph. Image taken from [61].
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A closed deposit layer with a few irregular aggregations of microcrystallites forms upon solvent
evaporation in the case of [MnIII

6 CrIII](BPh4)3. Particle sizes are comparable to the results
obtained from [MnIII

6 CrIII](ClO4)3 [61], although the total abundance of microcrystallites on
the sample surface is much lower and most of them are found at the sample edges.

A remarkably different wetting behavior is found for the methanol solution of the SMM with
lactace anions [MnIII

6 CrIII](C3H5O3)3: No microcrystallite formation could be observed, the
sample surface is covered with a plain deposit layer without any discernible structures. An
amount of 5 µl of the [MnIII

6 CrIII](C3H5O3)3 solution was sufficient to form a complete deposit
layer [61].

Another remarkable feature of the [MnIII
6 CrIII](C3H5O3)3 deposition was the formation of

self-supporting membrane-like structures (see figure 3.7 left) on small circular metal grids
available for transmission electron microscopy (400 mesh, supplier: Plano, see [113]). Drop-
casting preparation on TEM grid substrates was carried out as described before, while keeping
the TEM grid in self-closing tweezers to avoid contact between the solution droplet and the
surface below the grid.

Scanning electron microscopy revealed a distinct, brushstroke-like substructure in the self-
supporting membranes spanning over the meshes of the TEM grids (see figure 3.7). Most
of the membranes seem to be cracked in the central part, possibly due to mechanical stress
during solvent evaporation and membrane formation. It has to be noted that a higher
[MnIII

6 CrIII](C3H5O3)3 concentration results in membranes appearing more massive in optical
microscopy and not showing any signs of cracking.
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Figure 3.7. Scanning electron microscopy images of the membranes formed on TEM grids
by [MnIII

6 CrIII](C3H5O3)3. Top panel: Overview showing several TEM grid meshes with the
[MnIII

6 CrIII](C3H5O3)3 membranes. Bottom panel: Detailed image of the upper middle mesh showing
the characteristic brushstroke-like substructure.
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3.2. Sample preparation

3.2.2. Airbrush method

The sensitivity of the investigated [MnIII
6 CrIII]3+ SMM against exposure to soft X-rays on

one hand (see section 5.2) and the need for either a high photon flux or comparatively long
integration times in order to apply spin-resolved electron spectroscopy on the other hand
presented one of the main challenges within this work. These conflicting requirements were
met by the introduction of sample scanning: During SPES data acquisition, the radiation
exposure of each position on the [MnIII

6 CrIII]3+ sample was limited to an acceptable dose
(remaining MnIII content ≥ 0.8) and the data obtained from different positions on the sample
were accumulated.

The application of sample scanning required [MnIII
6 CrIII]3+ samples showing comparable

signal intensities as well as an identical [MnIII
6 CrIII]3+ molecule condition over large areas of

approx. 100 mm2. These requirements regarding sample homogeneity could not be met by the
drop-casting method mentioned before, leading to the development of a preparation method
investigated and optimized by N. Dohmeier in the context of his diploma thesis. It is based on
a commercially available precision airbrush tool (model: Grafo T1, see [114]).

The basic principle of this preparation method (see figure 3.8 left) can be summarized as
follows: The airbrush tool equipped with a nozzle of 150 µm bore diameter was operated
using high-purity nitrogen at a pressure of approx. 1.5 bar. A [MnIII

6 CrIII](ClO4)3 solution with
a concentration of 9·10−5 mol/l was used for the preparation. Approx. 200 µl of the SMM

Figure 3.8. Left: Schematic representation of the airbrush preparation method. Right: Optical mi-
croscopy image of a [MnIII

6 CrIII](ClO4)3 sample prepared by airbrush technique. The black square
represents the approx. synchrotron radiation beam cross section used. For an overview of the complete
sample, see figure 5.3 right.
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solution were sprayed onto the substrate, repeatedly scanning the airbrush nozzle over the
substrate in a regular pattern at a distance of approx. 40 mm from the substrate. Irregularities
of the spraying due to changes in distance or scanning speed are averaged out in the process,
leading to a deposited [MnIII

6 CrIII](ClO4)3 film with homogeneous appearance over large
scales.

Optical microscopy of samples prepared by the airbrush method (see figure 3.8 right) reveals a
[MnIII

6 CrIII]3+ deposition behavior with a lot of small, labyrinth-like irregularities. However,
on length scales above 0.2 mm the deposit appears homogeneous, even over a sample area
of approx. 100 mm2 (see figure 5.3, right for comparison). Given the typical synchrotron
radiation spot size of approx. 1 mm2 used within this work, the small irregularities seen in
optical microscopy will be averaged out during a measurement.

3.3. X-ray absorption spectroscopy and magnetic circular

dichroism

X-ray absorption spectroscopy in the soft X-ray regime (L2,3 edge XAS) provides an important
tool to characterize [MnIII

6 CrIII]3+ samples with respect to the oxidation state of the metal
constituents, giving insight into radiation-induced reduction processes (see section 5.2) as well
as into preparation-related changes of the [MnIII

6 CrIII]3+ sample condition. The closely related
XMCD technique using circularly polarized synchrotron radiation is capable of providing
element-specific information about the local magnetic moments of the metal constituents
in [MnIII

6 CrIII]3+. Both methods and their underlying principles will be introduced in this
section.

3.3.1. Introduction to XAS

Photons in the soft X-ray range (250 eV up to 10 keV, see figure 1.1 of [115]) carry sufficient
energy to ionize electrons from atomic core states. The binding energy of these core states is
highly element-specific (see [116–119]). Absorption spectra obtained by varying the incident
photon energy and measuring the absorption (see figure 3.10) therefore represent an element-
specific tool, giving access to the elemental composition as well as to information about the
chemical environment of selected atoms, such as the oxidation state [120–126].

The overall structure of the absorption spectrum with its characteristic edge structures cor-
responding to the binding energies of atomic core states is depicted schematically in figure
3.10. For transition metals, these edges exhibit prominent absorption peaks, the so-called
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3.3. X-ray absorption spectroscopy and XMCD

Figure 3.9. Experimental setup for absorption spectroscopy (XAS): Monochromatized synchrotron
radiation generated in a storage ring is monochromatized and focussed onto the sample. The radiation
excites electrons from core states, depending on the photon energy. The current flowing to the sample
is a direct measurement of the number of electrons ejected (total electron yield mode). The current
generated in a gold mesh is used for intensity normalization purposes.

Figure 3.10. Simplified sketch depicting the characteristic structure of X-ray absorption vs. photon en-
ergy spectra. The correlation between the distinct edges in the X-ray absorption and the corresponding
core states excited by the X-ray photons is shown.
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white lines [127]. Resonant absorption into the large density of empty 3d states is the main
reason for the existence of these absorption features in 3d transition metals like Mn [128].
Note that the core states in figure 3.10 are given in a truncated form of the most common
notation (see [129]) for the description of atomic states

nX J , (3.6)

where n is the principal quantum number, X denotes the orbital momentum by a letter (s, p,
d , f , ... corresponding to L = 1,2,3,4, ...) and J gives the total angular momentum. Besides,
the X-ray notation is used to denote absorption edges: Depending on its principal quantum
number, a letter (K , L, M , ... corresponding to n = 1,2,3, ...) is assigned to each absorption
edge, accompanied by a subscript number denoting the subshell [119].

According to Fermi’s Golden Rule the probability W for a transition from the initial stateΦi to
the final stateΦ f is given by the expression (see [130])

W = 2π

~
| 〈Φ f |T |Φi 〉 |2δE f −Ei−~ω (3.7)

with T being the transition operator. Limiting the picture to one-photon transitions, the first
order transition operator T1 can be expressed as the first term of the interaction Hamiltonian
[130]

T1 = H1 = e

mc
p ·A (3.8)

with p the electron momentum operator and A = 1
2 êq A0e i (kx−w t ) the vector field of the inci-

dent plane electromagnetic wave [130]. Following the derivation given in [130], neglecting all
higher order contributions and taking only electric dipole transitions into account leads to the
so-called dipole approximation of the transition operator:

T1 =
∑
q

(êq · r) (3.9)

Thereby r denotes the position operator and êq represents a unit vector in the polarization
direction q of the incident wave. The transition probability can then be rewritten as

W ∝∑
q
| 〈Φ f | êq · r |Φi 〉 |2δE f −Ei−~ω (see [130]) (3.10)
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3.3. X-ray absorption spectroscopy and XMCD

The transition matrix element | 〈Φ f | êq · r |Φi 〉 |2 = M 2 can be assumed to be approximately
constant with energy, thus the absorption signal IX AS probes the density ρ of empty final
states [130]:

IXAS ∼ M 2 ·ρ (3.11)

The basic detection principle for X-ray absorption is based on the comparison of the incident
and transmitted photon flux I0 and Itrans by X-ray detectors, giving a direct measure of the
linear absorption coefficient µ [131] as

µx = ln

(
I0

Itrans

)
, (3.12)

with x being the sample thickness. The detection of X-ray fluorescence resulting from the
decay of the primary core hole created in the absorption process represents another method
of measuring the X-ray absorption [132, 133]. However, in the soft X-ray regime (Ehν < 1 keV)
the X-ray attenuation length is less than 1 µm [130], which complicates direct transmission
measurements by requiring very thin samples [134]. Besides, the fluorescence yield decreases
significantly [130, 131] in favor of Auger processes dominating the decay of the core hole.

A very common experimental approach [130, 135] to obtain IXAS in the soft X-ray regime is
based on the proportionality between absorption cross section and photoelectric yield, i. e. the
total number of photoelectrons, Auger electrons and secondary electrons leaving the sample
upon irradiation. This proportionality has been described first by Gudat et al. in 1972 [136].
The measurement principle is shown in figure 3.9: The synchrotron radiation produced by an
electron storage ring is monochromatized and hits the sample. Depending on the selected
photon energy, photoelectrons are ejected from the sample upon absorption. The sample
current replacing these electrons represents a direct measurement of the total number of
electrons emitted by the sample. This mode of operation is called total-electron-yield (TEY)
mode. As the intensity of the synchrotron radiation varies with energy and storage ring current,
the photocurrent of a transparent gold mesh in front of the sample is used to provide an
intensity normalization of the absorption signal. A direct detection of the photoelectrons
ejected from the sample is possible by using electron detectors instead of measuring the
sample current. An energy discrimination is introduced by retarding potentials to select only
electrons with a kinetic energy above a given threshold [137, 138]. This measuring mode is
usually named partial-electron-yield (PEY).

All detection methods depending on electron yield measurements are highly surface sensitive
due to the stronger interaction of excited electrons within the sample compared to X-ray
photons, leading to a material-dependent probing depth of 3-10 nm in the soft X-ray range
[130]. The high absorption cross section of rare earths and transition metals at transition edges
leads to absorption lengths [139] and probing depths shorter than expected [134, 135] from
the universal curve [140].
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3.3.2. XMCD and sum rules

The X-ray Magnetic Circular Dichroism effect being the fundamental principle behind the
correspondent XMCD method was described theoretically in 1975 [141]. It has been shown
experimentally first on iron by Schütz et al. in 1987 [142] using hard X-rays to probe the iron
K-edge region. The first application to the L2,3 edge of 3d transition metals has been done by
Chen et al. in 1990 [143] using a Ni sample.

The experimental approach is comparable to the X-ray absorption spectroscopy method
described in section 3.3.1 (see figure 3.11). The application of circularly polarized radiation and
the use of magnetized samples leads to differences in the obtained X-ray absorption spectra
depending on the relative orientation of the light helicity and the sample magnetization.
Information on the local spin and orbital magnetic moments of the sample can be gathered
from these differences in absorption using the sum rule formalism described later.

Exposure to circularly polarized X-rays induces core-valence transitions that are governed by
the relativistic dipole selection rules [144]:

∆ j = 0,±1 ∆l =±1
∆m j =+1 (positive helicity)

∆m j =−1 (negative helicity)

The XMCD effect observed in 3d transition metals can be explained by a ’two step model’ (see
[145, 146]). As circularly polarized radiation is used, the photon carries an angular momentum
that is transferred to the excited core electron due to the presence of spin-orbit coupling,
leading to the creation of oriented 2p core holes and spin-polarized photoelectrons (see
[145, 147, 148]) in the first step. This has been theoretically described by N. A. Cherepkov in
1979 [149].

Looking at the 2p3/2 → 3d (L3 edge) and 2p1/2 → 3d (L2 edge) transitions relevant for the
measurements presented here, the application of the selection rules limits the available
excitation channels to the ∆m j =+1 transitions as shown in figure 3.12, if radiation of positive
helicity is used in the excitation step. The relative transition probabilities for both 2p1/2 and
2p3/2 excitations are also given in figure 3.12. It has to be noted that these have been calculated
using a non-relativistic approximation [150].

The resulting core hole polarization for the p3/2 → d transition is obtained [151] using the indi-
vidual transition probabilities ai and the spin polarization si of each initial channel calculated
from the Clebsch-Gordan coefficients [150]:

P =∑
ai si = (0.045 · (−1))+ (0.03 · (−1))+ (0.135 · (−1

3
))

+ (0.04 · (−1

3
)+ (0.27 · 1

3
)+ (0.03 · 1

3
)+ (0.45 ·1)

= 0.417 (3.13)
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3.3. X-ray absorption spectroscopy and XMCD

Figure 3.11. Experimental setup for XMCD measurements. The basic principle is similar to XAS (see
figure 3.9). XMCD measurements require the use of circularly polarized X-rays and magnetically
oriented samples. The XMCD asymmetry can be obtained by either switching the helicity of the light or
the orientation of the field (parallel vs. anti-parallel to the light helicity).

Figure 3.12. Transition scheme for 2p → 3d transitions using circularly polarized light of positive
helicity. Only ∆m j =+1 transitions are allowed due to the relativistic dipole selection rules. Relative
excitation probabilities calculated in a non-relativistic approximation are given [150]. Thin bars denote
pure spin states. Figure adapted from [150].
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An overview of the mixed 2p (m j = ±1/2) and 3d (m j = ±1/2,±3/2) m j -states and their
corresponding Clebsch-Gordan coefficients is given in appendix A.

In a second step, the magnetically oriented 3d states perform as a spin detector: Assuming a
magnetized sample with the magnetization parallel to the photon k vector, the majority spin
orientation is anti-parallel to the magnetization direction (spin down). Therefore the empty
3d states available as final states for the 2p3/2 → 3d transition are preferentially oriented
parallel to the magnetization (spin up), leading to a difference in the transition probabilities
for X-rays with positive and negative helicity. With the magnetization parallel to the incoming
beam, a higher absorption is seen for positive helicity light. The situation is reversed for the L2

edge (2p1/2 core states) due to the opposite sign of the spin orbit coupling [146].

The second step of the simple model often used to describe XMCD [146, 152, 153] influences
the absorption yields σ+ (σ−) for light of positive (negative) helicity via the empty state densi-
ties ρ↑ (ρ↓) for the two spin directions parallel (anti-parallel) to the k vector of the radiation
[152]:

σ+ = f (α↑ρ↑+α↓ρ↓) positive helicity light (3.14)

σ− = f (β↑ρ↑+β↓ρ↓) negative helicity light (3.15)

Thereby α↑ (α↓) represents the probability to excite a spin-up (spin-down) photoelectron in
the primary excitation step with positive helicity light. The correspondent probabilities for
negative helicity light are given by β↑ and β↓. Note the equalities

α↑ =β↓ α↓ =β↑ (3.16)

are valid [152], resulting in the fact that reversal of the magnetic field direction (and thereby
reversing the minority/majority spin population) is equivalent to switching the light helicity
and yields the same XMCD result.

The difference in the absorption yields normalized by the total absorption is known as the
XMCD asymmetry

AXMCD = Y +−Y −

Y ++Y − , (3.17)

where Y + (Y −) denotes the absorption yield with the light helicity parallel (anti-parallel) to
the sample magnetization.
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3.3. X-ray absorption spectroscopy and XMCD

It has to be noted that the commonly used simplified XMCD picture [146, 152, 153] has severe
limitations. Within the more detailed configuration picture, an atom is excited from an initial
state configuration into a final state configuration, with the spin-orbit splitting of the p shell
not being an initial state effect [145]. Equivalency between configuration picture and one-
electron model exists merely for d 9 ground state configurations [154]. The often used graphical
representation of the XMCD effect [146, 153, 155] depicts the p3/2, p1/2 sublevels as pure spin
states, which is not the case [150–152]. Moreover, the spin-orbit splitting in the final 3d states
is often neglected, taking only the predominant exchange splitting in magnetic materials into
account.

A wide field of practical applications for the XMCD method was opened by the so-called sum
rules proposed by Thole et al. [156] in 1992 for the orbital magnetic moment and Carra et
al. [157] in 1993 for the spin magnetic moment. These sum rules relate the difference in
absorption yields Y +−Y − to the local spin and orbital magnetic moments of the sampled
atom, thereby allowing the element-specific determination of magnetic moments within the
sample. Defining the integrals

p =
∫

L3

(
Y +−Y −)

dE L3 edge XMCD signal (3.18)

q =
∫

L3,2

(
Y +−Y −)

dE L3,2 edge XMCD signal (3.19)

r =
∫

L3,2

1

2

(
Y ++Y −)

dE L3,2 edge averaged absorption (3.20)

the sum rules for the orbital magnetic moment µorbit and the spin magnetic moment µspin can
be expressed as follows [146, 158]:

µorbit =−2 ·q · (10−n3d )

3r
(3.21)

µspin +7 < Tz >=− (3p −2q) · (10−n3d )

r
(3.22)

In these expressions, n3d represents the number of 3d holes available as final states. < Tz >
denotes the magnetic dipole operator, see [146] for a more detailed description. Due to the
approximations used to derive the above equalities, the practical use of the sum rules for
the determination of magnetic moments is subject to a number of limitations that will be
discussed in the following section.
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3.3.3. Limitations of the sum rule approach for 3d transition metals

Being based on a single-ion approach [156], the sum rule formalism as described above is
based on a number of assumptions and simplifications, limiting the accuracy of the deter-
mined spin and orbital magnetic moments [159–163]:

• It is assumed that no hybridization between shells occurs and therefore l represents a
good quantum number [160].

• Only dipole transitions p → d are taken into account, transitions into s final states are
neglected [146, 162].

• The radial matrix elements Rd , Rs for d and s states are assumed to be energy-inde-
pendent and constant for all transitions [159, 162]. It has been shown for Ni surfaces
that these matrix elements vary linearly with the photon energy and change by approx.
30% across the d band. While this influence cancels out in the orbital momentum sum
rule, it represents a problem for the applicability of the spin sum rule [162].

• In solid state systems, the number of d holes Nh is not always well defined [159].

• The magnetic dipole contribution <Tz> is often regarded as zero. In fact, <Tz> is only
negligible in the presence of cubic symmetry [160]. However, for 3d transition metals,
the influence has been shown to be small by Teramura et al. [164].

The orbital sum rule is reported to be accurate to approx. 10% [159], mainly suffering from
deviations due to the neglection of s, p −d hybridization effects in the derivation of the sum
rule. Hybridization of different l shells represents the main limitation of the spin sum rule for
transition metals, leading to large deviations [160].

For both sum rules, the spin-orbit splitting of the core levels needs to be significantly larger
than other interactions, such as the core-valence Coulomb interaction. The 2p −3d Coulomb
interaction is non-negligible for 3d transition metals and severely limits the significance of the
spin sum rule due to deviations up to 30% [164].

Calculations performed by Teramura et al. [164] yield correction factors for the application
of the spin sum rule to 3d transition metals. However, manganese ions of the MnII and MnIII

oxidation state give rise to additional difficulties associated with the non-negligible overlap
of the L2, L3 regions. No correction at all is provided for MnIII [164] due to the strong mixing
of the 2p1/2 and 2p3/2 contributions. A comparison of spin sum rule results with ab-initio
calculations [165] generally disputes the applicability of the spin sum rule for 3d 4 systems like
MnIII due to the large discrepancies obtained from the calculations.

However, Piamonteze et al. [166] suggest an approach to correct sum rule results by simulating
the experimental data using multiplet calculations and derive the sum rule error from a

42



3.4. Electron Spectroscopy

comparison between theoretical expectation values of <Tz> and <Sz> and the sum rule value
obtained from the simulated spectra. This method has been successfully applied to manganese
ions in 3d 4 configuration in magnetites by Küpper et al., see [167]. The correction factor
obtained by the described method has been applied to our results obtained from [MnIII

6 CrIII]3+.
The manganese ions in [MnIII

6 CrIII]3+ are of the same 3d 4 configuration, though embedded
in a different environment, thus the derived correction gives a better estimate of the spin
magnetic moment than the uncorrected sum rule result.

3.4. Electron Spectroscopy

Spin-resolved electron spectroscopy was the most crucial scientific tool with respect to the
main subject of this work, the spin polarization data obtained from reference materials as well
as from [MnIII

6 CrIII]3+ single-molecule magnets, presented in sections 5.4 and 5.5, respectively.
The details of the experimental setup will be described in chapter 4 and various details con-
cerning the applicability of the method and the interpretation of the data are explained along
with the results in chapter 5. The basic principles behind this electron spectroscopy method
will be outlined here.

Electron Spectroscopy for Chemical Analysis is a well established, highly versatile X-ray based
characterization method today, a comprehensive review of the field including its historical
development can be found in [168]. Outstanding contributions to the development of this
method have originated in the Swedish group of K. Siegbahn (see [169, 170]), where high
resolution magnetic and electrostatic spectrometers were developed for electron spectroscopy
use. The 1981 Nobel Prize in Physics was awarded to K. Siegbahn in honor of his achievements
concerning the development of electron spectroscopy as a scientific tool [171].

The element specificity of atomic core states already mentioned in section 3.3.1 is one reason
for the chemical sensitivity of ESCA [172]. Beyond the mere information on electron binding
energies, the existence of so-called chemical shifts in these binding energies depending on the
oxidation state of the emitting atom as well as on its chemical surrounding [168] is crucial for
the versatility of ESCA for chemical characterization, which has been thoroughly investigated
by Siegbahn’s group [169, 170].

3.4.1. Theoretical aspects of electron spectroscopy

The theoretical description of the processes taking place upon the absorption of an X-ray pho-
ton and the subsequent excitation of an electron from an atomic core state into an unoccupied
shallow valence state or into the continuum has been outlined in section 3.3.1, leading to the
final expression of the transition probability W given in equation 3.10.
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In the simplified sudden approximation [140, 168] it is assumed that the final state |Φ f 〉 of
equation 3.10 decouples into independent contributions for the ejected photoelectron and the
remaining N −1 electron system - any interaction taking place after the absorption process is
neglected [140]. The sudden approximation holds well for high kinetic energies and free atoms
or molecules [168]. Energy losses [173, 174] due to inelastic scattering of the photoelectrons
moving to the surface of the solid have to be taken into consideration when investigating solid
state systems.

The commonly used three-step model of photoemission [175] regards the photoemission
process as a sequence of three events, the primary excitation step, the electron transport
through the solid to the sample surface and finally the emission of the photoelectron from the
surface into the vacuum [117].

In this model the energy distribution I (E ,ω) of the photoelectrons ejected from the sample
with an energy E upon the absorption of radiation having the energy ~ω consists of electrons
which did not take part in any inelastic processes and an additional background of electrons
that lost energy due to scattering [117]:

I (E ,ω) = I0(E ,ω)︸ ︷︷ ︸
non-scattered

electrons

+ Is(E ,ω)︸ ︷︷ ︸
electrons with

energy loss due to
scattering

(3.23)

The distribution of primarily excited photoelectrons PE(E ,ω) is modified by two functions
describing the transmission through the solid (T (E)) and the escape into the vacuum at the
surface (D(E)) (see [117]):

I0(E ,ω) = PE(E ,ω)×T (E)×D(E) (3.24)

Assuming that the scattering probability is related to the existence of an energy-dependent
mean free path length for electrons le (E ), the transmission function T (E ) can be expressed as

T (E) = le (E)/λ(ω)

1+ le (E)/λ(ω)
(see [117, 175]), (3.25)

with λ(ω) being the attenuation length for a photon of the energy ~ω. Only electrons having
sufficient kinetic energy normal to the surface to overcome the potential barrier V = EF +Φ
consisting of the Fermi energy EF and the work function Φ [176] are capable of leaving the
surface, leading to the expression
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D(E) = 1

2

[
1−

(
V

E

) 1
2

]
for E >V = EF +Φ

= 0 otherwise (3.26)

for the aforementioned escape function D(E) [117, 177]. Both functions T (E) and D(E) are
assumed to vary only slowly with the energy E , thus they may change the photoelectron
distribution, but are not expected to cause structures in I0(E ,ω) [117].

3.4.2. Application to [MnIII
6 CrIII]3+: Spin-resolved electron spectroscopy

Following the more general introduction to electron spectroscopy above, this paragraph gives
an outline of the practical application with respect to the investigation of [MnIII

6 CrIII]3+ SMM
being the main topic of this work.

Auger processes (see figure 3.13) represent the predominant decay channel for the core hole
created in the primary excitation [130] in the soft X-ray regime below 1 keV. The results
presented in sections 5.4 and 5.5 are based on this fact, using the L2,3M2,3V Auger decay as
a means of detecting the primary core hole spin orientation after excitation with circularly
polarized light. The two electrons involved in the Auger decay exhibit a predominant singlet
coupling (see page 82), leading to the fact that the core hole orientation is reflected in the
Auger electron polarization. A detailed discussion of the role of this Auger channel for the
spin-resolved electron spectroscopy results is given in sections 5.3 and 5.4.1.

The energy of the ejected L2,3M2,3V electrons is analyzed by an electrostatic spherical-field
spectrometer, see section 4.1. Overviews of various electrostatic energy analyzer concepts

Figure 3.13. Principle of Auger decay: An L shell electron is excited by the absorption of an X-ray photon
(left). The resulting core hole is filled by an M shell (valence) electron, releasing sufficient energy to
eject a valence (M shell) electron into the vacuum, see middle (right). Note that the two possible decay
paths shown in the middle and right image lead to the ejection of an Auger electron of the same energy,
i. e. they cannot be distinguished by electron spectroscopy.
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can be found in [178, 179]. In addition to the energy analysis, the spin polarization of the
Auger electrons is measured. A Mott polarimeter based on the physical principle described in
section 2.3.2 performs the spin analysis, see section 4.1 for a detailed description of the Mott
polarimeter and the electron detectors used within this work.

Other detection principles based on spin-dependent effects in low-energy electron diffraction
(LEED) exist, see [180]. Devices based on magnetized iron films have been developed recently
[181, 182], reaching polarization sensitivities of up to 30% with a reflected/scattered intensity
of approx. 10% [182]. A comparison of different spin polarization measurement methods with
regard to polarization sensitivity and efficiency is given in [82].

A non-zero spin polarization of the electron beam entering the Mott polarimeter leads to an
asymmetry between the counts N2 and N4 recorded in the two detectors. The spin polarization
P of the electron beam can be obtained [82, 183] from

P ·Seff =
√

N+
2 N−

4 −
√

N−
2 N+

4√
N+

2 N−
4 +

√
N−

2 N+
4

, (3.27)

using circularly polarized light of both helicities to eliminate inherent asymmetries (electron
beam path, geometry, see [183]) of the apparatus. Thereby N±

2 and N±
4 represent the detected

counts in electron detector 2 and 4 for positive and negative helicity of the light used for the
excitation, respectively. The polarization sensitivity Seff of the spin detector has been explained
before, see section 2.3.2. Introducing the parameter

Q =

√√√√√√
N+

2
N+

4

N−
2

N−
4

=
√

N+
2 ·N−

4

N+
4 ·N−

2

, (3.28)

the spin polarization expression given in equation 3.27 can be rewritten as a function of Q:

P ·Seff =
√

N+
2 N−

4 −
√

N−
2 N+

4√
N+

2 N−
4 +

√
N−

2 N+
4

= Q −1

Q +1
(3.29)

The error introduced into Q via the statistical uncertainties ∆N±
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With the rearranged evaluations
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for the expressions a, b, c and d within the square root of equation (3.30) a simple expression
for the statistical error of the parameter Q is obtained:
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This result leads to an expression of the total statistical error of the measured spin polarization
by applying the law of error propagation to equation 3.28:
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(3.32)

The expressions given in equations 3.28 and 3.32 have been applied to obtain the spin polar-
ization results and the statistical errors shown in sections 5.4 and 5.5. The uncertainty of the
Mott polarimeter sensitivity ∆Seff (see section 4.1) has also been considered.
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A mobile UHV apparatus which could be taken to synchrotron radiation facilities under
vacuum conditions without subsequent baking was designed and built up for the SPES meas-
urements presented in this work. Its main components are the measurement chamber with the
electron spectrometer and the Mott detector needed for spin analysis, a preparation chamber
with sample storage and preparation facilities and a load-lock assembly to transfer samples
from atmospheric to UHV conditions.

All main components are mounted to a rectangular frame made of aluminium profiles (90 mm
by 90 mm square cross section) with the dimensions 900 mm (in beam direction) by 1500 mm
(perpendicular to the beam) and a height of 550 mm. The frame carrying the vacuum com-
ponents is connected to a larger base frame (1120 mm by 1800 mm). Height adjustment in a
range of 125 mm is provided by four variable posts carrying the base frame.

A set of three orthogonal Helmholtz coil pairs wound on a cubic frame with an edge length
of 1.20 m surrounds the measurement chamber and electron spectrometer, providing a
compensation of the earth’s magnetic field to a residual field of normally less than 5 µT.

Figure 4.1. The adjustment mechanism used to align the UHV system to the synchrotron radiation
beam axis. Left: The self-aligning roller bearing supports the front of the upper frame. Note the linear
guide connecting the bearing to the base frame. Right: Ball casters carrying the weight of the UHV
system without restricting the rotary motion of the roller bearing.
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The magnitude of the residual fields is strongly correlated with the magnetism of the sur-
rounding components like UHV valves and pumps. The required current in the field coils is
determined by means of a flux gate magnetometer which is moved around the measuring
chamber while adjusting the coil current.

The connection between the upper frame with the UHV system and the base frame is made by
a specially designed adjustment mechanism: A large self-aligning roller bearing allows the
rotation of the whole upper frame assembly around a vertical axis through the light entrance
of the electron spectrometer (see figure 4.1 left). Two stainless steel ball casters on the back
end of the upper frame provide mechanical support for the weight of the apparatus without
limiting the rotary motion of the adjustment mechanism (see figure 4.1 right).

The roller bearing as well as the stainless steel base plates for the ball casters are mounted
on horizontal linear guides oriented perpendicular to the axis of the incoming synchrotron
light beam, thereby providing another degree of freedom of the adjustment mechanism:
Besides the rotation around the light entrance point, the whole UHV apparatus can be moved
perpendicular to the beam axis. This allows a fast and easy three-dimensional alignment of
the apparatus to the synchrotron radiation beam along with the height adjustment of the base
frame.

The main components of the UHV apparatus will be described in more detail in the following
sections, along with a short discussion of the vacuum design and requirements. A schematic
overview is given in figure 4.2, images of the UHV apparatus installed at BESSY-II beamline
UE52-SGM are shown in appendix B.
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Figure 4.2. Overview of the apparatus (not to scale): (1) Mott detector with high-voltage feedthrough a,
scattering target b, electron detectors c and transfer optics d. (2) Electron spectrometer with bellows
to the beamline e, auxiliary electron detector f and entrance optics g. (3) Measuring chamber with
lHe cryostat h, motorized sample stage i and viewport k. (4). Preparation chamber with transfer rod
l, sample transfer system m, rotatable sample storage n and ion gun o. (5) load-lock with rotatable
transfer rod p, sample storage r and access door s. The horizontal arrow (cyan colored) represents the
incoming synchrotron light.
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4.1. Electron spectrometer and Mott polarimeter

The two components being most essential for the spin-resolved electron spectroscopy ex-
periments presented in this work have been used successfully before [44, 186–189] and were
described in more detail elsewhere (see [188, 189]). A schematic view of the setup is shown in
figures 4.2 and 4.3.

Figure 4.3. Schematic view of the electron spectrometer and the Mott polarimeter. Also shown is the
position of the main electron detectors (CEM1, CEM2) and the auxiliary detector (CEM) mounted
off-axis behind a separate exit slit. Note that the Mott polarimeter is shown rotated around its axis by
90◦.

In the currently used setup, the electrons escaping from the sample surface enter a three-
element electron lens that images the source point into the entry plane of the 90◦ spherical-
field spectrometer. The spectrometer has a mean radius of 84 mm [186]. A set of three auxiliary
electrodes on each side of the spherical section reduces the influence of fringe fields on the
electron path. Using a path energy of 140 eV and an exit slit width of 2 mm, the energy
resolution was approx. 1.7 eV for the main detection channels CT2 and CT4 in the Mott
polarimeter (see figure 4.4). The auxiliary channel electron multiplier (type KLB210, see
[190]) within the electron spectrometer which is used to record intensity spectra without spin
resolution exhibits a slightly better energy resolution of 1.1 eV due to its smaller (separate)
exit slit. The energy offset of the auxiliary detector being mounted slightly off-axis behind a
separate exit slit was determined to be +2,5 eV with respect to the main electron trajectory
towards the Mott polarimeter.
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4.1. Electron spectrometer and Mott polarimeter

Determination of the electron spectrometer resolution. The condition of the electron
spectrometer was checked regularly by measuring the 4 f photoelectrons from an Au coated
sample substrate. The spin-orbit split double peak structure with binding energies of 87.6 eV
(Au 4 f5/2) and 83.9 eV (Au 4 f7/2) [118] allows the estimation of the obtained energy resolution
in the three detection channels used. The data shown in figure 4.4 reveal FWHM peak widths
of 1.63 eV (Au 4 f7/2) and 1.75 eV (Au 4 f5/2) obtained with the main detection channels CT2 and
CT4. With the intrinsic linewidth of these peaks being less than 0.3 eV [191] and an excitation
bandwidth of the same order of magnitude, the peak widths are predominantly determined by
the spectrometer resolution.
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Figure 4.4. The spin-orbit split Au 4 f double line recorded with the electron spectrometer. The
counts from both detection channels CT2 and CT4 of the Mott polarimeter have been summed up, the
errorbars show the statistical error of the combined measurements. A background subtraction was
performed and both peaks were each fitted with a Voigt profile, leading to the FWHM results shown
in the figure. With both the intrinsic linewidth and the bandwidth of the synchrotron radiation being
approx 0.3 eV, the FWHM values represent the resolution of the electron spectrometer.

A comparison of the energetic positions of the Au 4 f lines with reference data (see [118]) in
principle allows the determination of the spectrometer work function ΦSpec. By using the
relation [192]

Ekin = hν−EB −ΦSpec (4.1)
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a calibration of the spectrometer with respect to the binding energy EB can be established
if the spectrometer work function is known. However, large shifts on the energy scale were
observed due to charging effects involved in the electron spectroscopy measurement of highly
insulating [MnIII

6 CrIII]3+ and MnIIacetate samples. Therefore an absolute energy calibration
was not performed. The electron spectroscopy results shown in Chapter 5 are given with
respect to the valence band maximum (VBM) instead, which required the recording of spectra
up to the valence band edge, but allowed the correction of charging related energy shifts.

The electrons leaving the spectrometer are guided to the Mott polarimeter by a transfer
electron optics (see figure 4.3). A single lens at the spectrometer exit collimates the electron
beam which is then retarded to a low energy at the entrance hole in the outer sphere of the
Mott polarimeter, minimizing errors due to a non-zero lateral impulse of the electrons entering
the spherical acceleration field. The other elements shown are operated at the same potential
and act as a simple drift tube. Two sets of beam-steering plates (BSP1, BSP2) are used to
adjust the electron beam.

Upon entering the spherical Mott polarimeter of the Rice type [193], the incoming electrons
are accelerated by a potential difference of 45 kV between the outer and the inner sphere of
the polarimeter and hit a thorium target mounted in the centre of the inner sphere. Electrons
scattered back into the ±120◦ directions cross the accelerating field again in opposite direction
and are decelerated. They are collected by two channel electron multipliers outside the outer
sphere. The scattering process at the high-Z target material is spin dependent due to spin-
orbit coupling (see section 2.3.2) and a spin polarization of the incoming electrons leads to an
asymmetry in the count rates of the two detectors. Retarding grids in the openings of the outer
sphere allow discrimination against inelastically scattered electrons due to their energy loss.
Only electrons with an energy loss below 630 eV have been accepted by the detectors for the
measurements presented within this work.

The pulses from the channel electron multipliers are processed by low-noise preamplifiers
(type PAD06, see [190]) followed by a discriminator operated in integral mode. The preampli-
fiers are operated from a sealed lead acid (SLA) battery supply providing the symmetric ±6 V
needed. Pulse counting is performed by a computer-based data acquisition system accessible
via LabView control software. The count rates of all three detectors can be monitored easily
via analogue rate meters for fast adjustment purposes.

Calibration of the Mott polarimeter. The spin polarization sensitivity Seff of a Mott
polarimeter depends on the scattering energy resp. acceleration voltage as well as on the
scattering angle (see section 2.3.2) and the properties of the scattering target used. The
following procedure was performed to provide a means of calibration for the Mott polarimeter
used within this work:

Low-energy electron diffraction (LEED) on a platinum single crystal leads to a spin polariza-
tion of up to 80 % in the outgoing electron beams forming the diffraction pattern if certain
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4.1. Electron spectrometer and Mott polarimeter

conditions with respect to electron energy and diffraction geometry are met. Based on the
method described in [194], a LEED experiment was done on a platinum(111) crystal surface,
using an electron energy of 80 eV and an angle of incidence of 47◦ with respect to the surface
normal. The specular reflection (0th order diffraction, scattering angle equals incident angle)
was selected. Rotating the Pt crystal in its surface plane leads to a characteristic pattern in the
recorded polar diagrams with respect to intensity and spin polarization (see [194] page 71).
Figure 4.5 shows an example of a polar diagram recorded at a Mott polarimeter acceleration
voltage of 25kV.
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Figure 4.5. An example for the polar diagrams used in the Mott polarimeter calibration process. The
black squares and red triangles represent the count rates ICT2, CT4 of the two electron detectors (right
vertical axis). The blue circles show the count rate asymmetry calculated as (ICT4−ICT2)/(ICT4+ICT2) (left
vertical axis). The spectral features marked a and b are easily identified in [194], the spin polarizations
obtained in [194] are given next to the markings.

According to equations 2.19 and 2.20 the polarization P , the Sherman function S and the
count rates of the two detectors placed symmetrically on two sides of the scattering target are
connected by the following relation:

Nleft −Nright

Nleft +Nright
= P ·S (4.2)

As the LEED setup did not allow to flip the whole scattering geometry in order to eliminate
inherent asymmetries of the measurement setup, an additional parameter r is introduced to
account for this apparatus-related asymmetry. Replacing the theoretical Sherman function S
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with the polarization sensitivity Seff introduced in chapter 2.3.2 then yields:

r Nleft −Nright

r Nleft +Nright
= P ·Seff (4.3)

As shown in figure 4.5, two characteristic spectral features have been identified in the polar
diagrams. Therefore two sets of correlated values for (Nright, Nleft, P ) are available. Based
on equation 4.3 and the known values for the count rates Nright, Nleft and the polarization P
(P=-0.08 for region a, P=+0.19 for region b) a system of two equations with two unknowns Seff

and r has to be evaluated.

A different experimental approach was chosen instead of recording polar diagrams as shown in
figure 4.5 in order to reduce the statistical error of the measurements: Based on these diagrams,
a polar angle corresponding to region a or b was set and then data were integrated at each
fixed angular position for 300s. The measurements were performed for different acceleration
voltages of the Mott polarimeter, leading to the following results:

Seff, 25kV =−0.17±0.02 Seff, 45kV =−0.23±0.02

The error of the polarization sensitivity Seff has been determined from the statistical error
of the two count rates and the error of the polarization data from [194]. For the latter, an
uncertainty of ±0.01 has been estimated from the polarization diagram given in [194].

4.2. Electron detectors

The electron detectors currently used in the Mott polarimeter are based on ceramic channel
electron multipliers (manufacturer: Dr. Sjuts Optotechnik, see [190]) due to their durability
and the reasonably low dark count rates (approx. 1.5 s−1) compared to the previously used
multichannel plate (MCP) detectors (up to 20 s−1). The MCP detectors provided a circular
active area of approx. 40 mm diameter. A special type of channel electron multiplier with a
circular funnel of 25 mm diameter (type KBL25RS/90, see [190] and figure 4.6 left) was selected
as a replacement, minimizing the loss of sensitivity due to the smaller area presented to the
(diverging) scattered electron beam.

The electron multiplier is mounted to an adjustable aluminum carrier that connects to the
CF63 stainless steel base flange via three threaded bronze rods, allowing to adjust the height
of the electron multiplier above the base flange as well as the angle with respect to the flange
axis (see figure 4.6 right). The selected combination of materials avoids galling in the threads
under vacuum conditions. A circular auxiliary electrode with an inner diameter of 38 mm
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Figure 4.6. Left: Type KBL25RS/90 channel electron multiplier with 25 mm diameter entry funnel
used for the electron detection in the Mott polarimeter. Right: Complete detector assembly with the
mounted channel electron multiplier and the auxiliary electrode, the bias voltage divider and readout
capacitor are placed under a stainless steel enclosure at the back of the base flange.

around the channel electron multiplier funnel is mounted via electrically isolating ceramic
spacers and allows to constrict the trajectories of the incoming electrons in order to maximize
the electron collection efficiency of the detector.

The outside of the detector base flange is covered by an metal cup containing the bias voltage
divider chain for the channel electron multiplier as well as the readout capacitor and the BNC
and SHV connectors for the signal, the multiplier high voltage and the auxiliary electrode
potential. The design of the voltage divider chain elevates the entry funnel of the electron
multiplier to approx. +200 V with respect to ground potential. Signal readout is performed via
a 1 nF ceramic capacitor followed by a pair of antiparallel protection diodes (type 1N4148).
In case of voltage spikes exceeding the approx. 1 V forward voltage of the diodes, they start
conducting and limit the voltage, thereby protecting the sensitive input of the preamplifier.

4.3. Load-lock, sample transfer system and preparation

chamber

The measuring chamber with the electron spectrometer and Mott polarimeter described
before is completed by a preparation chamber, a sample storage and load-lock system that
allows a convenient transfer of samples from air to UHV within approx. one hour.
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After preparation (see section 3.2) the [MnIII
6 CrIII]3+ samples are mounted to rectangular

stainless steel or tantalum sample plates compatible to the commercially available sample
transfer tool (see figure 4.7 left) made by Omicron Nanotechnology [195]. A load-lock equipped
with a 100 mm diameter access door and a sample tray with a capacity of nine sample plates is
used to transfer the [MnIII

6 CrIII]3+samples to the UHV system. The sample tray is mounted to
a rotatable magnetic transfer rod that allows sample transfer to the preparation chamber.

A second magnetic transfer rod perpendicular to the first one is equipped with the aforemen-
tioned tool and provides sample transfer from the preparation chamber to the measuring
chamber (see figure 4.2). It is non-rotatable; the rotation of the magnet operates the open-
ing/closing mechanism of the transfer tool via a second, coaxial shaft instead. The preparation
chamber is equipped with a rotatable, wheel-shaped sample storage that can be moved ver-
tically between two planes: The lower plane is accessible by the magnetic transfer rod and
allows transfering samples to the measuring chamber and the load-lock sample tray while the
upper plane contains an ion gun for sample surface preparation and is prepared for further
sample characterization equipment such as a LEED system. One of the sample holders of the
storage wheel is mounted via isolating ceramic spacers and allows electron bombardment
heating of a sample by means of a tungsten filament mounted behind the sample holder. A
quadrupole mass spectrometer installed in the preparation chamber provides residual gas
analysis for leak detection as well as during sample preparation (i.e. monitoring heating or
sputtering processes).

Besides sample preparation, the preparation chamber allows the storage of up to six samples
under UHV conditions. Interruptions in the measurement process due to load-lock pump-
down are avoided because the sample transfer from the preparation chamber to the measuring
chamber is independent from the load-lock transfer rod.

Upon transfer into the measurement chamber, the sample is inserted into a specially shaped
slot at the head of a lHe flow cryostat capable of cooling the sample to the 20 K temperature
range. A spring-loaded molybdenum frame presses the sample against the cryostat head
(see figure 4.7 right). While the pressure of the spring mechanism keeps the sample plate
sufficiently fixed for room temperature measurements, four non-magnetic bronze screws are
used to tighten the molybdenum frame against the sample plate to ensure a good thermal
contact between sample plate and cryostat head when lHe cooling is used. The whole cryostat
head is electrically insulated from the vacuum vessel by a sapphire plate to allow sample
current measurements. Sapphire was chosen due to its good electrical insulating properties
and sufficiently high thermal conductivity.

A three-axis manipulator (y and z ranges ±25 mm, x range 150 mm) with an additional differ-
entially pumped rotary stage allows the positioning of the sample in front of the spectrometer
entrance optics as well as rotating the sample stage for transfer purposes. The x and y direc-
tions of the manipulator are motorized by stepper motors for convenient sample positioning
and sample scanning during the measuring process.
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Figure 4.7. The sample transfer system used in the UHV apparatus. Left: The sample transfer tool
(manufacturer: Omicron Nanotechnology, see [195]) mounted at the end of a magnetic transfer rod.
Right: The sample holder at the head of the lHe cryostat. The molybdenum frame is spring-loaded
from the back side of the cryostat head and keeps the sample in place. A tantalum sample plate with
a [MnIII

6 CrIII]3+ sample on Si is shown inserted into the sample holder. The cryostat assembly (apart
from the sample holder region shown) is surrounded by a copper radiation shield cooled from an
intermediate stage of the cryostat.

4.4. Vacuum design and requirements

The vacuum system of the apparatus was planned and constructed with respect to three main
requirements, leading to the final design (see figure 4.8 for an overview) that will be described
in detail within this section.

• The UHV conditions necessary for the planned electron spectroscopy experiments at
synchrotron facilities have to be provided.

• A load-lock system allowing fast sample transfer from air to UHV has to be implemented,
as the limited radiation stability of the [MnIII

6 CrIII]3+ samples requires frequent sample
changes.

• A short setup time to reach the operational state after transporting the apparatus to a
synchrotron radiation facility is mandatory, as beamtime allocation is usually severely
restricted.

The first requirement determined the choice of pumps for the measurement chamber and
the preparation chamber. Both are pumped by ion getter pumps during normal operation,
providing a pumping speed of approx. 270 l/s each. The pumps are equipped with eight diode
cells of approx. 100 mm · 200 mm per pump. Differential pumping elements using both Ti and
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Ta plates increase the pumping efficiency for noble gases. An additional titanium sublimation
pump in each chamber is operated in 2-hour intervals. Turbomolecular pumps with a pumping
speed of 70 l/s (N2) backed by a diaphragm roughing pump are used during pump-down after
venting as well as during noble gas ion gun operation. The rotary feedthrough for the sample
cryostat comprises two differential pumping stages: The UHV side is pumped by a small
(approx. 2 l/s) ion getter pump whereas the high-pressure part is connected to an intermediate
port of the measuring chamber turbomolecular pump. The Mott polarimeter is pumped
independently from the measuring chamber by a 40 l/s ion getter pump, a turbomolecular
pump is connected temporarily for pump-down. The pressures after bakeout as well as
during normal operation are given in table 4.1. Note that the operating pressure of the Mott
polarimeter is limited by the fact that the ion getter pump has to be deactivated during
measurements due to electron detector noise issues. Pumping the Mott polarimeter from the
main chamber is less efficient and causes the pressure rise indicated in table 4.1.

The load-lock of the apparatus is accessible via a flange of 100 mm inner diameter sealed by a
non-bakeable viton gasket, limiting the base pressure of the load-lock to approx. 5 ·10−8 mbar.
Pumping is done via a 70 l/s turbomolecular pump, a complete vent and pump-down cycle of
the load-lock takes approx. one hour until a pressure of 5 ·10−7 mbar is reached. The load-lock
can be vented using either dry nitrogen or high-purity inert gas, the latter allowing preparation
of samples in the load-lock under inert gas conditions.

Vacuum measurement is done by ionization gauges in all parts of the apparatus except in the
load-lock. A cold cathode (inverted magnetron) gauge is used there instead, taking the detri-
mental influence of ionization gauges on [MnIII

6 CrIII]3+ samples [61] at higher pressures (see
section 5.5) into account. Additional convection-enhanced Pirani manometers complement
the ionization gauges in the high-pressure regime up to atmospheric pressure for all vessels
except the Mott polarimeter. The inlet pressure of the diaphragm roughing pump serving
all turbomolecular pumps via a distribution board is also measured by a Pirani gauge. The
rotation of all turbomolecular pumps as well as the roughing vacuum pressure are monitored
by an interlock system that automatically closes pneumatically actuated vacuum valves (see
figure 4.8) in case of a mains power or pump failure.

Measurement and preparation chamber are pumped down and baked out prior to the trans-
port to reduce the setup time needed to reach a fully operational state after transporting the
apparatus to a synchrotron facility. With all valves closed, the vacuum in the main chambers
is sustained for a period of more than 24 hours without pumping. Subsequent restarting of
the ion pumps reestablishes the base pressure within a few hours. A pressurized nitrogen
gas cylinder connected to the apparatus ensures the correct operation of the pneumatically
actuated valves during transport.

The Mott polarimeter and the magnetic transfer rod attached to the preparation chamber are
removed during transport, requiring valves to separate them from the evacuated vessels. These
components are reinstalled upon reaching the beamline. A fourth turbomolecular pump is
connected to the Mott polarimeter; additional removable connections to this pump allow the
pump-down of the transfer rod and the bellows connection to the beamline as well.
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Figure 4.8. Schematic overview of the vacuum system. The pumping types shown are turbomolecular
pumps (TMP), ion getter pumps (IGP), titanium sublimation pumps (TSP) and a diaphragm roughing
pump (DP). Vacuum measurement is done by ionization gauges (IG), convection-enhanced Pirani
gauges and a cold cathode gauge (CC) in the load-lock. The valves with red outlines* are closed
automatically by an interlock system if any of the turbopumps or the roughing pump fail. Connections
indicated by dotted lines are made temporarily for pump-down purposes only.

measuring chamber prep chamber Mott detector load-lock

pressures after bakeout (mbar)

≤ 1 ·10−10 1 ·10−10 5 ·10−10 5 ·10−8

pressures during normal operation (mbar)

≈ 5 ·10−10 5 ·10−10 5 ·10−9 1 ·10−7

Table 4.1. Vacuum conditions: The pressure in different parts of the apparatus after pump-down and
bakeout and during normal measurement operation is shown. Note that the load-lock is not baked due
to the non-bakeable viton gasket of the access door.
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The results obtained from [MnIII
6 CrIII]3+ SMM as well as from different reference materials

using the methods and the experimental setup described above will be presented. X-ray
absorption spectroscopy was used for sample characterization, giving important insights
into effects related to preparation and radiation exposure, see sections 5.1 and 5.2. XPS
investigation of [MnIII

6 CrIII]3+ samples provided information about the Auger lines used for
the spin-resolved measurements as well as about radiation damage effects, see section 5.3.
Spin-resolved electron spectroscopy and X-ray circular dichroism results yield information
about the magnetic properties of the Mn constituents in [MnIII

6 CrIII]3+ being discussed in
sections 5.4 to 5.7.

5.1. Characterization of [MnIII
6 CrIII]3+ samples

Prior to any further investigations, the [MnIII
6 CrIII]3+ samples prepared as described in chapter

3.2 were characterized by X-ray absorption spectroscopy at the Mn L3-edge. This method is a
very useful tool for detecting preparation-related changes of the molecule condition due to its
sensitivity to the oxidation state of the Mn constituents in the [MnIII

6 CrIII]3+ SMM.

Reference data obtained by XAS from bulk manganese oxides Mn2O3 (MnIII) and MnO (MnII)
are shown in figure 5.1. The distinct peak observed at 640.1 eV (labeled A in figure 5.1) in
MnO is known to be characteristic for the MnII oxidation state [196]. Accordingly, the broad
absorption feature at approx. 642 eV (labeled B in figure 5.1) can be attributed to the main
MnIII L3-edge absorption [120].

Using these reference spectra, the MnIII content of a [MnIII
6 CrIII]3+ sample can be estimated

from the B/A peak ratio following the approach described on page 72 (see [61] for details). This
provides a simple method to quantify and compare the influence of preparation parameters,
environmental influences or radiation exposure on the [MnIII

6 CrIII]3+ sample condition.
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Figure 5.1. Mn L2,3-edge XAS reference data obtained from manganese oxides MnO (MnII) and Mn2O3

(MnIII). The markings A (B) refer to spectral features characteristic for MnII (MnIII). Figure already
published in [61].

5.1.1. Characterization of samples prepared by drop-casting � the
in�uence of [MnIII

6 CrIII]3+ layer thickness

The first [MnIII
6 CrIII]3+ samples were prepared by drop-casting (see chapter 3.2.1) the SMM

solutions onto square substrates of approx. 5×5 mm2. XAS measurements were performed
in order to detect possible changes of the molecule condition due to the preparation of the
[MnIII

6 CrIII]3+ solutions and the deposition process. It is well known for other SMM species like
Mn12ac that the interaction with the substrate surface [197, 198] leads to changes of the SMM
condition upon deposition, altering or even completely suppressing the unique magnetic
behavior of the SMM [31, 198]. Charge transfer processes between the substrate and the
adsorbed SMM layer are considered to be the predominant reason for the observed reduction
effects upon deposition [199].

Different [MnIII
6 CrIII](ClO4)3 samples on gold and ruthenium substrates (see chapter 3.2) were

prepared by drop-casting from SMM solutions in order to investigate the role of the molecule-
substrate interaction. The following range of concentrations was used, each dilution step
leading to a five times lower [MnIII

6 CrIII]3+ concentration:

4.5 ·10−4 mol/l → 9 ·10−5 mol/l → 1.8 ·10−5 mol/l → 3.6 ·10−6 mol/l

µm-sized monolayer
microcrystallites equivalent
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Microcrystallites with a size of approx. 3 µm form on the substrate during solvent evap-
oration for the highest concentration (see figure 3.6). The occurrence of monolayer-like
island structures for lower concentrations of the [MnIII

6 CrIII]3+ solution has been confirmed
by non-contact AFM measurements [200]. The obtained [MnIII

6 CrIII]3+ samples were then
characterized by XAS (see figure 5.2).

In contrast to results obtained from Mn12ac [199], no substrate- or deposition-induced re-
duction effects of the Mn constituents in [MnIII

6 CrIII]3+ could be observed – the characteristic
shape of the Mn L3-edge absorption clearly indicates the predominance of MnIII (see the
MnIII vs. MnII comparison in figure 5.1). A quantitative evaluation yields a MnIII fraction very
close to 1.0 even for the highest dilutions (see insets in figure 5.2), confirming the feasibility
of [MnIII

6 CrIII]3+deposition on surfaces without degradation of the SMM molecules due to
molecule-substrate interaction.

5.1.2. Homogeneity of samples prepared by airbrush method

The application of sample scanning (see chapter 3.4) required a preparation method capable of
obtaining large homogeneous samples. This requirement was met by the airbrush preparation
technique (see section 3.2.2). Sample homogeneity with respect to the [MnIII

6 CrIII]3+ condition
(oxidation state) is crucial in order to allow combining the results from a large number of
sample positions. The homogeneity of the [MnIII

6 CrIII]3+ samples prepared by the airbrush
technique has been checked by performing a number of XAS measurements on different
positions covering the sample surface of 11×11 mm2 (see figure 5.3).

The results of the XAS characterization show a very good agreement between different po-
sitions on the sample prepared by airbrush technique. All measured positions show com-
parable absorption yields, confirming the homogeneous covering of the sample surface with
[MnIII

6 CrIII]3+ deposits already found in optical microscopy (see figure 3.8).

Furthermore, all positions exhibit a comparable [MnIII
6 CrIII]3+ condition with respect to the

Mn oxidation state, as indicated by the overall shape of the Mn L3 edge absorption (see fig. 5.1
for comparison). This is the most important condition to be fulfilled with regard to sample
scanning during the SPES measurements, ensuring that only [MnIII

6 CrIII]3+ molecules in the
same condition are considered when collecting data from a large number of different sample
positions.

5.1.3. Detrimental in�uences on the [MnIII
6 CrIII]3+ sample condition

Other detrimental influences on the sample condition may be present besides a possible
molecule-substrate interaction as found for Mn12ac SMM [199]: The preparation is carried
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Figure 5.2. XAS characterization of [MnIII
6 CrIII](ClO4)3 samples prepared by drop-casting technique

from solutions with different [MnIII
6 CrIII]3+ concentrations on gold (top panel) and ruthenium (bottom

panel) substrates. The concentrations used as well as the MnIII content calculated from the B/A peak
ratio are given in the insets. The XAS spectra shown are obtained by averaging over several scans to
improve the signal-to-noise ratio, especially for the low [MnIII

6 CrIII]3+ concentrations.
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Figure 5.3. XAS characterization of [MnIII
6 CrIII](ClO4)3 samples prepared by airbrush technique. Left:

Mn L3-edge absorption spectra obtained from different positions on the 11×11 mm2 substrate are
in good agreement with respect to signal intensity and spectral shape. Right: Optical image of the
airbrushed [MnIII

6 CrIII](ClO4)3 sample. The colored squares mark the measurement positions for the
absorption spectra on the left.

out in ambient conditions, thus atmospheric humidity as well as oxygen are present during
the deposition process and the sample handling. Upon transfer into the load-lock of the UHV
system, the [MnIII

6 CrIII]3+ samples are subject to changing vacuum conditions and possible
influences of ion pumps, sublimation pumps and ionization gauges. Systematic studies of
these influences on the [MnIII

6 CrIII]3+ condition have been carried out.

Solvent contamination and aging

The methanol being used as a solvent as well as the prepared [MnIII
6 CrIII]3+ solutions are

exposed to atmospheric humidity during sample preparation and storage. A deliberate
water contamination of 1.0 % and 5.0 % (referring to volume) was introduced into dried
methanol (SeccoSolv brand by Merck) to study the influence of water on the condition of the
[MnIII

6 CrIII]3+ solutions. Samples prepared from these solutions have been characterized by
XAS (see figure 5.4, top panel). The effect of atmospheric humidity being present during the
SMM deposition on the substrate was also studied: A silicon substrate was cooled down to
liquid nitrogen temperature and then exposed to atmospheric conditions during the warm-up
to room temperature. A water film originating from atmospheric humidity formed on the
substrate surface. The preparation process was then conducted as described before, followed
by XAS sample characterization.
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5. Results and Discussion

The presence of atmospheric oxygen is known to cause corrosion effects in industrial storage
and handling of methanol [201, 202]: The partial oxidation of methanol leads to the formation
of formic acid causing stress corrosion cracking in metallic vessels. The existence of methanol
oxidation in ambient conditions might lead to an aging process of the solvent used for the
[MnIII

6 CrIII]3+ preparation, causing a formic acid contamination increasing with time. To study
possible influences on the SMM sample condition, a deliberate contamination of the solvent
by 0.5 % and 5 % (referring to volume) formic acid was introduced prior to the preparation
process and the resulting samples were characterized by XAS (see figure 5.4, bottom panel).

According to the XAS measurements performed on these samples (see figure 5.4), no significant
influence of the presence of water or formic acid contaminations during the preparation and
deposition of the SMM on the oxidation state of the manganese constituents in the molecule
is found.

The overall spectral shape of the Mn L3 absorption does not change with respect to the
non-contaminated reference samples in the case of water contamination. A comparison
with oxidic references (see figure 5.1) clearly indicates the predominance of manganese in
the MnIII oxidation state expected for the intact [MnIII

6 CrIII]3+ SMM. Even the presence of
an adsorbed water film on the substrate during the deposition process does not show a
detrimental influence on the sample condition, which is in strong contrast to results obtained
from Mn12ac SMM [125]: For Mn12ac the presence of water during preparation leads to an
immediate reduction of the Mn constituents to the MnII oxidation state.

A contamination of the solvent with formic acid leads to significant changes in the spectral
shape of the Mn L3 absorption (see arrow in figure 5.4, bottom panel). However, the oxidation
state of the Mn constituents remains unchanged, as indicated by the B/A peak ratio. It is
notable that the spectral shape of the Mn L3-edge for [MnIII

6 CrIII](BPh4)3 samples influenced
by formic acid resembles the results obtained from [MnIII

6 CrIII](C3H5O3)3 (see figure 5.8)
without exposure to formic acid.

Ionization gauge operation

Initially a Bayard-Alpert [203] ionization vacuum gauge was used to monitor the pressure
in the load-lock in the p ≤ 10−4 mbar range (see section 4.4). The basic principle behind
ionization gauge operation is as follows: A hot tungsten or oxide-coated iridium filament
emits electrons, which are accelerated by a voltage of approx. 150 V towards a cage-like grid
structure around the central ion collector. While moving towards the grid the electrons collide
with residual gas atoms and ionize them. Afterwards the ions are collected by a thin wire in
the center of the grid structure. The ion current Ic is related to the residual gas pressure P by
the following equation:

Ic = S ·P · Ie (5.1)
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Figure 5.4. Influence of solvent contamination and aging on the [MnIII
6 CrIII]3+ condition. Top panel:

XAS spectra of [MnIII
6 CrIII](BPh4)3 obtained at the Mn-L3 edge for different water concentrations in

the solvent. The violet spectrum was obtained from a sample with a water film present during SMM
deposition. The vertical lines mark absorption features characteristical for MnIII (B) and MnII (A).
Bottom panel: XAS characterization of samples prepared with different concentrations of formic acid
present in the solvent. Meaning of vertical lines as before.
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with S being a gauge-dependent calibration factor and Ie the electron emission current [204].
Due to this operation principle, an ionization gauge within the vacuum system represents a
possible source of electrons, ions and excited metastable residual gas molecules [205, 206].

The influence of ionization gauge operation on [MnIII
6 CrIII]3+ samples has been studied by

placing samples into the load-lock of the UHV apparatus and exposing them to the active
ionization gauge during pump-down. XAS measurements at the Mn L3-edge have been
performed on samples without operation of the ionization gauge and after one and two pump-
down cycles with the gauge active (see figure 5.5). The chamber was vented using dry nitrogen
(evaporated from a LN2 dewar vessel) between the pump-down cycles.

Figure 5.5. Influence of ionization vacuum gauge operation during load-lock pump-down on the
[MnIII

6 CrIII](ClO4)3 sample condition. Shown are Mn L3-edge XAS characterizations of samples after
one and two pump-down cycles compared to a reference sample without gauge operation. Meaning of
vertical lines as in figure 5.4. Inset: Temporal evolution of load-lock pressure during pump-down. The
time scale is given in ’hh:mm’ format code. XAS measuring times are marked.

The XAS characterization of these samples shows distinct changes in the Mn L3-edge absorp-
tion, which are similar to the changes caused by radiation exposure (see figure 5.6). Exposure
of [MnIII

6 CrIII]3+ SMM to the operating ionization gauge seems to cause a reduction of the
MnIII ions in the SMM to the MnII oxidation state. Approximately 84% of the Mn ions remain in
the MnIII oxidation state after one pump-down cycle of about 20 minutes with p ≥ 6·10−7 mbar.
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Performing a second cycle reduces this number to 74%. However, no influence of ionization
gauge operation on the [MnIII

6 CrIII]3+ sample condition was found in the UHV pressure range
below 10−9 mbar, even for samples that had been stored in the preparation chamber for several
days.

Due to the load-lock geometry, no direct, straight path existed between the ionization gauge
and the samples, instead the gauge was connected to the load-lock via CF35 tubing including
several 90◦ angles. Thus it is improbable that ions or electrons emitted by the gauge are the
reason for the observed [MnIII

6 CrIII]3+ reduction. Metastable residual gas molecules excited
by electron collision [206] may play the leading role in the observed effect.

5.2. Stability of [MnIII
6 CrIII]3+ SMM against soft X-ray

exposure

The investigation of [MnIII
6 CrIII]3+ single-molecule magnets by experimental methods involv-

ing soft X-rays is complicated by the occurrence of radiation damage effects – a well-known
phenomenon in metal-organic compounds consisting of metal centers within an organic
ligand structure [207, 208]. In hard X-ray protein crystallography [209], this severely limits
integration time and signal quality. To a large extent, the radiation damage is not a direct
consequence of irradiation; it is caused by the large number of secondary electrons that are
created by photoexcitation within the sample and the underlying substrate instead [210]. The
basic results and conclusions presented in this section have been already published in 2012,
see [61].

Radiation damage occurring in [MnIII
6 CrIII]3+ SMM is indicated by a noticeable change in

the spectral shape of the manganese L3-edge absorption: With increasing X-ray exposure,
the broad multiplet structure at 642.2 eV (labeled B in figure 5.6) decreases while a sharp
absorption peak rises at 640.1 eV (labeled A in figure 5.6) and later dominates the L3-edge
region. The initial presence of the broad absorption feature at 642.2 eV indicates the presence
of manganese in the MnIII oxidation state not only for bulk oxides, but also for manganese
ions in a molecular environment [61, 121, 125, 196].

A comparison of the XAS results obtained from [MnIII
6 CrIII]3+ SMM (see figure 5.6) with the

reference data shown in figure 5.1 indicates that the oxidation state of the manganese con-
stituents in the investigated [MnIII

6 CrIII]3+ single-molecule magnets changes from MnIII being
present in the intact molecule [38] to MnII upon soft X-ray irradiation.

The exposure-dependent change in the L3-edge absorption of the Mn centers in [MnIII
6 CrIII]3+

SMM was monitored by series of consecutive XAS scans, each single measurement taking
approx 4-5 minutes. As each sequence was measured at a single sample position, the in-
vestigation of the radiation effect on the sample condition was not influenced by possible
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Figure 5.6. Mn L2,3-edge XAS of [MnIII
6 CrIII]3+ SMM with tetraphenylborate (BPh−

4 ) anions. Selected
spectra from a series of consecutive scans are shown to illustrate the radiation-induced changes
occuring in [MnIII

6 CrIII]3+ SMM. Meaning of markings A (B) as in figure 5.1.

differences in sample morphology or varying amounts of [MnIII
6 CrIII]3+ present at different

sample positions. The photon flux was controlled by changing the monochromator exit slit
width.

With the spectral features at photon energies 640.1 eV (A) and 642.2 eV (B) being characteristic
for the MnII and MnIII oxidation state, respectively, the peak absorption ratio B/A is a useful
qualitative indicator of the SMM sample condition with respect to radiation damage. However,
the peak ratio does not directly represent the MnIII/MnII ratio present in the sample, as both
oxidation states contribute to the absorption at A and B.

The procedure described in [61] was applied to give an estimate of this ratio, and thereby quan-
tifying the effects of radiation damage: Reference data obtained from manganese oxides (see
figure 5.1) were corrected for the different photoionization cross section and then added up for
a MnIII content between 1 and zero. The B/A ratio as a function of the amount of MnIII present
was derived from the resulting ’artificial’ spectra. The function f (B/A) = MnIII/(MnIII +MnII)
allows the determination of the MnIII content in [MnIII

6 CrIII]3+ samples via the measured B/A
peak ratio (see figure 5.7).

72



5.2. Soft X-ray stability

638 640 642 644 646 648
0.0

0.2

0.4

0.6

0.8

1.0

2.0 1.5 1.0 0.5
0.0

0.2

0.4

0.6

0.8

1.0

B  

 

L 3-e
dg

e 
X-

ra
y 

ab
so

rp
tio

n 
(a

rb
. u

.)

photon energy (eV)

         MnIII / MnII

 1.0     0.0
 0.8     0.2
 0.6     0.4
 0.4     0.6
 0.2     0.8
 0.0     1.0

A

 

 

B/A peak intensity ratio

 exponential fit

 

M
nIII

 c
on

te
nt

Figure 5.7. Left: Based on reference data obtained from manganese oxides, artificial absorption spectra
for different MnIII contents have been calculated. Right: The functional dependence between B/A
peak ratio and MnIII content obtained from the artificial spectra was used to determine the remaining
fraction of MnIII in the [MnIII

6 CrIII]3+ samples.

5.2.1. E�ect of anion choice

Sequences of XAS scans as described above have been recorded for all three SMM salts to
detect a possible influence of the anion choice on the sensitivity of the [MnIII

6 CrIII]3+ complex
against soft X-ray exposure. The results obtained from [MnIII

6 CrIII](C3H5O3)3 (lactate anions)
and [MnIII

6 CrIII](ClO4)3 (perchlorate anions) SMM are shown in figure 5.8. Correspondent
XAS data for the [MnIII

6 CrIII](BPh4)3 SMM (tetraphenylborate anions) are given in figure 5.6
for comparison.

Due to the principles involved with synchrotron radiation generation, the intensity of the
radiation cannot be regarded as constant during a whole sequence of XAS scans. The decreas-
ing ring current as well as instrumental parameters like the selected exit slit width have an
influence on the light intensity at the sample position. Therefore the exposure times given in
figures 5.6 and 5.8 need to be converted to photon numbers, based on the beamline-specific
relation between photon energy, ring current, exit slit setting and the resulting photon flux
(see figure 3.4). The photon numbers given in figure 5.9 represent the total exposure until the
manganese L3 peak is reached, ensuring that not only the radiation exposure of the sample re-
sulting from previous measurements is taken into account, but also the photons accumulated
within the current scan up to the L3 peak.
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Figure 5.8. Selected Mn L3-edge XAS spectra from a series of consecutive scans performed on a
[MnIII

6 CrIII](C3H5O3)3 sample (left) in comparison to results from [MnIII
6 CrIII](ClO4)3 (right). Note the

difference in the exposure-dependent changes of the L3-edge absorption.

The three [MnIII
6 CrIII]3+ salts exhibit quite different properties with regard to their radiation

sensitivity: While the rate of the radiation-induced reduction of the MnIII centers to MnII in
the SMM with lactate anions is comparable to the behavior found for [MnIII

6 CrIII]3+ with
tetraphenylborate anions, the process happens significantly slower when perchlorate an-
ions are used. This behavior is shown for all three salts in figure 5.9. The MnIII content in
[MnIII

6 CrIII](BPh4)3 and [MnIII
6 CrIII](C3H5O3)3 is reduced to 0.75 by a radiation exposure of

2.2·1013 photons/mm2 and 3.2·1013 photons/mm2, respectively. A comparable degree of reduc-
tion requires a radiation dose of 1.8·1014 photons/mm2 in the case of [MnIII

6 CrIII](ClO4)3. This
is equivalent to the acquistion of 7 (10) absorption spectra for [MnIII

6 CrIII]3+ with tetraphenyl-
borate (lactate) anions, assuming that a single XAS measurement involves a radiation dose of
approx. 3 ·1012 photons/mm2. A comparable degree of reduction will arise after approx. 60
XAS scans for [MnIII

6 CrIII](ClO4)3 SMM.

The functional dependence between the accumulated soft X-ray exposure and the MnIII

fraction remaining in the SMM samples can be described by a fit function containing the
sum of two exponential decays (blue lines in figure 5.9) with decay constants t1 and t2. The
component described by t1 is only present for low photon exposure, while t2 governs the
behavior for larger radiation exposure [61]. For the fit function used and the full set of fit
parameters, see table 5.1.

It is striking that the differences in the radiation sensitivity of the investigated [MnIII
6 CrIII]3+

salts correlate with the redox properties of the different anions present in the [MnIII
6 CrIII]3+

SMM. Lactate [211] and tetraphenylborate [212] are known reducing agents, easily releasing
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Figure 5.9. Decrease of the MnIII fraction present in [MnIII
6 CrIII]3+ SMM with radiation exposure for

the three different anions (red: BPh−
4 , black: C3H5O−

3 , dark yellow: ClO−
4 ) investigated [61]. Photon

numbers have been calculated from the exposure times as described in the text. Blue lines represent
exponential fits to the data, see table 5.1. Figure already published in [61].

fit function: y = A1 ·exp(−x
t1

)+ A2 ·exp(−x
t2

)

fit parameter

anion A1 ∆A1 t1/1013 ∆t1/1013 A2 ∆A2 t2/1013 ∆t2/1013

BPh−
4 0.13 0.01 1.02 0.10 0.85 0.01 15 0.44

C3H5O−
3 0.06 0.005 1.15 0.17 0.90 0.005 17.4 0.24

ClO−
4 0.01 0.002 1.74 0.53 0.96 0.002 71.4 0.71

Table 5.1. Fit function and resulting parameters describing the decrease of the MnIII content in
[MnIII

6 CrIII]3+ SMM due to soft X-ray exposure [61].
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electrons upon irradiation. This behavior mediates the reduction of MnIII to MnII observed
in the SMM samples. By contrast, perchlorate is a strong oxidant [213]. The reduction of
metal centers in proteins, a common issue in protein crystallography [207, 209], can be at-
tributed to the influence of a vast number of electrons released in the sample as well as in
the underlying substrate either upon photon absorption (photoionization) or during sec-
ondary processes such as thermalization of higher energy Auger electrons [210]. It is assumed
that these processes also play an important role in the radiation-induced reduction of the
manganese centers in [MnIII

6 CrIII]3+ SMM.

Radiation damage and photoreduction effects have been found for other types of single-
molecule magnets as well – in the case of the widely known Mn12ac [35, 50] the MnIII and
MnIV constituents are reduced to the MnIII and MnII oxidation state upon soft X-ray exposure
[125]. A comparable radiation-induced reduction of the metal centers is reported [214] for
molecules like the ’ferric wheel’ NaFe6 [215], the ’ferric star’ Fe4 [216] and the ’manganese
wheel’ Mn7 [217, 218].

The solutions of the three different [MnIII
6 CrIII]3+ salts exhibit significant differences in their

deposition behavior (see section 3.2.1). Therefore the influence of the different sample mor-
phology on the radiation stability has to be considered before attributing the observed effect
solely to the anion choice.

The [MnIII
6 CrIII](ClO4)3 salt (perchlorate anions) exhibits the highest stability against radiation

exposure. It forms a dense layer of microcrystallites on the substrate surface upon prepa-
ration (see figure 3.6). The morphology of the samples obtained by drop-casting is quite
different when a methanolic solution of [MnIII

6 CrIII](ClO4)3 with a 5 times lower concentration
of 9·10−5 mol/l is used: The plain deposit layer with small scattered microcrystallite aggrega-
tions that now forms closely resembles the deposition behavior of the [MnIII

6 CrIII]3+ salt with
tetraphenylborate anions (see section 3.2.1). The radiation-induced decay of the MnIII content
of two samples prepared and measured under comparable conditions, but using different
[MnIII

6 CrIII](ClO4)3 solution concentrations was investigated by XAS. An exponential fit of
the data yields a decay constant of (86±4) ·1013 for the microcrystallite sample and a decay
constant of (89±2) ·1013 for the thin deposit layer (see figure 5.10). No significant influence of
the deposition behavior and the resulting sample morphology on the radiation stability could
be observed, confirming the predominant role of the anion choice [61].

It has to be noted that both decay curves shown in figure 5.10 start considerably below the
expected MnIII fraction of 1 at zero photon exposure. This is due to the detrimental effect of
an ionization gauge that was operated in the load-lock of the UHV apparatus while handling
these two samples, see section 5.1.3 for a more detailed explanation.

5.2.2. Substrate in�uence

The XAS exposure series described in section 5.2 have been repeated on different substrates
in order to investigate a possible influence of the substrate on the radiation sensitivity of the
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Figure 5.10. Comparison of the radiation-induced decrease of the MnIII content in [MnIII
6 CrIII](ClO4)3

samples with different sample morphologies. Blue lines represent exponential fits to the data. In-
set: AFM micrograph of a [MnIII

6 CrIII](ClO4)3 sample prepared using SMM solution with a very low
concentration of 9 ·10−5 mol/l, see figure 3.6 for comparison. Figure published in [61].

[MnIII
6 CrIII]3+ SMM. The [MnIII

6 CrIII](ClO4)3 salt was chosen and samples using gold, HOPG
and silicon as substrate (see figure 3.5 right) were prepared by the drop-casting preparation
method described in section 3.2.1.

The analysis of the subsequent XAS measurements performed on these samples (see figure
5.11) shows no discernible difference in the observed reduction process: No measurable
influence of the substrate on the radiation sensitivity of [MnIII

6 CrIII](ClO4)3 could be observed
for the choice of substrates investigated and the radiation doses applied [61].

However, although the results obtained are valid for different layer thicknesses of [MnIII
6 CrIII]3+

microcrystallite layers (see figures 3.6 and 5.10 for comparison), a different behavior might
be expected for thin adsorbate layers down to the (sub)monolayer regime. Under these
circumstances, the increasing importance of the molecule-substrate interaction which leads
to reduction effects even without radiation exposure for Mn12ac SMM [125, 199] has to be
considered.
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Figure 5.11. Exposure-dependent reduction of the MnIII constituents in the [MnIII
6 CrIII](ClO4)3 SMM

prepared on different substrates (see figure 3.5). No influence of the underlying substrate on the rate
of the reduction process is found for the radiation doses used within the experiments presented here.
Figure published in [61].

5.3. Electron spectroscopy of [MnIII
6 CrIII]3+

Electron spectra of [MnIII
6 CrIII](ClO4)3 SMM after resonant Mn L3-edge excitation have been

obtained using the high resolution electron spectrometer (Scienta SES-200) installed in the
front experimental chamber of the D1011 beamline at MAX-lab (see section 3.1.2). The
[MnIII

6 CrIII](ClO4)3 salt was chosen for these measurements due to its higher stability against
soft X-ray exposure. The XPS results shown here have been published in 2011, see ref. [186].

The left panel of figure 5.12 depicts the results obtained for the excitation energies 640.1 eV
and 642 eV corresponding to the peak resonance for 2p → 3d transitions in MnII and MnIII

ions [186], respectively. The right panel of the figure shows XAS data of the [MnIII
6 CrIII](ClO4)3

sample taken before the electron spectroscopy measurements for sample characterization
purposes. Vertical lines labeled A and B mark the excitation energies mentioned before. The
XAS multiplet structure of the Mn L3 absorption edge clearly exhibits the characteristic features
of MnIII ions (see figure 5.1 for comparison), thereby confirming the predominance of the Mn
oxidation state expected for non-reduced [MnIII

6 CrIII]3+ SMM [38].
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Figure 5.12. XPS results of a non-reduced [MnIII
6 CrIII](ClO4)3 sample, already published in [186]. Top

panel: XPS spectra after resonant excitation at the MnII and MnIII L3 main lines, respectively. For the
identification of the different Auger groups shown, see text. The double line feature at a binding energy
of 80-90 eV is caused by electrons emitted from the gold substrate. Bottom panel: X-ray absorption
spectrum taken for sample characterization purposes before the XPS measurement. The characteristic
spectral shape of Mn in the MnIII oxidation state is clearly visible. Vertical lines mark the excitation
energies used for the XPS measurement shown left.
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The XPS data show three distinct features caused by resonant Auger decay of the primary 2p3/2

core hole: The spectral features related to the L3M2,3M2,3, the L3M2,3V and the L3VV decay
channels are identified following [219, 220]. The sharp double line feature in the 80-90 eV
range is caused by photoemission from the spin-orbit split 4 f core levels of the gold substrate
used for the [MnIII

6 CrIII](ClO4)3 sample.

XPS results of a [MnIII
6 CrIII](ClO4)3 sample reduced due to X-ray exposure are shown in figure

5.13, along with a Mn L3-edge XAS spectrum for characterization. Data obtained from iron
[221] have been used for the assignment of the different Auger contributions in figure 5.13,
as iron and manganese share the same Ar-like electron configuration with respect to their
core levels involved in the transitions observed here. This composition of the L3M2,3M2,3

Auger group is also found for arsenic [222] and selenium [223], again due to the same [Ar] core
configuration.

The intensity difference found for the two electron spectra resonantly excited at the MnII

(640.1 eV) and the MnIII (642 eV) L3-edges corresponds to the different absorption yield at the
two photon energies obtained from XAS data (see bottom panel of figure 5.12, markings A and
B).

The predominance of MnII in the reduced SMM sample is indicated by the distinct shape of the
Mn L3-edge with significantly increased absorption at 640.1 eV due to the sharp, prominent
absorption maximum of MnII (see figure 5.1 for comparison). The shape of the two resonant
XPS spectra corresponds to the changes observed in the absorption data: All three Auger groups
are reduced in intensity for excitation at the MnIII resonance. Especially the 3P0,1,2 component
of the L3M2,3M2,3 Auger group is significantly diminished in comparison to the 1S0 and 1D2

contributions. In the case of resonant MnII excitation, all three Auger groups are present and
appear more pronounced than before (see top panel of figure 5.12 for comparison).

5.4. SPES of reference materials

The application of spin-resolved electron spetroscopy necessitates long integration times and
consequently an extended exposure of the sample to X-rays due to the limited detection effi-
ciency of the Mott polarimeter: The count rate is reduced by approx. two orders of magnitude
for the detectors in the Mott polarimeter compared to the auxiliary electron detector directly
behind the spectrometer exit slit (see figure 4.3).

Therefore spin-resolved electron spectra have been obtained from MnII and MnIII ions in
radiation-stable reference materials to demonstrate their characteristic properties. Commer-
cially available manganese oxides MnO (MnII) and Mn2O3 (MnIII) were chosen due to their
good availability and the simplicity of their preparation: The oxide powders were pressed into
adhesive carbon tape. While Mn2O3 requires no further preparation steps, the MnO sample
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Figure 5.13. XPS and XAS results of a [MnIII
6 CrIII](ClO4)3 sample with extensive reduction of the Mn

centers due to X-ray exposure, already published in [186]. Top panel: XPS spectra after resonant excita-
tion at the MnII and MnIII L3 absorption maxima. Identification of the given Auger line components is
described in the text. Bottom panel: Corresponding XAS spectrum of the reduced [MnIII

6 CrIII](ClO4)3

sample. The spectral shape of the Mn L3 absorption clearly shows the presence of MnII (see figure 5.1
for comparison). Vertical lines show the XPS excitation energies as before.
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has to be sputtered after transfer into vacuum, as the MnO particles get partly oxidized to MnIII

at their surface when exposed to atmospheric conditions [224]. ManganeseIIacetate as another
reference material provides Mn ions in a molecular environment resembling the [MnIII

6 CrIII]3+

SMM closer than bulk manganese oxides. The drop-casting technique described in detail
within section 3.2.1 was used for the preparation of ManganeseIIacetate samples. Part of the
presented results obtained from the Mn reference substances have been published already,
see ref. [186].

5.4.1. Spin-resolved electron spectra

Resonant excitation by circularly polarized light in the corresponding absorption maxima
(see markings A, B in figure 5.1) was used to record spin-resolved spectra from MnO and
Mn2O3. The partial intensities I± representing the number of electrons with spin parallel and
antiparallel to the photon spin, respectively, are shown in figure 5.14. The partial intensities
are calculated from the measured spin polarization P and the total intensity I according to the
following relation:

I± = 1

2
· I (1±P ) (5.2)

The background intensity resulting from inelastic scattering of electrons has been removed
by applying a background subtraction to all partial intensity spectra shown within this work
following the Tougaard formalism [225].

The use of circularly polarized synchrotron radiation leads to the creation of oriented 2p3/2

core hole states in the primary excitation process due to the spin-orbit interaction [147, 148].
This core hole orientation is reflected in the spin polarization of the emitted Auger electron
due to spin-spin coupling [148, 226–228]. A singlet configuration of the resulting two-hole
final state leads to a preferential spin direction of the emitted electrons antiparallel to the
orientation of the primary 2p3/2 core hole.

One striking feature of both spectra in figure 5.14 is the sharp peak at the leading edge of the
L3M2,3M2,3 Auger group at approx. 100 eV below VBM, exhibiting the opposite sign of the
spin polarization with respect to the other lines shown. Being present for all 3d transition
metals [229], it is connected to the 3P0,1,2 triplet configuration of the two-hole final state of the
L3M2,3M2,3 Auger transition [221, 230].

The different sign of the spin polarization of the 3P0,1,2 contribution to the L3M2,3M2,3 Auger
group with respect to the L3M2,3V and L3VV Auger lines confirms the predominance of singlet
coupling within the L3M2,3V Auger transition used for the investigation of the magnetic prop-
erties of [MnIII

6 CrIII]3+. Although triplet contributions to these Auger lines exist, they have
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Figure 5.14. Spin-resolved electron spectra of MnO (top panel) and Mn2O3 (bottom panel) after
resonant excitation in the respective absorption maximum (see markings A and B in figure 5.1). Shown
are the partial intensities I± with the spin parallel and antiparallel to the light helicity, calculated as
described in the text. The error bars represent the statistical error of the measurements. The spin
polarization results have been averaged over the peak region as indicated by the horizontal error bars.
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very low intensity [221] and are energetically separated from the dominating singlet part due
to a different correlation energy of the two-hole state [221, 231, 232].

The I− part is always preferred for the partial intensity spectra shown in figure 5.14, indicating
an orientation of the primary 2p3/2 core hole parallel to the light helicity [186]. Spin-resolved
Auger spectroscopy data obtained from Cr following resonant excitation with circularly polar-
ized radiation [151] confirm this result. A detailed pointwise analysis shows that the measured
spin polarization of the L3M2,3V and L3VV Auger lines scatters statistically around a mean
value, indicating that no discernible triplet contributions with an opposite sign of the spin
polarization are present. The spin polarization values indicated in figure 5.14 have been
obtained by integrating the raw data over the full width half maximum (FWHM) of the Auger
peaks. They have been corrected for the degree of circular polarization of the synchrotron
radiation: The results shown in figure 5.14 correspond to a complete circular polarization of
the incident light.

A remarkable difference is found between the spin polarizations obtained from the two differ-
ent manganese oxides: For MnO the evaluated spin polarizations are P =−0.29±0.02 (LMV)
and P =−0.41±0.03 (LVV). In the case of Mn2O3 the significantly lower values P =−0.11±0.02
(LMV) and P =−0.17±0.04 (LVV) occur.

If crystal field effects are neglected and approximately free ion behavior of the Mn centers is
assumed, the differences in the spin polarization can be explained by the differences in the
empty 3d valence states between MnIII and MnII: The five valence electrons of MnII (term
symbol 6S0) represent a half-filled shell, resulting in a total spin of S = 5/2 due to Hund’s rule.
Therefore all empty 3d states available as final states in electronic transitions have identical
spin orientation. The remaining four electrons of the 3d shell in the case of MnIII add up to a
total spin of S = 4/2 (term symbol 5D J , J = 0,1...4). Six empty 3d states are available, with one
of them having a spin orientation antiparallel to the others.

Molecular orbital calculations performed for MnO and Mn2O3 (see [233]) reveal values of
1.4 eV and 2.4 eV, respectively for the crystal field splitting between the 3eg and 2t2g states. An
exchange splitting of 4.5 eV (MnO) and 3.4 eV (Mn2O3) between spin up and spin down states
has been calculated [234]. It has to be noted that Mn2O3 exhibits a measurable Jahn-Teller
distortion, see [235].

Nevertheless MnO as well as Mn2O3 reveal a so-called high-spin configuration: Only 3eg and
2t2g states with identical spin orientation are occupied, leading to a good agreement of the
experimental results with the simplified picture above assuming free Mn ions. The differences
in the measured spin polarization can therefore be attributed to the differences in the empty
3d states of MnO and Mn2O3. The energy separation between the lowest unoccupied spin
up and spin down states is approx. 1 eV for Mn2O3 [234], which is not resolved either in the
primary excitation step or in the resulting Auger electron spectra.

Changing the photon energy of the primary excitation causes a remarkable change in the
measured spin polarization for ManganeseIIacetate: Instead of P =−0.35±0.02 (LMV) and
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Figure 5.15. Spin-resolved electron spectra of ManganeseIIacetate, shown are the partial intensities
I± calculated as described in the text. Top panel: A photon energy corresponding to the main MnII

absorption peak at 640.1 eV (see figure 5.16, lower panel) was chosen for the primary excitation step.
Bottom panel: Changing the excitation energy to the satellite absorption peak at 641.5 eV (see figure
5.16, lower panel) leads to a remarkable decrease in the measured spin polarization. The error bars and
the calculation of the spin polarization values are described in figure 5.14.
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P =−0.37±0.03 (LVV) obtained at an excitation energy of 640.1 eV, the values are decreased
to P = −0.08±0.02 (LMV) and P = 0.01±0.03 (LVV) using an excitation energy of 641.5 eV
(see figure 5.15). A corresponding change is found in XMCD asymmetry data obtained from
MnII ions in a star-shaped MnII

4 O6 molecule by Khanra et al. [186, 236]. The MnII
4 O6 sample

was magnetically aligned in an external field of 5 T and cooled down to approx. 5 K to obtain
the helicity-dependent absorption data. While the XMCD data obtained by Khanra et al.
[236] indicate a sign change of the XMCD asymmetry between the two photon energies, the
spin polarization calculated from the spin-resolved electron spectra merely decreases to a
small negative value. This is an effect of the large excitation bandwidth of 800 meV chosen
for the measurements at 641.5 eV due to intensity reasons, see page 87 for a more detailed
explanation.

The existence of a close connection between MCD effects in photoabsorption as well as
in photoelectron angular distribution and the spin polarization of electrons emitted from
unpolarized, paramagnetic atoms due to excitation with circularly polarized radiation has
been described theoretically within an atomic theory in the electric dipole approximation
[237]. Experimental proof has been given by Müller et al. in 2001, investigating the 4d → 4 f
resonance in paramagnetic Gd [44] and comparing the spin-resolved photoemission results to
MCD data obtained from magnetically oriented Gd below the Curie temperature [238].

Photoexcitation processes involving circularly polarized radiation are governed by the relativ-
istic dipole selection rules [147, 188] for paramagnetic, magnetically non-ordered materials as
well as for magnetically oriented samples [46]. Therefore the primary excitation step in both
cases leads to the creation of oriented core holes. The core hole orientation can be retrieved
by analyzing the spin polarization of Auger electrons resulting from the decay of the primary
core hole as described above.

Performing an XMCD experiment with the light helicity set parallel or antiparallel to the sam-
ple magnetization M results in two different absorption yields [156] Y ±, with the positive sign
denoting the case where the coupled spin and angular momentum is oriented parallel to M .
The majority spin orientation of a magnetized sample is antiparallel to the magnetization M ,
therefore the empty 3d valence states available as final states are predominantly oriented par-
allel to M , leading to a situation where Y + > Y −. The value of the so-called XMCD asymmetry
(see section 3.3.2)

AXMCD = Y +−Y −

Y ++Y − (5.3)

is closely related to the orientation of the core hole states created in a magnetically unordered
sample by circularly polarized radiation. However, it has to be noted that this equivalency is
restricted to experimental situations where the exchange splitting is not resolved spectroscopic-
ally in the MCD measurement [47]. Besides that restriction, the shifting of valence states and
core level splitting by core-valence interactions occuring in magnetic materials [46] have to be
taken into account.
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5.4.2. Spin polarization results for MnIIacetate

Each spin polarization measurement performed as described yields merely one single data-
point with respect to the aim of obtaining a complete MCD equivalent dataset, requiring
repeated spin polarization measurements for different excitation energies covering the whole
manganese L2,3-edge region.

Instead of recording full spin-resolved spectra, a different method was applied in order to
economize measuring time: A short SPES run was performed to locate the L2,3M2,3V Auger line
and the actual spin resolved measurement was done at a single electron energy corresponding
to the Auger line. The results obtained from ManganeseIIacetate are shown in the upper panel
of figure 5.16, along with an absorption spectrum showing the selected excitation energies
(lower panel).

An integration time of 300 s per helicity and datapoint was used. The energy bandwidth of
the synchrotron radiation was chosen as a reasonable compromise between the resolution
needed and the available electron yield, depending on the photon energy. The bandwidth
is indicated by the horizontal error bars in figure 5.16, while the vertical error bars give the
statistical error of the spin polarization measurements.

MnIIacetate reveals a negative spin polarization in the L3 region, followed by a sign change
at the high energy edge of the L3 multiplet. The highest positive polarization occurs at the
641.5 eV satellite structure being characteristic for MnII (see figures 5.1, top panel and 5.16,
bottom panel). The distinct sign change between the main MnII absorption peak and the
641.5 eV satellite is also found for other molecular MnII compounds, see ref. [186, 236] for
comparison.

The spin resolved spectra shown in section 5.4.1 do not exhibit this sign change due to the high
excitation bandwidth chosen for the second measurement at 641.5 eV. The strong bandwidth
dependence of the measured polarization in the vicinity of sharp XMCD asymmetry structures
is also shown in figure 5.16: At an excitation energy of 641.6 eV, two different measurements
with excitation bandwidths of 250 meV and 750 meV have been performed.

The last bandwidth was chosen to fit the spin-resolved spectra in section 5.4.1 and yields a
polarization close to zero, being in reasonable agreement with the results calculated from the
spin-resolved spectra. With decreasing excitation bandwidth, the measured spin polarization
increases to approx. 12%, reproducing the sign change observed by Khanra et al. [236].

No significant spin polarization is measurable beyond the satellite structures at the high
energy tail of the Mn L3 absorption edge, extending up to 645 eV. For the Mn L2 region between
649.5 eV and 654 eV, only small spin polarizations with an absolute value below 5% are found. It
has to be noted that the spin polarization result obtained for an excitation energy of 640.1 eV in
the first experiments (see figure 5.15) is noticeably higher than the results from later beamtimes
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as shown in figure 5.16. The polarization result from figure 5.15 is marked by a red square in
figure 5.16 for comparison.

XMCD measurements have been performed in cooperation with the group of E. Goering (MPI
für Intelligente Systeme, Stuttgart) on a ManganeseIIacetate sample for comparison, see figure
5.16, top panel. XMCD and spin polarization results exhibit satisfactory qualitative agreement
in and beyond the L3-edge region up to the onset of the L2-edge at 649.5 eV.

Within the L2 absorption edge, the non-zero XMCD asymmetry differs noticeably from the
measured spin polarization. Note the opposing sign of the two physical quantities as explained
in section 5.4.1, which has been accounted for in the labeling of the vertical axis. Despite the
qualitative agreement of both measurements, the absolute values differ by a scaling factor of
approx. 3, probably due to incomplete magnetic ordering of the ManganeseIIacetate sample
in the applied external field during the XMCD measurements.
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Figure 5.16. Upper panel: Spin polarization results obtained from ManganeseIIacetate. Horizontal
error bars indicate the excitation bandwidth, vertical error bars represent the statistical error of the
measurements. XMCD data of ManganeseIIacetate are shown for comparison (solid line). The red
square indicates the polarization result from figure 5.15. Lower panel: Corresponding absorption
spectrum of ManganeseIIacetate, the excitation energies used for the spin polarization measurements
in the top panel are marked by grey circles with a diameter corresponding to the excitation bandwidth.
The excitation energies that have also been used for the spin-resolved spectra in figure 5.15 are marked
by thick vertical lines (orange).
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5.5. SPES results of [MnIII
6 CrIII]3+ SMM

With respect to the high radiation sensitivity of the [MnIII
6 CrIII]3+ SMM, the applicability of

spin-resolved electron spectroscopy studies is severely limited by the short measuring times
available before a non-acceptable degree of radiation damage occurs: XAS studies showed
that a maximum exposure time of approx. 60 s was allowable to keep radiation damage effects
within reasonable limits (see figure 5.17). Therefore, the following approach was chosen:

The [MnIII
6 CrIII]3+ SMM were homogeneously deposited on large substrates using the method

described in section 3.2.2. A new, previously unexposed sample position was selected after
each datapoint using the motorized sample stage and the spin polarization result was aver-
aged over a large number of sample positions. Slight differences in signal intensity due to
[MnIII

6 CrIII]3+ layer thickness variations cancel out, as only the ratio of the count rates of the
two detectors is evaluated. Combining measurement runs with different helicity achieves a
cancellation of instrument-related asymmetries.

An example of the raw data obtained from four subsequent sample positions is given in the
top panel of figure 5.17. On each sample position, three datapoints with an exposure time of
20 s per point were recorded. The helicity of the synchrotron radiation was switched between
the 2nd and the 3rd sample position. Despite the large statistical error (see error bars), the
change in the count rate asymmetry between the two detection channels CT2 and CT4 due
to the switching of the light helicity is visible. A large number of datapoints was taken into
account to reduce the statistical error of the final spin polarization data.

A Mn-L3 absorption spectrum showing the radiation damage caused by the 60 s synchrotron
radiation exposure of the last used sample position (right hand side of the dashed vertical
line) is given in the bottom panel of figure 5.17. While the [MnIII

6 CrIII](ClO4)3 sample reveals
a MnIIIcontent of 0.93 without radiation exposure (black solid line), the radiation-induced
reduction effects lead to a significantly lower MnIII content of 0.78 after 60 s of irradiation
(dark yellow solid line).

The SPES acquisition shown in figure 5.17 has been performed at the MnIII absorption max-
imum at a photon energy of approx. 642 eV, giving a worst-case estimate of the radiation
damage due to the large number of photoelectrons and secondary electrons created in the
sample. Less radiation damage was observed for off-resonance excitation energies with a
lower total absorption.

The spin polarization data obtained from [MnIII
6 CrIII](ClO4)3 samples for numerous excitation

energies distributed over the whole Mn L2,3-edge region is shown in figure 5.18, along with
an absorption spectrum showing the selected excitation energies. XMCD data obtained from
[MnIII

6 CrIII](ClO4)3 (see section 5.6) are shown for comparison. A predominantly negative spin
polarization up to approx. −20% is found at the Mn L3-edge.
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Figure 5.17. Top panel: Accumulated counts in the two detection channels CT2 and CT4 on four
subsequent positions of a [MnIII

6 CrIII](ClO4)3 sample, each point represents 20 s integration time. The
light helicity (indicated by the blue signs) is switched between the 2nd and 3rd sample position. Bottom
panel: Radiation damage occuring to [MnIII

6 CrIII](ClO4)3 due to the radiation exposure of the 4th SPES
acquisition (right hand side of the dashed vertical line in the left panel). Meaning of the markings A
and B as before. The numbers next to the spectra represent the MnIII content calculated from the B/A
peak ratio.
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Figure 5.18. Upper panel: Spin polarization data obtained from [MnIII
6 CrIII](ClO4)3 at excitation en-

ergies in the Mn L2,3-edge region. Error bars indicate the excitation bandwidth (horizontal) and the stat-
istical error (vertical). The dark yellow curve represents XMCD data obtained from [MnIII

6 CrIII](ClO4)3

at an external magnetic field of 7 T and a temperature of approx. 2 K. Lower panel: Corresponding
absorption spectrum of [MnIII

6 CrIII](ClO4)3, the excitation energies for the spin polarization measure-
ments are marked by grey circles (diameter corresponding to the excitation bandwidth).

The spin polarization obtained for an excitation energy corresponding to the MnIII absorption
maximum at approx. 642 eV is in good agreement with the results obtained from bulk MnIII

oxide (see figure 5.14). In contrast to the data obtained from ManganeseIIacetate (see figure
5.16), the polarization largely remains negative up to the onset of the L2 multiplet, no distinct
change of sign is observed in the high-energy tail of the L3 multiplet. Positive polarizations up
to +8% have been measured for the first peak structure of the L2-edge.

Noticeable differences occur between these spin polarization results and the corresponding
XMCD data: While a qualitative agreement is found for the Mn L3 region, the sign changes
of the XMCD signal at the high-energy edges of both the L3 and the L2 multiplet are not
reproduced well in the spin polarization results. Besides, the absolute values of the XMCD
asymmetry are approx. 3 times higher than the corresponding spin polarizations. This finding
is in striking contrast to the results obtained from ManganeseIIacetate and can not be explained
by an incomplete saturation of the sample magnetization as before. Note that the left and
right scales in the top panel of figure 5.18 are different to account for this difference. For a
more detailed discussion of the observed differences see chapter 5.7.
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5. Results and Discussion

Sum rule analysis of spin polarization data

Following the theoretical approach described in section 5.4.1, the spin polarization data
shown in figure 5.18 contain information about the local magnetic moments of the Mn ions in
[MnIII

6 CrIII](ClO4)3 equivalent to XMCD results. Therefore, a data analysis using the sum rule
method (see section 3.3.2) has been performed to determine the spin and orbital magnetic
moments µspin and µorbit.

A linear interpolation approach was chosen to obtain a full polarization curve from the discrete
measurements shown in figure 5.18. The spin polarization was then multiplied pointwise by
absorption data taken without external magnetic field to account for the difference between
the intensity asymmetry A = (I+− I−)/(I++ I−) obtained by SPES and the simple difference of
the absorption yields (Y +−Y −) being used for the sum rule analysis [156–158]. The sign of
the result was inverted to account for the effect of the singlet coupling of the Auger transition
used to detect the primary core hole orientation, see page 82.

The resulting dataset is shown in the top panel of figure 5.19. Integration of both the obtained
data and the spin-independent absorption spectrum according to the sum rule approach (see
bottom panel of figure 5.19) leads to the following spin magnetic moment µspin:

µspin =− (3p −2q) · (10−n3d)

r ·kcorr.
=− (3 ·15.26−2 ·14.02) ·6

91.69 ·0.6405

=−1.8 ±0.40 µBohr

A possible magnetic dipole contribution <Tz> has been neglected in the calculation of µspin,
as this contribution is expected to be small for 3d transition metals (see [164] and section
3.3.2). A correction factor kcorr. as described in section 3.3.3 has been applied to the spin
magnetic moment, accounting for the special conditions present in MnIII in contrast to other
3d transition metals [166, 167].

Any uncertainty within the spin polarization values leads to errors in the p and q integrals
of the sum rule formalism. The influence of the spin polarization uncertainty on the final
spin magnetic moment can not be determined using the common error propagation law (see
[184, 185]) due to the integration step. Therefore the following method was applied to obtain
the uncertainty of the spin magnetic moment µspin:

For each spin polarization datapoint, a set of n normal distributed random numbers with
mean value 0 and standard deviation 1 was created. For each datapoint a random number
from the corresponding set was multiplied with the spin polarization error of this datapoint.
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5.5. SPES results of [MnIII
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Figure 5.19. Determination of the Mn magnetic moments based on the measured spin polarization
data. Top panel: Spin polarization data have been interpolated linearly and multiplied pointwise by
absorption data (red) to obtain a curve equivalent to XMCD results (black). Bottom panel: The p, q and
r parameters required for the sum rule analysis are obtained from the integrated polarization curve
(black) and the integrated XAS spectrum (red). Note the different scale factor for red and black curves.
The corresponding y-axis is indicated by the horizontal arrows.
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5. Results and Discussion

A new spin polarization curve was generated by adding these errors to the original spin
polarization data and sum rule evaluation was performed to obtain the spin magnetic moment.

By repeating these steps n times a set of n results for the spin magnetic moment is obtained,
reflecting the influence of spin polarization errors on the final result. Finally the standard
deviation of these results was determined to obtain the uncertainty for µspin. The error shown
above was derived from 2000 runs of the described algorithm.

The orbital magnetic moment µorbit is derived from the full L2,3 integral of the XMCD signal
via the second sum rule (see [156] and section 3.3.2). Based on the spin polarization measure-
ments, the following result was obtained for µorbit, with the given uncertainty being derived
using the algorithm described above:

µorbit =−2 ·q · (10−n3d)

3 · r
=−2 ·14.02 ·6

3 ·91.69

=−0.6±0.1 µBohr

A discussion of the spin and orbital magnetic moments µspin and µorbit of the Mn centers
in [MnIII

6 CrIII]3+ derived from the spin polarization measurements will follow in section 5.7,
including a comparison with data obtained by XMCD.
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5.6. XMCD of [MnIII
6 CrIII]3+ SMM

5.6. XMCD of [MnIII
6 CrIII]3+ SMM

XMCD measurements of [MnIII
6 CrIII](ClO4)3 have been performed for comparison, using the

TBT endstation (7T, 2K, IPCMS Strasbourg) in cooperation with Dr. K. Kuepper (University
of Osnabrück). To account for the known radiation sensitivity of the [MnIII

6 CrIII]3+ SMM, the
PGM monochromator was detuned to a high fix-focus constant cff ' 20 and an additional Al
filter was introduced into the synchrotron radiation beam to lower the intensity.

A series of consecutive XAS scans was recorded to estimate the influence of radiation damage
during the XMCD acquisition. During these scans, the monochromator exit slit was set to
20 µm to give a worst-case estimate while the XMCD measurements have been performed
using an exit slit setting of 10 µm. The results of the radiation damage tests are shown in figure
5.20.

XMCD measurements were performed at a magnetic field of 6.9 T and a sample temperature
of approx. 2 K. For each helicity, three spectra have been averaged to obtain the final helicity-
dependent Mn L2,3-edge spectra shown in figure 5.21. At the Cr L2,3-edge (see figure 5.22), five
spectra were averaged due to the low signal-to-noise ratio present in the Cr measurements.
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Figure 5.20. XAS spectra of a [MnIII
6 CrIII](ClO4)3 sample at the Mn L2,3-edge showing the effect of

radiation exposure in the XMCD measurement setup. Six scans (scan no. 3 to scan n. 8) have been per-
formed on a previously non-irradiated sample position with an exit slit setting of 20 µm. No discernible
radiation damage effects were observed for the exposure time and radiation dose corresponding to six
XAS scans.
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Figure 5.21. XMCD measurements performed at the Mn L2,3-edge on a [MnIII
6 CrIII](ClO4)3 sample at

approx. 2 K and a magnetic field of 6.9 T. Top panel: The absorption spectra for circularly polarized
light with the helicity parallel (red) and antiparallel (black) to the magnetic field are shown. Bottom
panel: XMCD signal calculated from the two absorption spectra. Note the opposite sign of the XMCD
signal compared to the spin polarization measurements (see figure 5.18).

A prominent XMCD effect is visible on both the Mn L2,3 and the Cr L2,3 absorption edge. A
comparison of the XMCD difference signals of the Mn and the Cr constituents (see lower panel
of figures 5.21 and 5.22) shows opposite signs of the XMCD effect at both absorption edges,
confirming the antiparallel orientation of the Mn and Cr magnetic moments expected from
the intramolecular coupling scheme for Mn and Cr (see section 2.2).

A quantitative analysis of the XMCD results using the sum rules as described in section 5.5
was performed, the XMCD integrals are shown in figure 5.23. The analysis yields the following
spin and orbital magnetic moments µspin and µorbit:

µspin =− (3p −2q) · (10−n3d)

r ·kcorr.
=− (3 ·0.053−2 ·0.033) ·6

0.46 ·0.6405

=−1.9±0.2 µBohr
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6 CrIII]3+ SMM

µorbit =−2 ·q · (10−n3d)

3 · r
=−2 ·0.033 ·6

3 ·0.46

=−0.3±0.03 µBohr

The error of the obtained spin and orbital magnetic moments µspin and µorbit were derived
following the approach described for the evaluation of the spin polarization measurements:
The standard deviation of the three XAS scans performed for each helicity was used to obtain
an estimate for the error of the XMCD difference datapoints. These datapoints were then
varied as described on page 94 to derive the error of the final results from the XMCD difference
error.

As mentioned before, a correction factor has been applied to the spin magnetic moment,
see section 3.3.3. Note that the XMCD signal exhibits an opposite sign compared to the
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Figure 5.22. XMCD measurements of [MnIII
6 CrIII](ClO4)3 at the Cr L2,3-edge performed at 2 K and 6.9 T.

Top panel: XAS spectra for the two opposite helicities. Bottom panel: XMCD signal calculated from the
absorption spectra. Characteristic spectral features within the L2 edge as well as the prominent peaks
of the L3 edge exhibit a sign of the XMCD effect opposite to the one of the Mn ions (see figure 5.21),
confirming the antiparallel orientation of the Mn and Cr magnetic moments, see section 2.2.
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Figure 5.23. Integration of the XMCD difference signal and an averaged XAS spectrum obtained from a
[MnIII

6 CrIII](ClO4)3 SMM sample, yielding the parameters p, q and r needed for the sum rule analysis.

measurement of the spin polarization, as predicted from the singlet coupling of the Auger
process involved. For the calculation of the XMCD, the sign convention XMCD=(Y+ - Y−) was
chosen corresponding to equation 5.3, with Y+ (Y−) representing the situation with the light
helicity parallel (antiparallel) to the magnetization direction.

A quantitative analysis of the Cr L2,3-edge XMCD was not performed due to the limited signal
quality: Although the XMCD effect is clearly visible at the Cr L2,3-edge (see figure 5.22), a
separation of the L2 and L3 contributions which is essential for the sum rule evaluation could
not be performed due to the overlap between the two edges.

5.7. Discussion of SPES and XMCD results

While there are obvious differences in the orbital magnetic moment µorbit of the MnIII ions in
[MnIII

6 CrIII]3+ measured either by SPES or XMCD, the spin magnetic moment µspin derived
from both methods via sum rule analysis is in good agreement. However, comparing the spin
polarization results with the XMCD signal yields significant differences that will be discussed
in the following section, along with a possible reason for the discrepancy.
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5.7.1. Comparison: SPES asymmetry and XMCD di�erence

As both values for the spin magnetic moment µspin obtained in sections 5.5 and 5.6 have
been determined via the sum rule approach involving integrals over the Mn L-edge, ’local’
discrepancies between the two physical quantities spin polarization and XMCD signal can
occur without being noticeable in the final result. The XMCD signal at 2 K and 6.9 T and the
spin polarization (multiplied by XAS data for normalization) have been plotted for comparison,
see figure 5.24.

Around the main features of the Mn-L3 absorption edge, the XMCD difference gives signi-
ficantly larger absolute values than the spin polarization measurement, though the overall
structure with three peaks at 640 eV, 641 eV and slightly above 642 eV is comparable. At the
high energy tail of the L3 absorption edge, a sign change followed by a large positive swing
up to the onset of the L2 edge is found in the XMCD difference signal. The spin polarization
remains negative at much smaller absolute values up to the L2 edge, resulting in comparable p
integrals of the sum rule analysis. The XMCD difference signal again shows a larger positive
swing than the spin polarization at the Mn-L2 edge, accompanied by a relatively prominent
mininum not found in the spin polarization data. Due to this spectral shape, both methods
yield comparable results using the integral-based sum rule analysis despite the differences
between the two datasets.
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Figure 5.24. Comparison of XMCD difference (red) and spin polarization data multiplied by XAS
intensity (black). Note the remarkably higher absolute values of the XMCD difference at the Mn-L3

edge. In the sum rule analysis, this is compensated by the large positive swing at the high-energy tail of
the L3-edge, leading to similar values for the difference between the p (L3 only) and q (L2,3) integrals.

99



5. Results and Discussion

Although a good agreement of the spin magnetic moments obtained by either XMCD or
spin-resolved electron spectroscopy is found, the result is significantly lower than the value
theoretically expected from the coupling scheme and determined by AC and DC magnetometry
[40].

It has been shown [39, 40] that the occupation of the 6th coordination site of the MnIIIions
in [MnIII

6 CrIII]3+ has a strong influence on the magnetic behaviour: This site has a very flat
potential [39] for the coordination of a solvent molecule and its occupation influences the
Mn–N distance and thereby the effective exchange coupling [39]. Magnetization studies of
vacuum dried samples [40] reveal an increase of the effective coupling constant due to the loss
of solvent molecules.

However, this mechanism does only influence the magnetic behaviour of the whole system
via the the bond lengths and the effective exchange coupling. With the SPES and XMCD
methods probing solely the local magnetic properties of the MnIII ions, the occupation of the
6th coordination site of MnIII in [MnIII

6 CrIII]3+ does not explain the observed differences.

The small energetic separation of the St = 21/2 spin ground state of the [MnIII
6 CrIII]3+ SMM

[38, 40] is expected to play a significant role instead, as the first excited states corresponding
to St = 19/2 are separated from the spin ground state by only a few wavenumbers (approx
2.6 cm−1, see [38].)

5.7.2. In�uence of the external magnetic �eld

The [MnIII
6 CrIII]3+ sample is subjected to various external influences during preparation and

measurement (see sections 5.1 and 5.2). With respect to these experimental conditions, two
major differences exist between spin polarization and XMCD:

• Temperature. While spin polarization measurements were performed at room tem-
perature, the [MnIII

6 CrIII]3+ sample was cooled down to approx. 2 K for the XMCD
experiment.

• Magnetic field. The underlying principle of XMCD measurements (see section 3.3.2)
requires the sample to be magnetized to saturation. The [MnIII

6 CrIII](ClO4)3 sample
under investigation was magnetized by a field of approx. 7 T. The spin polarization
measurements were performed without external fields applied.

XAS measurements were performed on [MnIII
6 CrIII]3+ with and without external magnetic

field and at different sample temperatures (see figure 5.25) to investigate the role of these
influences.
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Figure 5.25. Mn L2,3-edge XAS spectra of [MnIII
6 CrIII](ClO4)3 showing the influence of temperature and

magnetic field associated with XMCD measurements. Note the differences due to the magnetic field
marked by arrows.

A very good agreement is found between XAS data obtained at MAX-lab (beamline D1011,
see section 3.1.2) at room temperature (black) and a corresponding XAS spectrum at the 2 K
operating temperature of the XMCD setup at SLS (see section 3.1.2). Two spectra obtained with
circularly polarized light of opposite helicity have been averaged to derive XAS data including
the influence of the 7 T magnetic field used during the XMCD measurements (red). Distinct
differences occur in this case: The absorption maximum associated with the MnIII L3-edge
(leftmost arrow) appears higher with respect to other spectral features and is shifted upwards
by approx. 300 meV. A significantly higher absorption is also found in the high-energy tail
region of the L3 multiplet structure, extending right up to the onset of the L2 peak.

It is notable that the differences occuring in the absorption spectra between the Mn L3-edge
due to the magnetic field correspond with one of the most striking differences found in the
comparison between spin polarization data and XMCD, see figure 5.24: The large positive
swing of the XMCD signal between the Mn L2 and L3 absorption edges is not reproduced by
the spin polarization data. A non-negligible modification of the electronic structure of the
MnIII ions in [MnIII

6 CrIII]3+ due to the strong external magnetic field has to be assumed.
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[MnIII
6 CrIII]3+ single-molecule magnets deposited on various substrates have been invest-

igated by X-ray absorption spectroscopy, X-ray magnetic circular dichroism and spin-resolved
electron spectroscopy.

XAS sample characterization proved that the deposition of [MnIII
6 CrIII]3+ SMM on surfaces

in the monolayer regime is feasible without the pronounced reduction effects known from
Mn12ac. No discernible difference in the manganese oxidation state is observed between
[MnIII

6 CrIII]3+deposits with a layer thickness in the µm range and samples with (sub-)mono-
layer coverage of [MnIII

6 CrIII]3+ molecules.

No detrimental impact of atmospheric moisture or oxygen-induced solvent aging on the
condition of the [MnIII

6 CrIII]3+ SMM could be observed. However, the operation of a ionization
vacuum gauge in the load-lock during pump-down leads to a significant reduction of the
MnIII ions in [MnIII

6 CrIII]3+. The effect is expected to originate from interaction with excited,
metastable neutral gas atoms created by the gauge in the residual gas ionization process.

Radiation-induced reduction effects have been observed upon soft X-ray exposure of all
[MnIII

6 CrIII]3+ SMM samples. The radiation exposure causes a progressive change in the
manganese oxidation state from MnIII to MnII, indicated by distinct changes in the X-ray
absorption at the manganese L3 edge. A quantitative analysis of the reduction process has
been performed using the manganese oxides Mn2O3 (MnIII) and MnO (MnII) as reference
samples.

The rate of the reduction process strongly depends on the anion choice. The [MnIII
6 CrIII]3+

SMM using perchlorate anions exhibits the highest stability against soft X-ray exposure: While
the fraction of non-reduced MnIII in [MnIII

6 CrIII](BPh4)3 and [MnIII
6 CrIII](C3H5O3)3 is reduced

to 0.75 by a radiation exposure of 2.2 ·1013 photons/mm2 and 3.2 ·1013 photons/mm2, respect-
ively, a significantly higher exposure of 1.8 ·1014 photons/mm2 leads to the same condition in
the case of [MnIII

6 CrIII](ClO4)3. A correlation between the redox properties of the anions and
the radiation stability of the SMM complex has been observed: The perchlorate anion of the
more radiation-stable [MnIII

6 CrIII](ClO4)3 complex is a strong oxidant, while the tetraphenyl-
borate and lactate anions of [MnIII

6 CrIII](BPh4)3 and [MnIII
6 CrIII](C3H5O3)3 exhibit reducing

properties.

Insight into the structure of the manganese LMV and LVV Auger groups was obtained by in-
vestigating [MnIII

6 CrIII]3+ samples using electron spectroscopy without resolving the electron
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spin. Changes in the PES spectra related to the radiation-induced reduction process have been
observed.

Estimates for the local spin and orbital magnetic moments have been derived from spin-
resolved electron spectroscopy results of [MnIII

6 CrIII]3+ obtained for various excitation ener-
gies covering the whole Mn L2,3 edge region. The sum rule formalism described in section
3.3.2 was used. Though this approach was originally developed for the evaluation of XMCD
data measured on magnetized samples, the equivalence of the primary excitation step in both
methods allows the extraction of comparable information from magnetically non-oriented
samples at room temperature and without the application of external fields. A local spin mag-
netic moment ofµspin =−1.8±0.4µBohr and an orbital contribution ofµorbit =−0.6±0.12µBohr

was obtained for the Mn constituents in [MnIII
6 CrIII]3+ SMM. Mn2O3 and MnIIacetate were

investigated by electron spectroscopy with and without resolving the electron spin to obtain
reference data.

XMCD measurements at a temperature of approx. 2 K and in an external magnetic field of
approx. 7 T have been performed for comparison. The expected antiferromagnetic orientation
of the manganese and chromium magnetic moments indicated by a different sign of the
XMCD effect at the L3 edge has been observed. The manganese local spin magnetic moment
µspin =−1.9±0.2 µBohr derived from XMCD is in good agreement with the value obtained from
spin polarization measurements. However, significant differences are observed regarding the
orbital magnetic moment: A value of µorbit =−0.3±0.03 µBohr was obtained for [MnIII

6 CrIII]3+

based on XMCD.

A comparison of Mn L2,3 absorption spectra of [MnIII
6 CrIII](ClO4)3 obtained with and without

an applied external magnetic field reveals discernible differences in the absorption at the
high energy tail of the Mn L3 edge as well as in the energetic position of the peak structure
characteristic for MnIII. These differences hint to a possible influence of the strong external
magnetic field on the electronic state of the [MnIII

6 CrIII]3+ SMM.

The differences found between the magnetic moments determined by AC and DC magneto-
metry [40] and the results obtained from SPES and XMCD are expected to arise from the
notably small energetic separation between the St = 21/2 spin ground state and the first
excited spin states of only 2.6 cm−1 [38].

Further investigations are needed to reveal the mechanism behind the observed differences: A
determination of the Cr contribution to the total magnetic moment is required, as the compar-
ative magnetization studies described in [40] probe the total sample magnetization without
elemental resolution. Furthermore, the influence of the preparation-related recrystallization
on the [MnIII

6 CrIII]3+ magnetic properties needs to be investigated. Spin-resolved electron
spectroscopy measurements with lower statistical error are required in the Mn L2-L3 inter-edge
region as well as around the L2 edge to reduce the overall statistical error of the determined
magnetic moments. Besides, the correction factor applied to the sum rule formalism results
should be refined and optimized for the investigated [MnIII

6 CrIII]3+ by simulations of the
obtained XMCD asymmetries via the charge transfer multiplet formalism [166].
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A. Mixed 2p and 3d m j-states

The angular parts of the mixed 2p (m j =±1/2) and 3d (m j =±1/2,±3/2) m j -states shown in
figure 3.12 (thick bars) and their corresponding Clebsch-Gordan coefficients are summarized
in the following table (adapted from [150]). The notation |ms ,ml 〉 was used for the contribut-
ing ms , ml states.

m j 2p1/2 2p3/2

−1/2 −
√

2
3

∣∣1
2 ,−1

〉+√
1
3

∣∣−1
2 ,0

〉 √
1
3

∣∣1
2 ,−1

〉+√
2
3

∣∣−1
2 ,0

〉
+1/2 −

√
1
3
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2 ,0

〉+√
2
3

∣∣−1
2 ,+1

〉 √
2
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∣∣1
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〉+√
1
3

∣∣−1
2 ,+1

〉
m j 3d3/2 3d5/2

−3/2 −
√

4
5

∣∣1
2 ,−2
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1
5
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2 ,−1

〉 √
1
5

∣∣1
2 ,−2

〉+√
4
5

∣∣−1
2 ,−1

〉
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√
3
5

∣∣1
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2
5
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〉 √
2
5

∣∣1
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3
5

∣∣−1
2 ,0
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√
2
5

∣∣1
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〉+√
3
5

∣∣−1
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5

∣∣1
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〉 √
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〉
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B. The UHV apparatus at BESSY II

The following images show the UHV apparatus used for the spin-resolved electron spec-
troscopy experiments in the fully operational state installed at the BESSY-II beamline UE52-
SGM. While figure B.1 gives a side view of the setup (viewing direction perpendicular to the
beam axis), figure B.2 shows the apparatus viewed in upstream direction from an elevated
point of view.

Figure B.1. Side view of the UHV apparatus (left). The machine control rack 1, with the pump con-
trollers a and the valve control panel b is shown. The data acquisition rack 2 with the Mott polarimeter
HV supply c and the signal processing electronics d is visible next to the beamline control rack 3.
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B. The UHV apparatus at BESSY II

Figure B.2. Overview of the UHV apparatus with the aluminium base frame 1, the adjustable posts
a and the ball-casters of the upper frame adjustment mechanism b. The measurement chamber 2
and the Mott polarimeter 3 are visible within the cubic frame carrying the Helmholtz coils for the
compensation of the terrestrial magnetic field. Also note the magnetic transfer rods 4 used for the
sample transfer between vacuum chambers.
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C. Error calculation algorithm for sum

rule evaluation of SPES data

The following Origin Labtalk program code was used to calculate the error of the sum rule
evaluation of the SPES measurements. Each spin polarization datapoint is varied within its
uncertainty using normally distributed random numbers. Spin and orbital magnetic moments
are then calculated for these varied spin polarisation datasets to derive the total error of the
magnetic moments. The method has been described in detail on page 94.
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C. Error calculation algorithm
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