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Kurzfassung

Die Delokalisierung der 3d Elektronen von Übergangsmetallen wurde in Ab-
hängigkeit der atomaren Umgebung untersucht. Dabei wurde die atomare
Umgebung durch das Manipulieren der Zusammensetzung und der Größe
von atomaren Clustern variiert. Die elektronische Struktur und die magne-
tischen Eigenschaften wurden mittels Röntgenabsorptionsspektroskopie an
freien, größenselektierten Cr+

n , Mn+
n , CrMn+ und MnSi+n (n ≤ 14) Clustern

untersucht. In den molekularen Dimeren Cr+
2 , Mn+

2 , und CrMn+ wurden loka-
lisierte magnetische Momente beobachtet. Während diese Momente in Cr+

2

und Mn+
2 durch eine ferromagnetische indirekte Austauschwechselwirkung

gekoppelt sind, ist im Fall von CrMn+ der Kopplungsmechanismus der anti-
ferromagnetische direkte Austausch. Die elektronischen Grundzustände die-
ser drei Moleküle sind damit zum ersten Mal experimentell eindeutig identi-
fiziert: Cr+

2 (12Σ+
u ), Mn+

2 (12Σ+
g ), und CrMn+(1Σ). In größeren Chromclustern

wird das magnetische Moment aufgrund der Bildung von Molekülorbitalen
unter Beteiligung von 3d Zuständen auf null reduziert. Im Gegensatz dazu
bleiben die atomaren magnetischen Momente im Mangantrimerkation Mn+

3

erhalten. Dies resultiert aus der elektronischen Konfiguration des Manga-
natoms mit halbgefüllten 3d und gefüllten 4s Orbitalen, welche eine Par-
tizipation der 3d Elektronen an der Bildung der Molekülarorbitale verhin-
dert. Im Mangantrimer wird die ferromagnetische Kopplung der atomaren
Spinmomente der einzelnen Manganatome durch indirekte Austauschwech-
selwirkung vermittelt. Mit steigender Größe der Mangancluster werden die
3d Orbitale zunehmend delokalisiert und eine graduelle Reduzierung des ma-
gnetischen Moments findet statt. Zusätzlich erfolgt der vorhergesagte gra-
duelle Übergang von ferro- zu antiferromagnetischer Kopplung. Eine starke
Lokalisierung der 3d Orbitale wurde auch in MnSi+n Clustern mit n ≤ 10 be-
obachtet. Diese exohedral dotierten Cluster tragen ein magnetisches Moment
von 4µB. Mit mehr als zehn Siliziumatomen wird die endohedrale Dotierung
energetisch günstiger. Infolgedessen delokalisieren die 3d Orbitale des Man-
ganatoms vollständig und das magnetische Moment wird auf null reduziert.
Der hier identifizierte Übergang von magnetischem zu nichtmagnetischem
Verhalten in Abhängigkeit der gewichteten Koordination des Fremdatoms,
ist ein allgemein gültiger Zusammenhang. Mit seiner Hilfe lassen sich struk-
turelle Parameter in MnxSi1−x Materialien vorhersagen, welche die Erhaltung
des magnetischen Moments des Fremdatoms zur Folge haben.
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Abstract

The delocalization of transition metal 3d orbitals was studied experimentally
as a function of the atomic environment, which was controlled by varying
the size and composition of atomic clusters. The electronic structure and
magnetic properties were probed by applying x-ray absorption and magnetic
circular dichroism spectroscopy to size-selected, free Cr+

n , Mn+
n , CrMn+ and

MnSi+n clusters (n ≤ 14). The dimers Cr+
2 , Mn+

2 , and CrMn+ were all found
to have localized magnetic moments and to be magnetically ordered due to
ferromagnetic indirect exchange in Cr+

n and Mn+
n , and antiferromagnetic di-

rect exchange in CrMn+. The electronic ground state has been identified
to be 12Σ+

u , 12Σ+
g , and 1Σ, respectively. In larger chromium clusters, the

participation of the 3d orbitals in molecular bonding leads to the quenching
of the magnetic moment. In contrast, the electronic closed 3d and 4s sub-
shell configuration of atomic manganese was found to prevent participation
of the 3d orbitals in bonding causing the trimer to have atomic-like magnetic
moments per atom which are ferromagnetically coupled due to indirect ex-
change. The weak delocalization of the 3d orbitals with increasing manganese
cluster size leads to only a gradual quenching of the magnetic moments and
to the predicted transition from ferro- to antiferromagnetic ordering. The
strong localization of 3d orbitals was also observed in MnSi+n clusters with
n ≤ 10 which are exohedrally doped species and posses unquenched magnetic
moments of 4µB. With more than ten silicon atoms, the encapsulation of the
manganese impurity becomes energetically favorable and is accompanied by
a delocalization of the manganese 3d orbitals and a complete quenching of
the magnetic moment. The newly identified coordination-driven magnetic-
to-nonmagnetic transition reveals a general behavior which could be used to
predict favorable structural parameters in MnxSi1−x materials for the stabi-
lization of the manganese impurity’s magnetic moment.
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Chapter 1

Introduction

Although isolated atoms of all elements in the periodic table with an open
shell have a nonzero spin1, after condensing into extended systems such as
pure crystals or alloys, the atomic spin is usually lost, or if it survives, it is
strongly quenched and various types of magnetic order appear. A detailed
understanding of how this development takes place as the environment varies,
is sought for by fundamental and applied research alike.

This is especially the case for systems involving 3d transition metals which
offer a wealth of phenomena to be studied due to the highly correlated char-
acter of their electronic structure and their intricate magnetic properties [1,
pp. 374-438]. Their complexity results in a rich chemistry and a high tech-
nological relevance. Within the 3d transition metal row, two elements stand
out because of their half-filled 3d5 shell and the accompanying highest spin
state in the periodic table row: chromium and manganese. They differ in
their electronic configuration only in the 4s occupation and multiplicity, i.e.,
4s1,2 and 2 S + 1 = 7, 6 in atomic chromium and manganese respectively.
The aforementioned complex magnetic properties are nicely exemplified by
the comparison of bulk chromium and bulk manganese. In chromium, the
magnetic moments per atom are quenched from 6µB in the isolated atom to
0.62µB in the body-centered cubic crystalline bulk and the magnetic order
is best described as a spin-density-wave antiferromagnet and itinerant (delo-
calized) magnetic moments [2]. Bulk manganese (αMn) on the other hand,
is a noncollinear antiferromagnet with the largest and most complex unit cell
of any element, with 58 different sites and site dependent magnetic moments
per atom between 2.8 and 0.5µB [1, p. 395]. It is therefore an intriguing
question why the electronic structure and magnetic properties of these two
metals develop so differently.

1Cerium being the only exception
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10 CHAPTER 1. INTRODUCTION

In order to study how and why the atomic high-spin 3d orbitals develop as
they do with a changing of the local atomic environment, a well characterized
sample is indispensable. In this respect, free atomic clusters are the ideal
sample as they offer complete control of the environment. In contrast to
nanoscale systems studied on surfaces, no obscuring of the intrinsic properties
due to interactions with a substrate occurs. Instead, the manipulation of the
size and composition of the free clusters with atomic resolution, allows for
an absolute control of the system and therefore of the interaction type and
strength. It is thus possible to investigate a wide range of samples from
the simplest molecular dimer formation, over single impurity doping, to the
formation of larger condensates with dozens of atoms.

The advantages offered by free clusters as sample can only be fully ex-
ploited by applying an experimental method which is sensitive to the smallest
variation in the atomic environment. X-ray absorption spectroscopy (XAS)
fulfills this requirement because it locally probes the electronic structure [3,
p. 380]. It is furthermore element specific, allowing for the study of binary
systems and, due to the x-ray magnetic circular dichroism (XMCD) effect,
it is sensitive to the magnetic properties of the sample.

In this thesis it was investigated how the high-spin 3d orbitals in chromium
and manganese behave as the atomic environment varies. The questions of
how similar atoms can lead to strongly differing bulk systems and of how the
stable 3d5 configuration behaves after embedding, were addressed. To this
end, free atomic clusters were probed by x-ray absorption and XMCD spec-
troscopy. After a short overview of the field, a description of experimental
method, setup, and the data acquisition process will be given in Chapters
3 to 5. The results for molecular dimers, larger clusters, and doped silicon
systems are presented in Chapters 6, 7, and 8, respectively. The last chapter
gives a conclusion and an outlook.



Chapter 2

State of the art

One reason why atomic clusters have received much attention in the last
three decades [4] is that they can be investigated as model systems in or-
der to understand how fundamental and technologically relevant physical
properties of bulk materials develop as their size decreases. This interest is
constantly driven not only by the ongoing trend towards miniaturization in
the electronics industry but also by fundamental research.

A physical property with obvious technological relevance is magnetism.
It is best studied on free, undisturbed systems, whether they may or may not
have a direct technological relevance. The magnetic properties of free clus-
ters, specifically of clusters containing chromium and/or manganese atoms,
have been often studied experimentally in an indirect manner. This is
achieved by comparing the experimental results of methods which are not
directly sensitive to magnetism, such as photodissociation [5] or infrared
absorption spectroscopy [6], to theoretically simulated spectra, in order to
validate or discard the theoretical predictions on the magnetic properties.
The only experiments which have often been performed and which are di-
rectly sensitive to the magnetic properties of free clusters, are Stern-Gerlach
experiments [see 7, Vol. 4, p. 904]. The advantage of these experiments is
the possibility to measure the total magnetic moment of neutral particles
with high accuracy over a broad size range. The disadvantage is the im-
possibility to neither discern the partial magnetic moments in heteronuclear
particles nor the spin- and orbital-magnetic moment contributions to the to-
tal magnetic moment. The unknown orbital contribution has been invoked
as the reason for the observation of unexpectedly high magnetic moments in
iron clusters [8]. Furthermore, the reduced transmission and thermalization,
and the presence of several isomers with strong differing magnetic properties,
hinders the applicability of this technique on very small clusters.

11
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Figure 2.1: Magnetic moments per atom as a function of cluster size in neutral chromium
clusters Crn with n ≤ 133. Experimental values are results from Stern-Gerlach (SG)
experiments [9]. For clusters with more than 33 atoms, at least two isomers with differing
magnetic moments were present at the experimental conditions. Theoretical values from
density functional theory calculations are from Ref. [10].

2.1 Chromium and manganese clusters

In the case of chromium and manganese clusters, and only for the neutral
species, the magnetic properties of a broad cluster size range have been in-
vestigated experimentally in Stern-Gerlach experiments. Within the inves-
tigated cluster size range, clusters of both elements were identified to be
superparamagnetic [9, 11, 12]. In chromium clusters with 20–133 atoms, the
magnetic moments per atom were found to be strongly quenched [9, 13],
with average per atom values comparable to the 0.62µB found in the bulk
[2], as can be seen in Fig. 2.1. For manganese clusters with 5–99 atoms also
quenched magnetic moments have been observed [11, 12] as can be seen in
Fig. 2.2 but the reduction from the atomic value was found to be less drastic
than in chromium. Theoretical studies on the other hand [10, 14–16], predict
slightly quenched magnetic moments at the smaller cluster sizes which were
not possible to investigate in Stern-Gerlach experiments. While in chromium
it was predicted that already in the trimer the remaining localized moments
couple antiferromagnetically [10], in the case of manganese, a transition from
ferro- to ferri- or antiferromagnetic coupling is predicted to take place as the
cluster size increases, with a critical size of five to seven atoms [14–17] (see
Fig. 2.2).

Due to the experimental difficulties mentioned above, there are no Stern-
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Figure 2.2: (top) Magnetic moments per atom as a function of cluster size in neutral
manganese clusters. (bottom) Comparison of available measured and calculated values for
Mnn clusters with 2 ≤ n ≤ 20. Experimental values are results from Stern-Gerlach (SG)
experiments [11, 12]. Theoretical values from density functional theory calculations are
from Ref. [16].

Gerlach deflection results for free chromium and manganese dimer molecules.
Experimental data on the magnetic properties of pure manganese and CrMn
mixed dimers has been obtained until now exclusively from electron para-
magnetic resonance experiments (EPR) on molecules embedded in weakly
interacting matrices [18–21], while there is no experimental data on the mag-
netic properties of the chromium dimer. The embedded neutral manganese
dimer Mn2 was found to be antiferromagnetically coupled [18, 21] while the
cation Mn+

2 was found to be a ferromagnetic molecule [20, 21]. In both cases,
the 3d magnetic moments per atom are the same as in the isolated atoms,
i.e., 5µB. For the mixed dimer CrMn, there are only results available on the
neutral molecule [21], where a 4Σ ground state was identified, i.e., 1.5µB spin
magnetic moment per atom.

There are several theoretical studies, with a varying degree of agreement
with experimental results, on the magnetic properties of cationic dimer sys-
tems consisting of chromium and manganese atoms [22–27]. For the man-
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ganese dimer cation Mn+
2 , the comparison of theoretical predictions [22–24,

26] to the available experimental data results in good agreement. For the
chromium dimer cation Cr+

2 , where the only available experimental data is
the dissociation energy D0 = 1.30 ± 0.06 eV (Ref. [28]), the theoretical pre-
dictions vary depending on the computational details. While one density
functional theory study finds a ferromagnetic solution to be lowest in en-
ergy [23], another one finds an antiferromagnetic ground state [24]. A third
study, using a post Hartree-Fock method [27], finds a ferromagnetic state
to be lowest in energy, but the calculated dissociation energy is in disagree-
ment with the experimental value, i.e., D0(exp.) = 1.30 ± 0.06 eV versus
D0(calc.) = 1.49 eV. Finally, the mixed CrMn+ cation molecule, for which
no experimental data is available, has been predicted in the literature to be
a singlet molecule, i.e., zero total molecular spin [23, 25].

2.2 Transition metal doped silicon clusters

Transition metal doped silicon clusters have been studied extensively both
experimentally and theoretically (see Ref. [29] and references therein). The
cluster size dependent onset of the complete encapsulation of the metal im-
purity by the silicon atoms was first inferred from mass spectrometry studies
[30–32]. This was later on directly confirmed by systematic studies of reac-
tivity with water [33–36] and rare gas adsorption [37]. Furthermore in these
studies it was possible to identify the critical cluster size at which the en-
capsulation takes place as a function of the impurity’s element. Motivated
by the perspective of cluster assembled materials, much emphasis has been
put to the identification of exceptionally stable species and their geometric
structure. This search has been done mainly by applying photoelectron spec-
troscopy to the anions in order to detect large energy gaps which could indi-
cate corresponding large HOMO-LUMO 1 gaps in the neutrals and a therefore
potentially large stability [33–36, 38, 39]. In a complementary approach, x-
ray absorption spectroscopy has been utilized to probe the impurity’s local
electronic structure in order to obtain information on the impurity-host in-
teraction and the underlying reasons for the exceptional stability [40–42].
The geometric structure on the other hand, has been investigated by com-
paring measured infrared dissociation spectra with density functional theory
based simulated infrared absorption spectra [43–45]. In these studies it was
confirmed that the structures of exohedrally doped clusters are comparable
to the ones of pure silicon clusters while in the endohedral doping regime the
structures of doped and pure species are unrelated. The experimental results

1highest occupied molecular orbital-lowest unoccupied molecular orbital
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and their interpretation are supported by the results of several calculations
on the electronic and geometric structure [46–52].

In comparison with the global electronic and geometric structure, the lo-
cal electronic structure and magnetic properties of transition metal doped
silicon clusters have been less well studied. Many theoretical studies find a
quenching of the impurity’s magnetic moment [53–56], especially if the impu-
rity is completely encapsulated. However, the predicted degree of quenching
varies with the computational details and with the geometric structure of
the isomers considered in each study. Only few experimental investigations
have attempted to indirectly obtain information on the magnetic properties
[6, 57]. The good agreement between measured [57] and available calculated
vertical detachment energies [53], was interpreted as supportive of the pre-
dicted quenching of the large magnetic moment of 6µB of atomic chromium
in the endohedral CrSi12 cluster. More recently, the ground states of MnSi+n
(n = 6–10, 12, 13) clusters were assigned by comparing measured infrared
dissociation spectra of RG·MnSi+n complexes (RG = Ar, Xe) with simulated
infrared absorption spectra [6]. The calculated energies of the considered
isomers is shown in Fig. 2.3. The ground states of all studied cluster sizes
besides n = 13, for which a singlet ground state was assigned, were found
to have a multiplicity of three or higher, i.e., S ≥ 1. This assignment was
especially difficult in the case of endohedrally doped clusters due to the re-
duced probability of rare-gas complex formation and the therefore resulting
reduced signal to noise ratio.
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Figure 2.3: Calculated relative energies of various isomers of cationic manganese doped
silicon clusters MnSi+n with n = 6–10, 12–14, 16. Adapted from Ref. [6].

The experimental method best suited to complement and extend the ex-
perimental results mentioned above and to test the available theoretical pre-
dictions, is x-ray magnetic circular dichroism (XMCD) spectroscopy [58–60].
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It is a local, element specific technique with the capacity to resolve spin- and
orbital contributions to the total magnetic moment. Only recently did this
technique become available for the study of size selected free clusters [61–64].
Already the first experiments on cobalt and iron clusters delivered very valu-
able results on the magnitude of the orbital magnetic moment contribution
which is closely related to the technologically relevant magnetic anisotropy
[61–63].

Moving beyond the investigation of ferromagnetic materials, the element
specificity of XMCD spectroscopy was used very recently to study the in-
teraction of a single open-shell impurity with a copper or gold nonmagnetic
finite host [65, 66]. With only one magnetic absorber impurity, this study
demonstrated the high sensitivity of the technique and was able to show that,
surprisingly, the results can be interpreted by using the Anderson impurity
model [67], which is usually applied to macroscopic metallic systems.

After these pioneering studies, there are not only still unanswered ques-
tions but also new queries arouse. In molecular systems, x-ray absorption and
XMCD spectroscopy may help to discriminate between a zero total magnetic
moment due to antiferromagnetism and a true singlet state. Furthermore,
the investigation at small cluster sizes of elements which are antiferromag-
nets as bulk materials would help to elucidate how this magnetic ordering
appears. Another issue is if and how the survival of atomic high-spin states
of impurities in semiconductor hosts can be achieved, which would be help-
ful for future applications such as spintronics [68]. For the spectroscopy
method itself, the characterization of the magnetic properties of small sys-
tems containing early 3d transition metals could lead to the experimental
determination of correction factors to the spin sum rule [69]. Knowledge of
these would extend the range of materials where the XMCD technique can
be applied quantitatively.



Chapter 3

Fundamentals

The purpose of this chapter is twofold. First, to briefly introduce the various
types of exchange interaction which will often appear in the discussion of the
results. Second, to give a short introduction into the experimental methods
applied and their advantages, making clear why these methods were chosen.

3.1 Exchange interaction

The dominating interaction in magnetism, which is responsible for the par-
allel or antiparallel alignment of spins, is the exchange interaction [3]. It is
a result of the fermionic nature of electrons and of the Coulomb interaction
between electrons. The wave function of fermions, consisting of spatial and
spin part, must be overall antisymmetric with respect to the exchange of any
particle pair. A manifestation of this constraint is the Pauli exclusion princi-
ple which states that no two electrons may have the same quantum numbers.
This leads to a total wave function with either a symmetrical spin part and
a corresponding antisymmetrical spatial part, or vice versa. In a very simpli-
fied picture, two electrons which spatially overlap will have antiparallel spins
and vice versa. In general, these two states will not be degenerate in energy
and their energetic ordering is not known a priori. The repulsive Coulomb
interaction between electrons makes a spatial overlap energetic unfavorable.
Bond formation on the other hand, favors a spatial overlap if it leads to a de-
localization of electrons and a corresponding lowering of their kinetic energy.
The latter is a direct consequence of the uncertainty principle.

In the context of solid state physics, the exchange interaction can be
classified into two categories based on the range at which the interaction
takes place. Direct exchange interaction is a short-range interaction acting
between direct neighbors. This means that there is an overlap of the electron

17



18 CHAPTER 3. FUNDAMENTALS

orbitals involved. Indirect exchange interaction on the other hand, is a long-
range interaction acting between next-to-nearest neighbors and beyond. As
the name implies, there is no direct overlap of the involved orbitals but rather
the interaction between two orbitals is mediated through a third orbital or
electronic band, i.e., indirectly.

Mn3+

(3dn+1)
O2-

2p6
Mn4+

(3dn)

1.

2.

3.

4.
Figure 3.1: Illustration of the ferromagnetic coupling of the spins of two metal ions
through double exchange interaction. An exemplary system is shown with two Mn cations
and an oxygen anion with a full 2p shell. The Mn cations can adopt two different charge
states, 3+ and 4+, but an unambiguous assignment is not possible. This is schematically
shown by the back and forth hopping of an electron between the 3d orbitals of the Mn
cations. Because this electron hopping requires less energy if a spin flip is avoided, it is
more energetically favorable for the spins localized at the Mn cations to maintain a parallel
alignment to each other, i.e., the Mn cations are ferromagnetically coupled.

Depending on how and which orbitals are involved, there are several types
of indirect exchange interaction [1]. One type which will be relevant in the
interpretation of the experimental results later on, is the Zener ferromagnetic
indirect exchange interaction [70–72]. This interaction describes how spins
localized at different atomic sites align parallel to each other through their
common parallel alignment to the spin of conducting (delocalized) electrons.
This interaction was first identified in compounds with oxidized manganese
(manganites) [71] where the ferromagnetic coupling of manganese ions’ spins
occurs through their common coupling to the spin of conduction electrons
which hop from the one Mn ion, to the oxygen, to the next Mn ion, as il-
lustrated in Fig. 3.1. In this picture for oxides, it is assumed that the 2p
shell of the oxygen atom is fully occupied, i.e., O2−, and thus two hopping
events are needed, leading to the often used name of double exchange in-
teraction. Within this picture, the hopping electrons can be described as
delocalized, leading to a decreased electrical resistivity. This is the case in
Fe3O4 (magnetite) which is a half-metal [3]. Systems where this double ex-
change mechanism occur are also often called mixed-valence systems due to
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the impossibility of assigning the hopping electron to only one ion, i.e., in
the case of manganites the Mn ions have 3+ and 4+ valency and a corre-
sponding 3d4 and 3d3 orbital occupancy. The unbalanced orbital occupation
between ions in a compound is a crucial element of the ferromagnetic indi-
rect exchange mechanism. As evidenced by the passive role of the closed-shell
oxygen anion, a more generalized description of the indirect ferromagnetic
exchange interaction does not include the oxygen and only requires a strong
intraatomic exchange interaction between the hopping electron and the lo-
calized electrons at the metal ion sites. This requirement is often fulfilled
in transition metal oxides where the spins of the metal 3d electrons remain
strongly coupled through intraatomic exchange, i.e., electron orbital filling
according to Hund’s rule is still valid.

3.2 Experimental Methods

As mentioned in the introduction, the applied spectroscopy methods were
x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD). The fundamental process in XAS is the absorption of an x-ray
photon by an atom, as schematically shown in Fig. 3.2. The core electron is

hν

E B

3d

2p

3s

3p

4s

Figure 3.2: Scheme of the fundamental process in XAS in a single particle model of a
third row transition metal atom.

excited either into an empty valence state or, if the photon energy is sufficient,
into a continuum state above the ionization potential of the system. The
former being a case of resonant photoabsorption and the latter of nonresonant
photoionization. In both cases, a core hole is created, making XAS a local
and element specific method due to the strong localization of the created core
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hole and the characteristic binding energy of the core electrons. Furthermore,
because the dipole selection rule ∆` = ±1 applies, it is possible to selectively
probe specific orbital angular momentum empty valence states by the choice
of the core state. This empty density of states is not only very sensitive to
hybridization and charge transfer which take place in bond formation, but
also to the symmetry of the environment [73]. In third row transition metals
up to nickel, the valence states of the isolated atoms are not completely filled
and are of 3d and 4s character. Therefore, the electronic structure of clusters
with 3d metal atoms is determined by the inter- and intraatomic interactions
involving these open shells. Under consideration of the dipole selection rule
∆` = ±1, the 3d valence states of interest can be accessed from states of p
character and therefore XAS was performed on the 2p core electrons, i.e., at
the L2,3-edge. Other (n+ 2)s and nd orbitals with n > 3 are also accessible,
yet the transition probability into these higher lying orbitals is less than 10 %
of the transition probability into the 3d orbitals of interest due to the reduced
overlap with the 2p core orbitals [74].

m =-2l m =-1l m =0l m =+1l m =+2l

ml∆ =+1∆ =-1ml

valence states

core level
m m mll l=-1 =0 =+1

Figure 3.3: Diagram of the sensitivity of 2p-edge XMCD to the occupation of available
m` states in the 3d shell. Adapted from Ref. [75].

The second method, XMCD [58–60], can be viewed as a further develop-
ment of XAS. In the case of XMCD, the absorption of a magnetized probe is
measured not only as a function of the photon energy but also in dependence
of the x-ray beam polarization. As the name states, circularly polarized x-
ray radiation is used, further restricting the allowed electronic transitions
and achieving sensitivity to the polarization of orbital angular momentum
and spin of the empty valence states.

In XMCD, the dipole selection rule is expanded with ∆m` = +1,−1 for
right and left circular polarized radiation respectively. As a consequence,
any difference between the total x-ray absorption of right and left circularly
polarized beams represents an unequal occupation of the available m` states.
This is shown schematically in Fig. 3.3.

The sensitivity to the spin polarization is given due to the Fano effect [76],
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where photoelectrons excited by circularly polarized light are spin polarized.
Therefore any spin polarization in the valence states leads to unequal tran-
sition probabilities of these spin polarized photoelectrons and to a differing
absorption of left and right circularly polarized x-rays. This is schematically
shown in Fig. 3.4. It is thus in principle possible to not only determine the
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right circularleft circular
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1/2

2p

2p
core electrons

(exchange splitting)
3d valence band

pu nipsnwod nips

Figure 3.4: Illustration of the x-ray absorption processes with circularly polarized light
and a sample exhibiting spin polarized valence states. Adapted from Ref. [75].

magnitude of the magnetic moment per atom of the sample but also to re-
solve its spin and orbital contributions by applying the XMCD sum rules
[58–60]. The two sum rules are mathematical relations associating left- and
right-circular absorption intensities σ± at the L2,3-edges to expectation val-
ues of spin 〈Sz〉 and orbital angular momentum 〈Lz〉 and thus to spin and
orbital magnetic moments per 3d hole. If the number of 3d holes nh is known
then the magnetic moments per atom can be calculated. The number of holes
nh as a function of cluster size is in general not known but can be estimated
from the x-ray absorption signal, which has been shown to be directly pro-
portional to the unoccupied density of states [74, 77]. Furthermore, results
from theory on clusters or other low-dimensional systems such as ultrathin
films can also be used in order to estimate nh. This has been successfully
done, for example, in the case of free iron clusters [62]. The sum rules are
explicitly given by:

mS = −2nh µB
3
∫
L3

(σ+ − σ−)− 2
∫
L2,3

(σ+ − σ−)∫
L2,3

(σ+ + σ−)
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mL = −4

3
nh µB

∫
L2,3

(σ+ − σ−)∫
L2,3

(σ+ + σ−)

For the sum rules in the form shown here several assumptions have been
made. The contribution in the original spin sum rule [59] of the expec-
tation value of the magnetic dipole operator 〈Tz〉 is negligible under the
present experimental conditions as was shown for the case of free iron clus-
ters [62]. Furthermore it was approximated that the linear x-ray absorption
σ0 is equal to the average of left and right circularly polarized x-ray absorp-
tion, 1/2 (σ+ + σ−). This has been shown to be valid in several cases, e.g. bulk
iron and cobalt [60] and free iron clusters [62]. This approximation requires
that all the probed 3d orbitals contribute equally, not depending on the spa-
tial orientation of the probe. In the present experiment, this requirement is
fulfilled due to the random spatial orientation of the clusters in the trap [62].

After the absorption of a x-ray photon, the absorbing atom is in a highly
excited state with a deep lying core hole. The core-excited state decays after a
lifetime of the order of fs either through fluorescence or Auger decay. For low
atomic number elements such as third row transition metals, Auger decay is
the dominating decay pathway [78]. The deep lying core hole decays thus via
successive Auger decays, i.e., Auger cascades, leading to higher charge states
of the absorbing atom. In clusters, the cascade is followed by fragmentation
due to Coulomb explosion [79]. In a first approximation, the creation of a
core-hole always leads to the same final charge state independently of the
excitation energy. The same number of photoions is therefore produced, and
it is thus possible, in the case of free atoms and clusters, to measure the x-ray
absorption in ion yield mode [80, 81].

Summing up, with x-ray absorption and XMCD spectroscopy, the elec-
tronic structure of free molecules and clusters can be probed in a local and
element specific manner. Furthermore, these methods are sensitive to the
magnetic properties. They are therefore ideal to study how the 3d orbitals in
transition metal atoms behave depending on a changed atomic environment
due to molecule formation, clustering, or embedding in a host.



Chapter 4

Experimental Setup

In this chapter an overview will be given of the experimental setup. The
chapter is divided in two sections. The first one comprises the portion of the
setup associated with the manipulation of the clusters. This includes their
production, size selection, trapping, magnetization, excitation, and detection.
The second section briefly describes the x-ray source which was used.

4.1 Sample preparation

cluster source

1. ion guide

ion trap

ToF
spectrometer

solenoid

ion lenses
x-rays

mass �lter

2. ion guide

Figure 4.1: Cutaway drawing of the experimental setup. Adapted from Ref. [82]

An overview of the experimental setup is shown in Fig. 4.1. The appara-
tus can be roughly divided into four segments: cluster source, mass filter, ion

23
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trap, and time-of-flight (ToF) mass spectrometer. To be able to study the
very dilute, reactive, charged systems of interest, experiments had to take
place in a vacuum. Each segment is housed in a differential pumping stage
with the pressure decreasing from around 1 mbar in the source chamber to
about 10−9 mbar in the spectrometer chamber. Transmission of the cluster
ions between stages is achieved by linear multipole radio frequency (RF) ion
guides and/or electrostatic ion lenses. In order to achieve stable temper-
atures, the cluster source and trap were cooled down several hours before
beginning with the actual measurements.

4.1.1 Cluster production

N

S

N

manganese
sputter target

perforated silicon
sputter target

gas inlet

permanent magnet

-

Figure 4.2: Schematic view of the magnetron cluster source head with two targets. The
one on top is the silicon target, the host material. It is perforated to allow co-sputtering
of the doping metal target underneath. Adapted from Ref. [42]

The clusters were produced in a gas-aggregation cluster source of the
magnetron-discharge sputtering type [83]. In this type of source, a target
is sputtered in a DC discharge mode, under a gas flow in order to bring
the target material into the gas phase, mostly in the form of neutral and
charged monomers [83]. The produced target material vapor is then allowed
to coalesce in a cooled, low pressure He atmosphere, forming dimers and
larger clusters. Argon was used as sputtering gas. Typically 100 sccm of
argon and 400–500 sccm of helium were used, the resulting working pressure
in the source was in the range 10−1 to 100 mbar. The magnetron discharge,
achieved by a permanent magnet behind the target, optimizes ionization
efficiency and thus enhances the sputter yield. For the production of doped
clusters, two targets were used on top of each other, as shown in Fig. 4.2.
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The target of host material was placed on top with holes exposing the doping
material underneath, the diameter of the holes defining the degree of doping.
The gas aggregation takes place inside a thermally isolated vessel which is
cooled down to ≈ 100 K by a continuous flow of liquid nitrogen. During the
nucleation process, the released binding energy heats up the clusters which
are then cooled down by collisions with the cold helium buffer gas. This
annealing increases the probability that the clusters leave the source in their
geometrical ground states. This has been shown to be the case in small metal
clusters [84] and silicon clusters [85].

The cluster beam exiting the source contains cationic and anionic (singly
charged) as well as neutral species. The cationic species are transmitted into
the second differential pumping stage by a homemade linear hexapole RF
ion guide with cylindrical electrodes with a diameter of 3 mm [86]. Typical
radio frequencies were ≈ 850 kHz for clusters with masses ≥ 130 amu and
≈ 1.2 MHz for smaller ones. To prevent transmission of the neutral clusters,
the source exit aperture is inclined by ≈ 7 ◦ from the ion guide axis. Al-
though not a part of the source, the ion guide plays also an important role
in the cluster production, specially in the case of doped clusters. An encased
segment of the hexapole, which is thermally isolated and can be cooled down
to liquid nitrogen temperature, can be used as collision cell. An inlet con-
nected to a leak valve allows the introduction of collision or reaction gases
into the cell such as oxygen, water vapor or carbon monoxide. In the case of
metal doped clusters, selective reactivity toward O2, at a pressure of about
10−3 mbar, was used to ease cluster species identification, exploiting the fact
that endohedrally doped species exhibit a strongly reduced reactivity [34,
37, 42, 64]. A detailed description of source and hexapole ion guide may be
found in Refs. [42, 87].

For studying size dependent properties of clusters it is imperative to know
exactly the number of atoms per cluster. Therefore, single cluster sizes were
size selected out of the broad distribution produced by the source. For this
purpose, a factory calibrated, commercial quadrupole mass filter from Extrel
[88] was used. It has electrodes with �9.5 mm, operates at a frequency of
880 kHz, and has a broad mass transmission range of 10 amu/e to 4000 amu/e.
The mass filter is in a third differential pumping stage with an operating
pressure in the upper 10−8 mbar range. An entrance aperture with a variable
electrical potential was used to refocus the ion beam leaving the hexapole
on the mass filter axis. The DC and RF potentials applied to the rods of
the mass filter were controlled through a LabVIEW program [82] with the
desired mass of the cluster in atomic mass units as input. Additionally to
the selective reactivity mentioned above, the high mass resolution of up to
4000 m/∆m and the long-time stable calibration, were essential for the correct
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Figure 4.3: Cross section view of the quadrupole ion trap. Adapted from Ref. [82]

identification of the cluster species present in the beam. This was particularly
the case with doped silicon clusters, where the broad isotopic distribution of
silicon and the varying degree of doping lead to numerous cluster species in
a small mass range with overlapping isotopologues.

4.1.2 Cluster trapping

The size-selected cluster ion beam leaving the mass filter is not intense enough
for a measurement of the x-ray absorption at the L2,3-edge in a crossed- or
merged-beam geometry [80, 89]. To increase the target density, the clusters
are accumulated in a linear quadrupole RF ion trap [63, 87]. It is situated
inside the homogeneous magnetic field of a superconducting solenoid [90],
and is crucial for the purpose of thermalizing and magnetizing the clusters
[62, 63, 65].

In order to transmit the clusters from the exit of the mass filter into the ion
trap, several electrostatic ion lenses and deflectors, and a linear quadrupole
RF ion guide were used [63]. To counteract deflection of the cluster beam
by the inhomogeneous magnetic stray field outside of the magnet, a modified
einzel lens with deflecting capabilities is installed right at the exit of the
mass filter. Following this einzel lens, there is an electrostatic beam deflector
which deflects the beam by 90 ◦ out of the source axis into the trap axis.
A quadrupole ion guide is situated between deflector and trap, which is
partially coupled thermally to the ion trap, reaching a temperature of about
50 K. It has the objective of precooling the clusters and compressing the
beam radially, increasing the transmission into the trap and overlap with the
x-ray beam. It also reduces the heat load to the components of the ion trap.
The buffer gas pressure at this stage is in the range of 10−5 mbar.
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The ion guide is already partially inside of the magnet which produces a
magnetic field, collinear to the trap axis, with tunable strength up to 5 T. The
trap is thermally shielded by two reservoirs, the inner one filled with liquid
helium and the outer one with liquid nitrogen. A cross section through the
cluster ion trap is shown in Fig. 4.3. For trapping and thermalization, about
10−3 mbar of 10–20 K cold, high purity helium is introduced into the trap as
buffer gas. This relative high pressure is needed for two reasons. First, to
slow down the clusters through collisions, enabling their trapping. Second, to
thermalize the clusters, maintaining a strong thermal coupling to the liquid
helium reservoir. Nevertheless, the temperature of the clusters in the trap
is always higher than the measured electrode temperature [62, 63]. This is
due to the heating of the clusters through collisions with helium after being
accelerated in the ion trap RF field.

The disadvantage of high helium gas pressure is the increased occurrence
of discharges and the abundant production of He ions during x-ray spec-
troscopy. At photon energies of about 600 eV, the photoabsorption cross
section of He is about four orders of magnitude smaller than the one of a
transition metal atom [91]. This is more than outbalanced by the about
five orders of magnitude higher He gas density in the ion trap. It can be
thus estimated that about ten times more He ions per second are produced
than photoions of interest [87]. This large amount of helium ions displace
the cluster ions of interest out of the ion trap axis, reducing the measured
absorption signal. To counteract this, a weak RF dipole potential at the ion
cyclotron frequency of helium

fHe =
eB

2πmHe

was additionally applied to one pair of trap electrodes. Here e is the elemen-
tary charge, B the magnetic flux density and mHe the atomic mass of helium.
At the maximum B-field strength available of 5 T, fHe = 19.6 MHz. This sup-
plementary potential leads to a resonant acceleration of the helium ions out
of the trap. To account for changing ion cyclotron resonance with changing
B-field strengths, the applied frequency of the RF voltage can be varied by
means of interchangeable inductors. Likewise, the cluster trapping RF was
chosen high enough to prevent a resonant acceleration out of the trap of the
cluster photofragments. Usually the monomer photofragment was monitored,
with a mass of about 50 amu and a corresponding ion cyclotron resonance
frequency of about 2.5 MHz at 5 T. Therefore, the trapping frequency used
was about 5.5 MHz. Details on the cluster trap can be found in Refs. [63,
65].
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4.1.3 Cluster detection

In order to analyze the successfully trapped clusters and photoions, mass
spectra of the contents of the trap were recorded with a homemade ToF
spectrometer [63]. It consists of a Wiley-McLaren [92] acceleration stage,
three einzel lenses, a reflector, and a micro-channel plate (MCP) [93] as
detector. The acceleration stage begins about 1 cm after the trap’s exit aper-
ture and is collinearly aligned to it, maximizing transmission of the ions. To
counteract ion deflection by inhomogeneous magnetic stray fields and im-
prove transmission and mass resolution, einzel lenses are installed between
acceleration stage and reflector. Moreover, the reflector is mounted on two
linear feedthroughs to provide for adaptable alignment, again improving ion
transmission. The mass resolution achieved of around 2900 m/∆m allows for
identification of the different isotopologues of the clusters, as demonstrated
for CrMn+ in Fig. 4.4.
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Figure 4.4: Mass spectrum of CrMn+ with three isotopologues resolved. The mass
resolution was about 2900 m/∆m. Note the logarithmic scale on the vertical axis for better
visibility of isotopologues containing 53,54Cr which have a low natural isotopic abundance.

4.2 X-ray source

To measure the 2p XMCD of the 3d elements in very dilute samples such as
size-selected gas phase clusters, three conditions must be fulfilled. The pho-
ton energy must be tunable in the soft x-ray regime, a high photon flux must
be available, and circular polarization of the x-rays to a high degree must
be possible. These conditions are simultaneously met only by 3rd generation
synchrotron x-ray sources, i.e., helical undulators [94]. Furthermore, as the
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cluster source operates in a CW mode, a high repetition rate x-ray source
is highly desirable. For this reason, the experiments were performed at the
synchrotron radiation facility BESSY II, operated by the Helmholtz-Zentrum
Berlin. BESSY II consists of an electron storage ring where electron bunches
circulate at relativistic velocities with a frequency of 500 MHz. In the longer,
straight segments of the storage ring are the undulators, which are magnetic
structures where the electrons are forced to oscillate thereby emitting highly
intense radiation. A schematic drawing of an elliptical undulator as the one
available at BESSY II is shown in Fig. 4.5. For the generation of circularly

hνg

λu

e-

Figure 4.5: Schematic design of an elliptical undulator which generates circularly polar-
ized light. Adapted from Ref. [82]

polarized x-rays, the shiftable magnetic structures are shifted by λu/4 with
respect to each other. The parameter λu is the undulator wavelength, as in-
dicated in Fig. 4.5. The electron bunches emit hereupon circularly polarized
x-rays as they are forced into a helical trajectory.

The experiments were performed at the beamline UE52-SGM [95], oper-
ated by the Helmholtz-Zentrum Berlin. The combination of undulator and
monochromator at this beamline is optimized for the photon energy range
200 to 1000 eV which covers the L2,3-edges of all the 3d metals. At a spectral
resolution of 1000, a photon flux as high as 5× 1012 ph/s is available, see Fig.
4.6. During experiments, the photocurrent on the refocussing mirror of the
beamline and on a calibrated photodiode placed behind the reflectron can be
monitored to check the in situ photon flux. The photon energy can be tuned
at a maximum rate of about 0.3 eV per second and the degree of circular po-
larization reaches 90 % with a switching time between left- and right circular
polarization of about 60 s [95].
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Figure 4.6: Photon flux of the different available harmonics at the beamline UE52-SGM
as a function of photon energy. Note that the shown curves are for a narrower exit slit
width value than the one actually used (20µm vs ≈ 250µm), thus the available photon
flux, at a resolution of 1000, was in fact higher by a factor of ≈ 10. Adapted from Ref.
[82]
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Data Acquisition & Processing

This chapter consists of three sections. In the first one, the data acquisition
cycle during experiments is described. The second one deals with the required
processing of the measured data in order to generate x-ray absorption spectra.
The third and last section is about the procedure used to obtain the XMCD
spectra and the corresponding integrals of the x-ray absorption and XMCD
spectra needed for the sum rules.

5.1 Measuring procedure

The raw data acquired during the experiment are ToF mass spectra of pho-
toions at each photon energy step. After calibrating the time-of-flight axis of
these spectra into mass over charge m/z, the ion yield at each photon energy
can be extracted. The maximal available magnetic flux density of 5 T was
used to reach the highest possible magnetization and thus the largest possi-
ble dichroism signal. The trap is at first used in the transmission mode, i.e.,
as ion guide and the cluster beam intensity and composition is monitored in
situ with the ToF mass spectrometer. After maximizing the cluster signal
through optimization of the source parameters and the ion optics transmis-
sion, the single cluster size of interest, i.e., the parent cluster, was selected
with the mass filter. The trap was then switched into trapping mode by ap-
plying a pulsed positive potential with frequencies between 100 and 1000 Hz
to the exit aperture, releasing the trapped ions in bunches. The trapping ef-
ficiency was then optimized for the parent cluster before opening the shutter
between trap chamber and beamline, which blocks the x-ray beam. Initially,
the photon energy was set to the known maximum of the L3 resonance in the
isolated atom or the bulk, leading to the generation of photoions from the
parent cluster in the trap. In the last step before starting a measurement,
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Figure 5.1: Diagram illustrating the measuring procedure. Adapted from Ref. [42].

the trapping conditions and photon energy were then optimized to maximize
photoion signal intensity.

The measuring procedure is illustrated in Fig. 5.1. The photon energy
range was defined to include three regions: a region before the L2,3-edge to
use as background reference, the resonant absorption region, and a direct
photoionization region for normalization of the x-ray absorption spectrum.
All three regions were of comparable extension, about 10 to 15 eV wide. In
the region before and after the resonant absorption the photon energy was
scanned with an energy step width of 1 eV while on the resonant part it
was between 0.25 and 0.5 eV. The latter was chosen accordingly in order to
match the set spectral bandwidth of 0.4 to 1 eV. At each photon energy step,
the shutter was opened for 8 to 10 s and data was acquired, before closing
it again while setting beamline monochromator and undulator to the next
photon energy. With this scheme each scan consisted of about 180 photon
energies and was recorded in about 40 min. After the last energy step, a
background mass spectrum with closed shutter and emptied ion trap was
recorded.

For every photon energy a mass spectrum and several other parameters
were recorded. A list of recorded parameters is shown in Table 5.1. Also
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Parameter Unit Order of magnitude

Photon energy eV 102

Photon energy bandwidth eV 10−1

Exit slit width m 10−4

Photodiode current A 10−6

Refocusing mirror current A 10−9

Storage ring electron current A 10−1

Table 5.1: List of recorded parameters at each step of a photon energy scan over the
L2,3-edge.

whether the x-ray beam was right or left circularly polarized was logged. At
the end of each scan, the RF voltages on the trap were turned off, effectively
emptying the trap, and a background mass spectrum was recorded. The
temperature of the trap electrodes and the LHe shield were also logged at this
time in order to minimize possible RF induced temperature reading errors.
The measuring procedure described above was performed several times per
cluster size and x-ray polarization.

5.2 Generation of x-ray absorption spectra

In order to obtain the x-ray absorption spectra, the series of mass spec-
tra as a function of energy had to be processed in the following manner.
First the background mass spectrum was subtracted from all recorded mass
spectra. Then the mass calibration performed during the experiment was
checked for correctness and photofragments were identified. The signal of
each photofragment was integrated and the average background noise was
subtracted. If a photofragment had more than one isotopologue, each was
integrated separately in order to increase the signal-to-noise ratio (SNR). An
x-ray polarization dependent ion yield spectrum was thus obtained for each
photofragment by plotting the integrated signal as a function of photon en-
ergy. These preliminary x-ray absorption spectra were then normalized to the
photon flux. The photon flux was calculated using the measured photodiode
current taking into account the quantum efficiency [96] of the photodiode.
The reliability of this normalization was controlled by comparison with the
same spectra normalized to the photon flux calculated from the beamline
refocusing mirror photocurrent with the quantum efficiency of gold [97]. The
obtained partial ion yield spectra per scan were all identical except for the
absolute intensity and are thus proportional to the total circularly polarized
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x-ray absorption spectra. At least two ion yield spectra were recorded per
x-ray polarization and cluster.

5.3 Treatment of x-ray absorption spectra

and sum rule application

Depending on the signal-to-noise ratio, further treatment of the data was
performed on either single isotopologue spectra (see Fig. 4.4) or on a sum of
all spectra resulting from a photon energy scan. The applied treatment in
the case of two single scans of Mn+

6 is illustrated in Fig. 5.2. First, the pho-
ton flux normalized ion yield spectra at right and left circular polarization
were plotted together for comparison of reproducibility of the linear back-
ground. Preliminary XMCD spectra were also generated by subtracting the
spectrum recorded with left circular polarization from the one measured with
right circular polarization. These XMCD spectrum were a first reference for
the shape and intensity of the dichroism to be expected, before a possible
introduction of error by the following treatment of the data. Next a linear
background was subtracted from the spectra. This background was obtained
from adding together the spectra recorded with left and right circular po-
larizations and applying a linear fit in the first region of the scan were no
resonant transitions were observed. The ion yield signal in this region mainly
originates from nonresonant excitation of 3s electrons, with a binding energy
of about 80 eV in manganese and chromium. In the case of doped silicon
clusters, the nonresonant excitation of Si 2s and 2p electrons is a further
contribution to the ion yield in this region. The produced background-free
spectra were then scaled down, with the intensity of the ion yield signal after
the L2-edge defined as unity. The absorption in this region is monotonic and
originates from the direct 2p photoionization. The resulting spectra were
then summed up together to produce the total, isotropic x-ray absorption
spectrum and subtracted from each other for the XMCD spectrum, both
which are needed to compute the magnetic moment according to the sum
rules. As mentioned before, at least two x-ray absorption spectra per polar-
ization and cluster size were measured. This results in at least four isotropic
x-ray absorption spectra and four XMCD spectra on which the sum rules
were applied.

The main input for the sum rules as discussed in Section 3.2 are three
integrals which correspond to three areas in the x-ray absorption and XMCD
spectra. One is the resonant, isotropic absorption over the L2,3-edge and the
other two are the differences between the left and right circular polarized
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Figure 5.2: Example of data processing steps used in order to obtain x-ray absorption and
XMCD spectra of Mn+

6 : 1. Control unprocessed spectra. 2. Subtract linear background
obtained from fit to nonresonant absorption before the L3-edge of sum spectrum. 3.
Normalize to the nonresonant absorption intensity at photon energies above the L2-edge. 4.
Add and subtract spectra of right and left circular polarization to obtain x-ray absorption
and XMCD spectra, respectively.
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absorption over the L3-edge on the one hand, and over the L2-edge on the
other. These areas are exemplary shown in Fig. 5.3. To extract the total
resonant absorption from the x-ray absorption spectrum, the contribution
of direct photoionization and of transitions into states other than 3d ones
to the spectrum, must be removed. This contribution was approximated as
a double step function with the steps placed at the photon energy of the
maxima of the L3 and L2 resonances, respectively. An intensity ratio of 2 : 1
for the steps was chosen in accordance with the degeneracy of the 2p3/2 and
2p1/2 core levels. As the use of this step function approximation for XMCD
sum rules has been justified in the bulk [60] and in single ions [74], it can be
expected that it is also valid for clusters in between [62]. Besides the step
function, it was also needed to identify the photon energy region defining the
L3-edge. As is common in the literature, the boundary between L3 and L2

was set right before the onset of the L2 line.
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Figure 5.3: Exemplary illustration of areas in the x-ray absorption and XMCD spectra
which are needed as input for the sum rules. (left) X-ray absorption spectrum normalized
to the region after the L2 resonance. The area above the shown step function is pro-
portional to the resonant absorption strength into 3d states. (right) XMCD signal with
marked areas at the L3 and L2-edges, which are proportional to the difference between
the left and right circular polarized absorption. Adapted from Ref. [82]

Apart from determining the integrals, the number of 3d holes nh is needed
to calculate the magnetic moment per atom and was assumed, in a first ap-
proximation, to be nh u 5. This assumption was based on the fact that in the
atom, monomer ion and dimer cation [98] of Cr and Mn, nh = 5. Moreover,
even in extended systems such as ultrathin films of Mn, the 3d configuration
is still the atomic 3d5 to 95 % [99]. The total magnetic moment per cluster
was assumed to be in a first approximation the product of moment per atom
and number of atoms per cluster, i.e., pure collinear magnetism was assumed.
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This is a reasonable assumption because noncollinear magnetism in transi-
tion metal clusters is predicted by theory to be present only in metastable
isomers [10] which are not expected to be present in our experiment as men-
tioned in section 4.1.1. The calculated moments were then corrected for the
90 % polarization of the x-rays.

The application of the spin sum rule to 3d5 systems is somewhat prob-
lematic. The comparable magnitudes of 2p3d core-valence Coulomb and
2p core-hole spin-orbit interaction energies in this systems [69], lead to an
ambiguous assignment of 2p3/2 and 2p1/2 transitions in the x-ray absorption
spectrum [100]. Therefore, theory predicts that the spin magnetic moment
value obtained from the sum rules is only ≈ 0.68 % of the true value and
that the orbital to spin magnetic moment ratio is correspondingly overesti-
mated [69, 99, 101, 102]. In the case of the orbital magnetic moment sum
rule, no correction factor is needed as in this case it is not required to dis-
tinguish between 2p3/2 and 2p1/2 transitions. In a final step, the determined
spin mS and orbital mL magnetic moment were summed together and the
resulting total magnetic moment mJ was corrected in order to account for
the unsaturated magnetization at B ≤ 5 T and T = 10–20 K. For this correc-
tion it was assumed that the clusters are superparamagnetic and thus, that
their magnetization is a Brillouin function of the total magnetic moment mJ ,
magnetic flux density B, and cluster temperature T , as shown in Fig. 5.4.
The superparamagnetism of transition metal clusters has been demonstrated
in Stern-Gerlach experiments [8, 9, 103, 104] and more recently, in XMCD
experiments in our group [62, 63] and by Peredkov et al. [61].
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Figure 5.4: Magnetization of a superparamagnetic cluster as a Brillouin function of the
cluster’s magnetic moment and temperature. The magnetic flux density is B = 5 T.
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Chapter 6

Magnetic coupling in dimer
molecules

Although diatomic molecules are the smallest molecular entities, their elec-
tronic structure can already be quite complex and many of them are still
not well understood. This is particularly true for dimers of the 3d transition
elements with their open 3d shells which lead to many possible molecular
electronic configurations [19]. Atomic chromium and manganese have both
half-filled 3d shells with five unpaired electrons and corresponding high-spin
states but the 4s occupation in the former is 4s1 while in the latter it is 4s2.
The question of how and if the 3d orbitals participate in molecular bonding
in the dimer molecules of these two elements is not obvious to answer, as
exemplified by the extreme cases of the neutral dimers. Cr2 is a molecule
with a formal sextuple bond where all the valence orbitals of the atomic con-
stituents participate in the covalent molecular bonding [105]. This leads to
a short bond distance of 1.6788 Å [105] but also weakens the binding energy
to 1.443 ± 0.056 eV [106] because of the 4s orbital compression. In Mn2 on
the other hand, all atomic valence orbitals remain localized, Mn2 being often
regarded as a van der Waals molecule [21], with a long equilibrium distance
of 3.4 Å [21] and a small binding energy of 0.44 ± 0.30 eV [19]. It is not yet
clear how the bonding in the cationic species Mn+

2 , CrMn+, and Cr+
2 , with

three, one and two 4s electrons respectively, can be classified in between these
two extremes. Experimental data is scarce, mainly due to the difficulty of
studying these reactive species at the typically available low sample densities.
Therefore most available studies are not on free molecules but on molecules
embedded in rare gas matrices [18–21]. Theory, on the other side, has large
difficulties describing these systems, especially their magnetic properties. In
general, calculations based on Hartree-Fock methods will often result in high-
spin ground states while calculations based on density functional theory lead

39
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preferably to low-spin solutions [107].
This chapter is divided into three sections. In the first one, the results on

the spin coupling in Mn+
2 are presented. Out of the here investigated systems,

Mn+
2 , Cr+

2 , and CrMn+, the Mn+
2 molecule has been studied the most in the

literature. Its understanding will be helpful for the interpretation of the
results on Cr+

2 and CrMn+, presented in the second and third section of this
chapter. The chapter closes with a short synopsis.

6.1 The Mn+
2 dimer
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Figure 6.1: X-ray absorption and XMCD spectrum of Mn+
2 at B = 5 T and ion trap

electrode temperature of T = 8 ± 1 K. In the center the x-ray absorption spectrum of
the monomer ion Mn+ [74] is shown for comparison. The calculated x-ray absorption and
XMCD spectrum of Mn+ in the ground state configuration [Ar]3d54s1 is shown at the
bottom. The good agreement between molecular and monomer spectra indicates localized
3d5 orbitals and their ferromagnetic coupling.
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There is general agreement between experiment and theory that the elec-
tronic molecular ground state of Mn+

2 must be a high-spin state [14, 20–24,
26, 108] but until now, neither the exact multiplicity nor the symmetry of
the ground state have been definitively identified. The electron paramagnetic
resonance (EPR) of Mn+

2 in rare gas matrices [20, 21] and the comparison
of measured photodissociation and simulated optical absorption spectra of
the free Mn+

2 molecule [108], suggest a 12Σ+
g ground state. Most theoreti-

cal studies predict also a 12Σ+
g ground state [14, 22, 23, 26] but the energy

differences to 10Πu states is often small and in studies using density func-
tional theory, the exact energetic ordering depends on the functional used
[24]. Then again, a Π state can be discarded as the ground state due to the
experimental evidence of atomic-like 3d localization, i.e., no participation of
3d electrons in molecular bonding, observed in x-ray spectroscopy of Mn+

2

[98]. Therefore, and although the comparison of available experimental data
in weakly interacting matrices [21] results in good agreement, direct exper-
imental identification of the ground state of the free molecular ion is still
needed.

In Fig. 6.1 the L2,3 x-ray absorption of Mn+
2 and the difference spectrum

for negative and positive helicity of the x-ray photons, i.e., the XMCD asym-
metry, are shown. The monitored photoion was Mn2+. Also shown is the
experimental x-ray spectrum of the isolated ion Mn+ [74] and the calculated
spectra of Mn+ in the ground state [Ar]3d54s1 configuration, at the satura-
tion limit. The Hartree-Fock calculation was performed with the Cowan Code
[109] using the graphical user interface MISSING [110]. In the calculation
the usual scaling down of the Coulomb and exchange interaction parameters
to 85 % of the ab initio values was applied in order to account for intraatomic
relaxation effects [109]. A lifetime broadening of 0.1(0.3) eV at the L3(L2)
resonance [111] and a Gaussian broadening with FWHM of 0.25 eV to match
the experimental resolution were used. The increased broadening at the L2

resonance originates in the reduced lifetime of the 2p1/2 hole. The calculated
spectra were energy shifted by −2.5 eV in order to match the experimental
data.

The shape of the calculated XMCD spectrum of the ion and the experi-
mental one of the dimer are nearly identical, an indication of atomic-like and
strongly localized 3d5 orbitals, consistent with the strong resemblance of the
x-ray absorption of the atom and the dimer cation [98]. This also implies that
the Mn+

2 molecule is bonded by the available three 4s electrons which leads
to a (4sσg)

2(4sσu)
1 electronic configuration of the bonding and antibonding

molecular orbitals, respectively. The nonzero XMCD asymmetry and the
localized 3d5 orbitals immediately indicate a high-spin state with S = 5/2

per atom for the 3d electrons, without participation of the 3d electrons in
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the formation of molecular orbitals. As neither the bonding and antibonding
molecular orbitals 4sσg,u, nor the half-filled 3d5 atomic shells contribute to
the orbital angular momentum, the orbital magnetic moment should be zero.
This is confirmed by the application of the orbital magnetic moment sum rule
(see Section 5.3) which yields µl = 0.03 ± 0.11µB per atom, and confirms
a Σ state. Taking into account the spin contributions of the two 3d shells,
together with S = 1/2 of the unpaired 4sσu electron, the multiplicity (2S + 1)
of the ground state is 12. A parallel alignment of the 3d shells’ spin and the
spin of the unpaired 4sσu electron is energetically more favorable than the
antiparallel alignment as will be discussed in detail later on. Furthermore,
the even number of electrons in ungerade orbitals lead to a gerade (g) parity
and the 4sσ1

u orbital to a symmetric (+) reflection through a plane containing
the internuclear axis. The ground state of the free molecular ion is therefore
identified to be 12Σ+

g , in agreement with matrix isolation spectroscopy [21].

The measured XMCD asymmetry is weaker than the calculated one be-
cause at the experimental conditions of B = 5 T and ion trap electrode
temperature T = 8 ± 1 K, the magnetization of the dimer is not saturated
yet. Comparing the magnitude of the asymmetry results in a magnetiza-
tion of (49 ± 2) %. The projection of the total magnetic moment of 11µB

at this magnetization value can be compared to the value obtained from the
spin sum rule applied to the measured XMCD asymmetry. This comparison
yields an experimental spin sum rule correction factor of 1.5 ± 0.3, i.e., the
spin magnetic moment from the sum rule is (65 ± 11) % of the true value.
This correction factor agrees well with values from theory in the literature
of 1.5 and 1.47 [69, 99]. From the now known magnetization degree it is
also possible to extract the dimer temperature. This is possible because the
magnetization is a Brillouin function of the temperature, as mentioned in
Section 5.3. The corresponding dimer temperature is T = 26± 1 K while the
measured trap electrode temperature was 8 ± 1 K. This is consistent with
an RF heating of the trapped ions by 18± 2 K as described in Section 4.1.2.
The detected XMCD signal from Mn+

2 is the first direct measurement of the
ferromagnetic spin coupling between Mn atoms in the 12Σ+

g ground state of
the free dimer cation.

The fact that the 3d orbitals remain atomically localized has implications
for the geometric structure. For the 3d orbitals to be unperturbed, the
3d-3d overlap must be very weak, implying an equilibrium distance in the
dimer much larger than the typical bond distances experimentally known
of transition metal dimer cations, where the 3d orbitals participate in the
molecular bonding, e.g. re(V

+
2 ) = 1.73 Å [112] and re(Ni+2 ) = 2.22 Å [113].

A rough estimate can be made with the 3d radial distribution function [114,



6.1. THE MANGANESE DIMER CATION 43

p. 15] of atomic manganese

R(r) = r2

(
1

9
√

30
ρ2Z

3
2 e

−ρ
2

)2

with the effective nuclear charge for 3d orbitals in manganese Z = 10.528
[115] and ρ = 2Zr

3
. As can be seen in Fig. 6.2, the radial 3d electron den-

sity decreases to less than 1 % of its maximum at r ≥ 1.3 Å, leading to a
corresponding equilibrium distance for pure 4sσ bonding re(Mn+

2 ) ≥ 2.6 Å.
This estimate is in good agreement with calculated values in the literature
of re ≈ 2.9 Å [22, 26, 116].
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Figure 6.2: Normalized radial distribution function of 3d orbitals in the manganese atom.

Motivated by the EPR experiments on Mn+
2 in rare gas matrices [20, 21],

Bauschlicher [22] made a qualitative description of how competing effects of
3d-4s and 3d-3d exchange coupling in Mn+

2 result in a ferromagnetic cou-
pling of the unpaired 4s and both localized 3d shells in the ground state.
His argumentation, which goes along the same line as the model of indirect
exchange developed earlier by Zener, will be summarized in the following. Of
the 3d transition metal elements, the intraatomic 4s-3d exchange interaction
is strongest in manganese. This is evidenced by the large energy difference of
1.17 eV between the 3d5(6S)4s1 7S ground state of the manganese ion where
unpaired 3d and 4s spins are parallel, and the 3d5(6S)4s1 5S first excited state
where they are antiparallel [117]. This strong intraatomic 4s-3d interaction
in manganese favors a ferromagnetic coupling of the localized 3d shells in
the dimer cation because then the unpaired 4sσu electron can delocalize over
the entire molecule, with its spin aligned parallel to the 3d spins at both
atomic sites. On the other hand, the 3d-3d interatomic interaction favors an-
tiferromagnetic coupling of the 3d half-filled shells because then 3d electron
delocalization may take place without a spin flip in overlapping wave func-
tions. This is schematically shown in Fig. 6.3. Due to the large bond distance
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3d

3d

4s

Figure 6.3: Energetically most favorable coupling schemes of two half-filled 3d shells by
the long range, indirect 4s-3d exchange (top) and the short range, direct 3d-3d direct ex-
change (bottom). Electron delocalization without the need of a spin flip is favored, leading
to an antiferromagnetic coupling of half-filled 3d shells in the latter and a ferromagnetic
coupling of 3d shells and 4s electron in the former.

of about 2.9 Å, the energy gain due to this interatomic 3d-3d interaction is in
the order of 0.04 eV [22]. In contrast, the energy gain due to the intraatomic
4s-3d interaction is more than ten times this value (≈ 0.57 eV), leading to
an overall energy gain of 0.53 eV when 3d spins on both atoms and 4sσu spin
are aligned parallel. Thus, the competition between a weak 3d-3d interaction
favoring antiferromagnetic coupling and a strong 4s-3d interaction favoring
ferromagnetic coupling, leads to the observed ferromagnetically coupled high
spin 12Σ+

g ground state.

With the direct results on the magnetic coupling in free Mn+
2 from XAS

and XMCD presented here, it is now clear that the magnetic coupling in the
ground state of Mn+

2 is indeed best described by the indirect exchange or
double-exchange model, which was first proposed by Zener [70, 71] for the
description of conductive materials in the solid state and was further quan-
tified by Anderson and Hasegawa [72]. Within this model the electrons in
Mn+

2 are classified into two categories: localized and delocalized, i.e., 3d and
4sσu. The total 3d spin S = 5/2 at each atomic site couple to each other in
two ways, directly and indirectly. First through direct exchange interaction
which depends on the 3d-3d orbital overlap and is therefore a short range
interaction. This interaction favors an interatomic antiferromangetic cou-
pling of the 3d spins (see Fig. 6.3). Secondly, through the indirect exchange
interaction, i.e., the common coupling of the spin of the 3d shells to the spin
of the 4sσu electron. This interaction is a long range interaction and favors
the ferromagnetic coupling of 3d and 4sσu spins. In Mn+

2 , the long bond
distance and the high-spin state (6(S)) of the half-filled 3d shells, lead to a
stronger indirect than direct exchange interaction. Therefore, the magnetic
coupling is ferromagnetic as assigned by Bauschlicher. For the applicability
of his model, Zener declared three main requirements:
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Mn
+

Mn
0

Mn
+

Mn
0

Figure 6.4: Schematic illustration of the description of the Mn+
2 dimer molecule as a

mixed-valence system where the assignment of charge state to each atom can not be done
unambiguously. The indistinguishable manganese atoms have each an effective charge
state of 0.5

1. an atomic-like spin correlation in the open 3d shell,

2. a direct 3d-3d exchange interaction which favors antiferromagnetic cou-
pling

3. a strong coupling between the spin of the localized open 3d shell and
the spin of the conduction (delocalized) electrons.

The x-ray absorption and XMCD spectra shown in Fig. 6.1, indicate ferro-
magnetically coupled, half-filled, atomic-like 3d shells, demonstrating that all
three requirements are exactly fulfilled in Mn+

2 and it could be described as
an ideal ‘Zener molecule’. In particular, the first requirement can be shown
experimentally to be clearly fulfilled here because of the atomic-like x-ray
absorption spectrum that is very sensitive to spin correlations in the initial
and final states.

In a more recent theoretical study that follows Bauschlicher [22], Wang
and Chen [26] assumed these requirements to be satisfied and used a double-
exchange Hamiltonian to describe the manganese dimer cation as a mixed-
valence system, with two charge states, zero and one, where the Mn atomic
sites are indistinguishable and the unpaired 4sσu electron is completely delo-
calized over the entire molecule, as schematically shown in Fig. 6.4. The ratio
of the strengths of competing direct and indirect exchange interactions was
calculated in density functional theory to be about 1:7.5 [26] in good agree-
ment with the ratio of about 1:10 previously calculated by Bauschlicher. The
XAS and XMCD measurements in the gas phase presented here are the first
direct evidence that the approach of Bauschlicher and Wang and Chen was
correct. In principle, the approaches of Zener, Bauschlicher, and Wang and
Chen are all equivalent and lead to the same results because they are based
on the same mechanism.
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Figure 6.5: X-ray absorption and XMCD spectrum of Cr+
2 at B = 5 T and ion trap

electrode temperature of T = 13 ± 1 K. In the middle the x-ray absorption spectrum
of the monomer ion Cr+ [74] is shown for comparison. The calculated x-ray absorption
and XMCD spectrum of Cr+ in the ground state configuration [Ar]3d54s0 is shown at the
bottom.

6.2 The Cr+
2 dimer

In contrast to the manganese dimer cation, the chromium dimer cation is less
well studied although the Cr2 neutral molecule has attracted a lot of atten-
tion and is frequently used as a benchmark molecule for electronic structure
calculations (see Ref. [118] and references therein). The only available exper-
imental result on Cr+

2 is the dissociation energy D0(Cr+
2 ) = 1.30 ± 0.06 eV

[28]. Especially remarkable is the fact that there are no experimental results
on the magnetic properties from electron paramagnetic resonance studies in
rare gas matrices, which is a very common source of experimental data on
transition metal dimers [19]. On the theory side, results vary strongly de-
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pending on the computational details. Depending on the approximations
and functionals used to describe exchange and correlation, both high-spin
and low-spin solutions have been found for the ground state of Cr+

2 in stud-
ies using density functional theory [23, 24]. In both studies the predicted
low-spin solutions have the same short bond distance of 1.67 Å but the pre-
dicted dissociation energies D0 do not agree, with one calculation resulting
in D0 = 1.30 eV [24], which would be in agreement with the experimental
D0, and the other in D0 = 2.47 eV [23]. In the case of the high-spin solution
[23], the magnetic moments per atom were found to be ferromagnetically
coupled and of equal magnitude compared to the isolated atom, with a long
bond distance of 2.96 Å and D0 = 1.54 eV, which disagrees with the exper-
imental value. This ferromagnetic state was only 0.015 eV lower in energy
than the antiferromagnetic solution [23]. Additionally, quantum chemistry
calculations by Yamada et al. [27] on a preselected, reduced set of possible
states, have found the 12Σ+

u state to be lower in energy than the 2Σ+
u,g or the

10Σ+
u,g states. However, their calculated bond dissociation energy of 1.49 eV

is in disagreement with the experimental value and no explanation was of-
fered as to why the high spin 12Σ+

u state is the ground state of Cr+
2 while in

the neutral molecule it is the 1Σ+
g . The preselection of the electronic states

to be taken into account for the quantum chemistry calculations of Yamada
et al. [27] was based on experimental results [98], which were performed in
our group with the previous version [87] of the experimental setup used in
this thesis.

Results of x-ray and XMCD spectroscopy

Experimentally, the bonding and spin coupling in Cr+
2 can be identified by

XMCD spectroscopy, in analogy to the case of Mn+
2 discussed above. At the

top of Fig. 6.5, the x-ray absorption and XMCD spectra of the chromium
dimer cation at the Cr L2,3-edges, are shown. The total x-ray absorption
spectrum shown is the average and the XMCD spectrum the difference of
the spectra measured with right and left circular polarization. The magnetic
field strength was 5 T and the ion trap temperature 13 ± 1 K. A photon
energy bandwidth of 275 meV was used and the detected photoion was Cr2+.
Also shown is the x-ray absorption spectrum of Cr+ measured with linear
polarization and a narrower energy bandwidth of 125 meV [74], and the cal-
culated x-ray absorption and XMCD spectrum of the chromium cation in
its ground state configuration [Ar]3d54s0. The details of the calculation are
the same as for Mn+ and were already described at the beginning of the
preceding section.

As in the case of the manganese dimer cation, the x-ray absorption spec-
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trum of Cr+
2 is very similar to the one of the monomer ion. Furthermore, the

atomic calculation reproduces very well the experimental spectra, consistent
with the excellent agreement between atomic and molecular x-ray absorption
spectra [98]. Although the double peak feature of the Cr+

2 spectrum at the
maximum of the L3 resonance are not reproduced by the atomic calculation,
these feature is also present in the experimental spectrum of the Cr+ ion
so that it can be concluded that localization and exchange in the 3d shell
of the diatomic molecular cation are the same as in the isolated ion. This
demonstrates that the binding molecular orbital is occupied by the single 4s
electron and the 3d orbitals do not participate in the molecular bonding but
are atomic-like in localization and spin correlation. The preserved atomic-
like localization of the 3d orbitals in Cr+

2 , just as in the case of Mn+
2 , implies

a relative long bond distance. This can be estimated from the 3d radial
distribution function shown in Fig. 6.6 and calculated as described in the
preceding section, taking into account the reduced effective nuclear charge
for the 3d electrons in chromium Z = 9.757. As can be seen in Fig. 6.6,
the condition of small 3d-3d overlap leads to a lower bound estimate on the
equilibrium distance of Cr+

2 of re ≥ 2.7 Å.

Furthermore, the atomic-like spectrum of the molecule indicates that the
3d shell possesses a total spin S = 5/2 per atom and zero total orbital angular
momentum. The latter is confirmed by the experimentally determined orbital
magnetic moment per atom (µl = 0.03 ± 0.14µB), which was obtained by
applying the orbital magnetic moment XMCD sum rule [58] and is zero within
error bars. As described in Section 5.3, no correction factor is needed for the
application of the orbital magnetic moment sum rule to 3d5 systems.

Just as in the case of Mn+
2 discussed in the preceding section, the atom-

ically localized spins (S = 5/2) can couple to each other and to the spin of
the 4s electron (S = 1/2) in a ferro- or antiferromagnetic manner, resulting in
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Figure 6.6: Normalized radial distribution function of 3d orbitals in the chromium atom.
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Figure 6.7: Possible total molecular spins states of the Cr+
2 molecule under the condition

of localized, high-spin 3d5 shells.

molecular electronic states with S = 11/2 and 9/2, or S = 1/2, as shown in Fig.
6.7. The fact that the measured XMCD signal is not zero is direct evidence
of the ferromagnetic coupling of the spins of the 3d orbitals and rules out the
state with S = 1/2 as the ground state. This state would result in no XMCD
asymmetry at the L2,3 edged because the net magnetization stemming from
the 3d states would be zero. The nonzero XMCD signal in Fig. 6.5 is also
clear evidence of the strongly differing magnetic coupling in Cr+

2 compared
to the neutral molecule with its S = 0 ground state [105, 119–121]. In order
to identify the ground state of Cr+

2 between the two remaining possible states
S = 11/2 and 9/2 states, a similar argumentation as the one used for the Mn+

2

dimer cation (see preceding section), may be applied here. The intraatomic
4s-3d exchange interaction in chromium is the second largest in the 3d tran-
sition row and is responsible for the large energetic separation between the
ground state and the first excited state in the atom ∆E(7S− 5S) = 0.94 eV
[117], see Table 6.1. These states differ by a spin flip of the 4s electron. Like-
wise, the S = 11/2 state and the S = 9/2 state in the chromium dimer cation
also differ by a spin flip of the unpaired 4s electron, as illustrated in Fig.
6.7. Because the localization and intraatomic exchange of the 3d orbitals are
atomic-like in Cr+

2 , the energy cost of such a spin flip should be comparable
in the atom and in the dimer cation, i.e., the energy difference between these
two states can be estimated as [22]:

∆E (11/2, 9/2) =
(
E [Cr (↑↑↑↑↑ ↑)] + E

[
Cr+ (↑↑↑↑↑)

])
−
(
E [Cr (↑↑↑↑↑ ↓)] + E

[
Cr+ (↑↑↑↑↑)

])
= E [Cr (↑↑↑↑↑ ↑)]− E [Cr (↑↑↑↑↑ ↓)]
= E

[
Cr
(

7S
)]
− E

[
Cr
(

5S
)]

= 0.94 eV

It is then evident that the S = 11/2 state shown in the right panel of Fig. 6.7
where the spins of 3d shells and unpaired 4s electron are all aligned parallel,
is the ground state.
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Cr0 Mn+

Configuration Term J Energy

3d5(6S)4s1 7S 3 0.00

3d5(6S)4s1 5S 2 0.94 1.17

Table 6.1: Electronic configuration and energy (eV) of the ground and first excited state
in Cr0 and Mn+ [117]. The energy is given relative to the ground state.
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Figure 6.8: Comparison of measured Cr+
2 and calculated Cr+ XMCD asymmetry at

the L3-edge. The calculated asymmetry corresponds to saturation magnetization and was
multiplied by a factor of 0.62 in order to match the magnitude of the asymmetry measured
at B = 5 T and ion trap electrode temperature of T = 13± 1 K, i.e., the magnetization of
the measured sample was (62± 2) %.

An analysis of the magnitude of the XMCD asymmetry in Cr+
2 , analo-

gous to the one performed in the preceding section for Mn+
2 , is applicable

and makes a determination of total magnetization, cluster temperature, and
spin sum rule correction factor possible. As shown in Fig 6.8, the compari-
son of the magnitude of measured and calculated XMCD asymmetry results
in a magnetization of (62 ± 2) % of Cr+

2 at 5 T and an ion trap electrode
temperature of 13± 1 K. Using the Brillouin function (see Section 5.3), this
magnetization value corresponds to a dimer temperature of 18 ± 1 K with
S = 11/2. As described in Section 4.1.2, the temperature of the trapped ions
is always higher than the one measured at the ion trap electrodes [63]. More-
over, with the determined degree of magnetization, a value of 1.3 ± 0.1 for
the spin sum rule correction factor can be extracted from the measurement,
which is comparable to values found in the literature of 1.5 and of 1.47 [69,
99].
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Critical discussion

Until now, there is no experimental evidence available in the literature of
the ferromagnetic coupling in Cr+

2 and the neutral Cr2 is a singlet molecule
with S = 0 [105, 119–121]. Therefore, the possibility of a coexistence of
ferro- and antiferromagnetically coupled isomers with similar energies at the
experimental conditions will be discussed. The first indication that this is
not the case, is the fact that the the XMCD signal was still detectable at
B = 0.4 T and T ≈ 15 K, which corresponds to a magnetization of the cluster
of ≈ 6 % and is estimated to be the detection limit of the experiment. This
also means that at B = 5 T and T ≈ 12 K, the lowest measurable total clus-
ter magnetic moment is ≈ 1µB. The observation of the XMCD signal at such
low magnetic field strengths also indicates that a spin flip of one 3d shell’s
spin induced by the magnetic field is not the cause for the observed ferro-
magnetic coupling as the energy gain is only ∆E = 10µB× 0.4 T = 232µeV.
Moreover, it is possible to estimate an upper limit on the ratio of low spin
to high spin isomers from the observed small discrepancy between the de-
termined cluster temperature (15 ± 1 K) and the measured trap electrode
temperature (13 ± 1 K). The presence of an antiferromagnetically coupled
isomer in the trap would contribute to the x-ray absorption but not to the
XMCD signal, effectively reducing the intensity of the normalized XMCD
signal. This in turn would lead to an underestimation of the magnetization
and a corresponding overestimation of the cluster temperature. The possible
cluster temperature overestimation within error bars is therefore 3 K, result-
ing in an upper limit of 18 % on the fraction of low spin isomers present in
the experiment. The true value of contamination must be considerably lower
due to the RF heating of the trapped clusters, which reduces the possible
cluster temperature overestimation. The experimental results presented here
therefore deliver strong evidence for a ferromagnetic coupling in the ground
state of the chromium dimer cation.

After the preceding discussion, the question arises why the possibility
of a strong similarity between Mn+

2 and Cr+
2 has not been considered in the

literature until now. The reason for this lies probably in the extremely differ-
ent properties of the corresponding neutral species (see Table 6.2), combined
with the lack of experimental studies on Cr+

2 and the difficulty for theory in
the correct description of systems containing transition metals. The neutral
manganese dimer is a van der Waals-bonded molecule with a large equilib-
rium distance re of 3.4 Å [21] while the chromium dimer is the archetypal
multiple-bond molecule with a very short bond distance of 1.6788 Å [105].
The EPR studies of the manganese dimer in rare gas matrices [18, 21] indi-
cated that due to ionization, the bonding changes from a van der Waals- to
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Cr2 Mn2

Bond type sextuple bond van der Waals

re 1.6788 Å (Ref. [105]) 3.4 Å (Ref. [21])

D0 1.443± 0.056 eV (Ref. [106]) 0.44± 0.30 eV (Ref. [19])

Table 6.2: Bonding type, equilibrium distance re, and dissociation energy D0 of the
neutral Cr and Mn dimers.

a covalent-type of bonding. This is maybe not so surprising as the ionization
breaks up the 4s2 closed shell configuration of Mn, making the formation of
molecular orbitals favorable. For the chromium dimer cation on the other
hand, only the dissociation energy D0 had been experimentally determined
(1.30±0.06 eV) [28] and being comparable to the one in the neutral molecule
(1.443 ± 0.056 eV) [106], there was no obvious reason to expect a large dif-
ference in the bonding mechanism due to ionization. Only because of the
new experimental results presented here it is now clear that the case of Cr+

2

is analogous to the one of Mn+
2 . The bonding and magnetic coupling is me-

diated, in the Zener double-exchange picture, by an unpaired, delocalized
electron in a bonding (Cr+

2 ) or an antibonding (Mn+
2 ) 4sσ orbital. The anal-

ogy between Cr+
2 and Mn+

2 becomes even more obvious if one considers the
equivalence of electrons and holes. With this in mind, the ferromagnetic
coupling of localized 3d electrons in Cr+

2 is mediated by a delocalized 4sσ
electron, while in Mn+

2 the ferromagnetic coupling of localized 3d holes is
mediated by a 4sσ hole.
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Figure 6.9: Potential energy curves of neutral Cr2 (solid line) and positively charged
Cr+

2 (broken line) chromium dimer in their ground states 1Σ+
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u , respectively. The
vertical axis is a relative energy axis for better comparability. The minimum in the curve
of the neutral molecule is due to 3d-3d bonding while the shoulder at larger interatomic
distances is due to 4s-4s bonding. Adapted from Ref. [122](Cr2) and [27](Cr+

2 ).



6.2. THE CHROMIUM DIMER CATION 53

From the results presented here and from the potential energy curve of
the neutral molecule Cr2 [122], an approximate description of the curve of
the chromium dimer cation Cr+

2 can be given. The potential energy curve
of the neutral Cr2, shown in Fig. 6.9, is characterized by a minimum at a
short bond length re of 1.6788 Å, which is caused mainly by d-orbital bond-
ing, and a shelf-like structure at re ≈ 2.8 Å, corresponding to the preferred
long bond lengths of s-orbital bonding. After ionization, which changes the
spin magnetic moment by 11µB, ferromagnetic indirect exchange interaction
becomes possible and the dominating effect. The large energy gain due to
this interaction turns the shelf-like structure seen in Fig. 6.9 at 2.8 Å into a
true minimum which defines the ground state of the ion. This is why in Cr+

2

and Mn+
2 , where bonding is mainly of the s-type, the bond distances are both

larger than 2.6 Å. This description is consistent with the calculated potential
energy curve of the 12Σ+

u state of Cr+
2 [27], also shown in Fig. 6.9. Addi-

tionally, at short bond distances (re ≈ 1.67 Å), the minimum of an excited
low-spin state may be present due to the energy gain if bond compression
leads to the participation of the 3d orbitals in bonding.

Implications of the new results for past experiments

The new identified large difference in the equilibrium distance of neutral and
charged chromium dimer could have implications for the interpretation of
past experiments in the literature. Specifically, Simard et al. [123] indirectly
determined the dissociation energy of the neutral molecule D(Cr2) by mea-
suring its ionization potential IP (Cr2) in two-color photoionization efficiency
experiments. To obtain D(Cr2) they used the relation

D(Cr2) = D(Cr+
2 )− IP (Cr) + IP (Cr2)

using values forD(Cr+
2 ) and IP (Cr) from the literature [28, 124]. Their deter-

mined value for the dissociation energy of 1.53±0.06 eV is slightly larger than
the until then accepted values of 1.443 ± 0.056 eV by Hilpert and Ruthardt
[106] and 1.42± 0.10 eV by Su et al. [28]. The older values were determined
by mass spectrometric Knudsen effusion and collision induced dissociation
experiments, respectively. In their analysis, Simard et al. [123] assumed that
the ground state of Cr+

2 is of 2Σ symmetry and therefore accessible from
the neutral state by a direct, one-electron ionization process, without any
relaxation of the remaining electrons. They furthermore assumed that the
rotational constant is the same in the neutral and cation. However, as shown
above, the ground state of Cr+

2 is of 12Σ symmetry and must have a much
larger equilibrium distance than the neutral molecule with its 1Σ ground state
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for the 3d orbitals to remain localized and to not participate in the molec-
ular bonding. Consequently, the cation ground state is not reachable from
the neutral state without any electron relaxation that will inevitably have
to follow the change in equilibrium bond length. The measured ionization
threshold is therefore the excitation energy from the neutral ground state
into a cationic excited state and not the adiabatic ionization threshold of the
neutral molecule, as was assumed by Simard et al. [123]. Their ionization
potential value is therefore overestimated as well as the deduced dissociation
energy of the neutral chromium dimer suggesting that the older, lower values
of D0 are correct after all.

6.3 The heteronuclear CrMn+ dimer

Although both pure chromium and manganese charged dimers were found
to be ferromagnetically coupled, high-spin molecules, the magnetic coupling
in the case of the charged mixed dimer cation CrMn+ is not obvious from
analogy. Considering that it is isoelectronic to the neutral chromium dimer
molecule, i.e., they have the same number of valence electrons, it could even
be expected that it has also a singlet ground state as Cr2 does [105, 119].
Experimental data is required in order to clarify if this is the case or if and
how the broken symmetry in this heteronuclear dimer CrMn+ influences the
magnetic coupling. With no experimental data available from EPR in rare
gas matrices, the direct, element specific probing of the magnetic properties
by x-ray absorption and XMCD spectroscopy would be very helpful.

The normalized x-ray absorption and corresponding XMCD spectra of
CrMn+ at the Cr and Mn L2,3-edges are shown in Fig. 6.10. The element
specificity of the x-ray absorption allows to probe the L2,3 resonances of each
element separately. At the fixed slit width of 200µm, the photon energy
bandwidth was 292 meV and 345 meV at the maximum of the chromium
and manganese L3 resonance, respectively. For comparison, the x-ray ab-
sorption spectra of the single ion and of the pure dimers are also shown,
measured with a photon energy bandwidth of 125 meV and 275 meV, re-
spectively. Although the x-ray absorption signatures are still similar to the
ones of the corresponding isolated ions, the similarity is not as strong as
between pure dimer cation and isolated ion. Especially at the Mn L2,3-
edge, a broadening of the spectral signature is clearly visible. This indicates
an increased, partial delocalization of the 3d orbitals with the overall elec-
tronic configuration still close to 3d5. Moreover, the XMCD signal is zero
within the statistical uncertainties as represented by the black error bars
in Fig. 6.10. The total magnetic moment of the mixed dimer, which has
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a close to zero orbital contribution due to the close to 3d5 configuration,
is therefore below the detection limit of the experiment. This limit was
estimated in the preceding section to be 1µB at T ≈ 12 K. Taking into ac-
count the even number of valence electrons in the mixed dimer cation CrMn+

(Cr [5× 3d e− + 1× 4s e−] + Mn [5× 3d e− + 2× 4s e−]− 1 e− = 12 e−), the
lowest possible nonzero spin state is S = 1 and correspondingly, µS = 2µB

would be the lowest magnetic moment. Because this is twice as much the
detection limit of the experiment, this S = 1 state can also be discarded as
the ground state as it would lead to an XMCD signal strength well above the
statistical uncertainties. The ground state of CrMn+ is therefore a 1Σ state.

The strong contrast between the magnetic properties of pure and mixed
dimer cations is mainly due to the missing unpaired 4sσg,u electron in the
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latter. This seems to lead to an increased participation of the 3d electrons
in the molecular bonding, as indicated by the increased broadening in the x-
ray absorption spectrum. It also makes an indirect exchange coupling of the
remaining localized moments through a delocalized, unpaired 4s electron im-
possible. As described in the preceding sections, the ferromagnetic coupling
in the pure cationic species is due to a parallel alignment of the atomically
localized 3d spins together with the spin of an unpaired 4s electron. Without
indirect exchange interaction, only the direct exchange interaction remains,
which favors an antiferromagnetic coupling of the (partially) localized 3d5

shells, leading to the ground state of CrMn+ with S = 0. The partial partic-
ipation of 3d electrons in the bonding also implies a decreased bond distance
in CrMn+ compared to Cr+

2 and Mn+
2 , where re > 2.6 Å (see preceding sec-

tions). This is in agreement with the results from theory where a CrMn+

ground state with S = 0 and 2.25 Å ≤ re ≤ 2.41 Å was found [23, 25]. The
decreased equilibrium distance makes direct exchange, which is a short range
interaction, even more favorable. This reduced bond distance is still substan-
tially larger than the one in the neutral chromium dimer molecule Cr2. Also,
there is no indication in the x-ray absorption spectra of CrMn+ of a strong
participation of the 3d orbitals in the molecular bonding, which would be ex-
pected if a sextuple bond were present as in Cr2. The heteronuclear molecule
CrMn+ behaves therefore markedly different than the isoelectronic Cr2 even
though the ground state in both cases is a 1Σ state.

For the neutral CrMn molecule, with one unpaired 4sσ electron, indirect
exchange coupling could become possible again. This interaction would com-
pete with direct exchange and could lead to a ground state with a multiplicity
differing by more than one from the singlet multiplicity in the cation. This
reasoning is compatible with the 4Σ ground state identified experimentally
in weakly interacting Ar and Ne matrices [21]. In the same experiment also
evidence was found for a limited participation of the 3d orbitals in the bond-
ing. In light of this complex interplay of exchange mechanisms, it may be
not surprising that the available calculations in the literature [23, 25] predict
a 2Σ ground state for the neutral mixed dimer CrMn, in disagreement with
the available experimental data [21].

6.4 Synopsis

By applying x-ray absorption and XMCD spectroscopy to the free dimers
Cr+

2 , CrMn+, and Mn+
2 , their electronic structure and magnetic properties

were characterized. A summary of the results found can be seen in Table
6.3. In all three dimers evidence was found of 3d orbital localization. The
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Cr+
2 CrMn+ Mn+

2

Occupation of 4sσg,u 1 2 3

Symmetry 12Σ+
u

1Σ 12Σ+
g

Magnetic coupling FM AFM FM

Mag. moment per atom (µB) 5.5 ≤ 5 5.5

Estimated re (Å) > 2.7 ≤ 2.6 > 2.6

Table 6.3: Overview of the results obtained for the three studied molecules in their
ground states. FM and AFM stand for ferromagnetic and antiferromagnetic, respectively

3d orbitals in the pure dimers Cr+
2 and Mn+

2 are completely localized and do
not form molecular orbitals. In CrMn+ there is a weak participation of the
3d orbitals in molecular bonding. The orbital magnetic moment is zero in
all three cases. The large atomically localized 3d spin magnetic moments of
5µB couple ferromagnetically in the pure species, while in the mixed dimer
the magnetic coupling is antiferromagnetic. The ferromagnetic coupling in
the homonuclear dimers is due to the indirect exchange interaction between
localized 3d spins, which is mediated by a single delocalized 4sσ electron. In
CrMn+, with an even number of valence electrons, there is no unpaired 4sσ
electron and the interatomic coupling between localized 3d orbitals is defined
by the 3d-3d direct exchange interaction which favors antiferromagnetic cou-
pling of half-filled 3d shells. Furthermore, upper and lower bounds on the
equilibrium distances re were estimated, based on the experimental evidence
of participation of the 3d orbitals in molecular bonding.
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Chapter 7

X-ray spectroscopy of small Cr
& Mn clusters

The ground state electronic configurations of atomic chromium and man-
ganese differ only in the occupation of the 4s subshell, which is [Ar]3d54sn

with n equal to one for Cr and two electrons for Mn, respectively. The
bulk materials, on the other hand, are very different in their geometric and
electronic structure [1]. Bulk chromium has a body-centered cubic crystal
structure and is the archetypal itinerant antiferromagnet. Bulk manganese,
in its stable at room temperature allotrope α-Mn, has the largest and most
complex unit cell of any element and is a noncollinear antiferromagnet. The
α-Mn unit cell contains 58 atoms and four different atomic sites with lo-
calized magnetic moments of varying magnitude. The question of how the
magnetic properties in these two elements develop from the atom to the
bulk is therefore of exceptional interest and has motivated many theoretical
and experimental studies on atomic clusters. As mentioned in Chapter 2,
most experiments until now have been of the Stern-Gerlach type on molec-
ular beams, investigating the magnetic moment as a function of cluster size
[9, 11–13]. However, these experiments are cluster size limited, due to the
vanishing transmission and the difficult thermalization of very small clusters
with less than ten atoms. Therefore, experimental results on the electronic
structure and magnetic properties of these small sizes could prove to be very
valuable.

59
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7.1 Chromium clusters

Size dependent electronic structure

The x-ray absorption spectra of positively charged chromium clusters with
one to eleven atoms are shown in Fig. 7.1. These spectra were recorded
without applied magnetic field and with linearly polarized x-rays, with an
experimental setup [87] that is similar to the one used for the XMCD mea-
surements. The photon energy bandwidth was 200 meV. For comparison, the
spectra of the chromium cation [74], dimer cation [98], and bulk chromium
[125] are also shown. As discussed in the preceding chapter, the spectra of
the dimer can be assigned to a 3d5 electronic configuration of the 3d shell.
Starting with Cr+

3 , the spectra become much broader and an assignment to
a single atomic electronic configuration is not possible anymore. As a mea-
sure of the broadening, the half width at half maximum (HWHM) of the
L3 resonance as defined in Fig. 7.1 was used. In Fig. 7.2 the HWHM is
plotted as a function of the inverse radius of the cluster. The onset of this
broadening at very small cluster sizes has already been observed in the x-
ray absorption spectra of several 3d transition metals clusters [87, 126, 127].
This broadening is a direct consequence of the participation of 3d electrons
in bond formation. The 3d-3d bond formation, together with an increased
4s-3d promotion, eventually lead to the formation of electronic bands in the
bulk. Additionally, an effective broadening results from the varying environ-
ment and symmetry at the different atomic sites in the cluster. The x-ray
absorption spectrum at each site varies as the atomic coordination decreases
from the volume to the surface, leading to a broader total spectrum, i.e., it
is an average over all atoms in the cluster.

Besides the early onset of broadening, some qualitative differences in the
spectral signature in comparison to the bulk chromium spectrum are also
observable as the cluster size increases. Especially at the maximum of the
L3 resonance, there are remnants of atomic multiplet structure visible which
indicate a varying degree of 3d localization at the different atomic sites in the
cluster and an overall more localized character of the 3d electrons relative to
the bulk. This remaining localization is also the reason why the absorption
onset has not yet reached the bulk value at the largest cluster studied here
containing eleven atoms [127]. Chromium differs from the observed trend in
most other 3d transition metals, where the line shape in this size range is
already bulk-like [87, 126, 127]. Related to this relatively sharp features at
the L3 resonance, Cr+

8 seems to be different in contrast to smaller and larger
Cr clusters, displaying no sharp lines. Furthermore, the maximum of the
L3 resonance is blue shifted by 0.75–1 eV compared to neighboring cluster
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sizes. This may be associated to the particular case of neutral Cr8 which has
two degenerate isomers with different structures and ionization potentials
[128, 129]. Because the structures of most small neutral Cr clusters are not
affected by oxygen chemisorption [129, 130], it is not unreasonable to expect
the structures to remain unaltered after removal of an electron. Therefore,
both isomers may be present here and the measured spectra is the average
of two corresponding absorption spectra. A masking of multiplet structure
and a shifting of the resonance maximum as observed here, are the possible
consequences. Note that the presence of two Cr+

8 isomers in comparable
amounts would be quite surprising as the clusters studied here are expected
to be in their global geometric ground states (see Section 4.1.1). It would
imply that the two isomers are very close in energy and are separated by
a small energetic barrier, smaller than the temperature in the ion trap of
about 80 K. This is at least consistent with the zero energy difference between
both isomers found by theory [128] and the experimental observation of two
different vertical ionization energies for Cr8 at ≈ 60 K cluster temperature
[129].

Experimental [131, 132] and theoretical work [133] has supported the
idea of the pairing of chromium atoms playing a major role in the growth
mechanism and the electronic structure of small chromium clusters. This
interpretation has been partially justified by the peculiarity of the multiple
bond and short bond distance in the neutral chromium dimer. Su and Ar-
mentrout [131] observed even-odd alternations in the bond energies of small
cationic chromium clusters and proposed this to be due to the bonding in the
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clusters being mediated exclusively by the valence 4s electrons while the 3d
electrons remain localized. This suggestion must be dismissed as the x-ray
absorption spectra shown in Fig. 7.1 reveal that the 3d electrons participate
strongly in the bonding. Later on, photoelectron spectra of small anionic
chromium clusters measured by Wang et al. [132] were interpreted as being
evidence of dimerization in the cluster, i.e., neutral dimers are the building
units of the cluster [133]. The x-ray absorption spectra shown in Fig. 7.1
do not deliver any obvious evidence of dimerization playing a major role be-
cause no even-odd alternation is observable. This kind of oscillation could
be expected if strongly 3d-3d bound neutral dimers were the building blocks
of the clusters. The 3d unoccupied density of states would then change dra-
matically between clusters with an even and clusters with an odd number
of atoms, which would be easily visible in the spectra. The results shown
here therefore are in line with theoretical [128] and experimental [129] results
available in the literature which have challenged the proposed importance of
pairing or dimerization in small Cr clusters.

Magnetic properties of Cr+
3,4,5 clusters

In Fig. 7.3 the measured x-ray absorption and magnetic circular dichroism
spectra of the positively charged chromium trimer, tetramer, and pentamer,
(Cr+

3,4,5), are shown. The x-ray absorption spectra shown here were measured
with a photon energy bandwidth of 0.625 eV and of 1.25 eV for Cr+

3,5 and Cr+
4 ,

respectively. Some spectral features appear broader when compared with
the spectra shown in Fig. 7.1 due to the narrower photon energy bandwidth
used for the spectra shown there of 150 meV. As described in Section 3.2,
the x-ray absorption spectra shown here in Fig. 7.3 result from the sum of
spectra measured with positive and negative helicity in the presence of a
magnetic field. The dichroism signal is very weak in all three clusters and
is multiplied by a factor of five in the figure for better visibility. In the
case of Cr+

3 and Cr+
5 , the observed XMCD signal is similar in shape and

energetic position to the one of the chromium dimer cation, shown at the
bottom for comparison. The x-ray absorption spectrum of the Cr dimer
cation was discussed in Section 6.2. Furthermore, careful comparison of the
x-ray absorption spectra shown in Fig. 7.3 with x-ray absorption spectra
shown in Fig. 7.1 reveals the presence of a shoulder at the low energy side
of the L3 resonance, which coincides in photon energy with the maximum of
the absorption of the chromium dimer at 573.5 eV. It can be thus reasoned
that the observed XMCD signal arises, at least partially, not from the parent
clusters Cr+

3,5 but from a contamination by Cr+
2 in the trap. Although parent

cluster mass selection was more than adequate, contamination can occur
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Figure 7.3: X-ray absorption and XMCD spectra of cationic chromium clusters with
three, four, and five atoms. The spectra were recorded at B = 5 T and ion trap electrode
temperature T = 19± 1 K. The XMCD asymmetry has been multiplied by a factor of five
for better comparability. For comparison, the XMCD spectrum of chromium dimer cation
is displayed at the bottom.

if collision induced fragmentation of the parent cluster takes place before
x-ray excitation and the resulting fragments are efficiently trapped. The
measured x-ray absorption is then a mixture of photoion yield stemming these
fragments and from the original parent cluster. The degree of contamination
can be very roughly estimated by comparing the magnitude of the XMCD
asymmetry shown in Fig. 7.3 with the one of Cr+

2 presented in the preceding
chapter. With this approach, a Cr+

2 contamination of less than 10 % and 5 %
was estimated for the measurement of Cr+

3 and Cr+
5 , respectively.

An absence of an XMCD signal can be explained by zero local magnetic
moments or by antiferromagnetic coupling of local moments, leading to zero
effective magnetic moments on the entire system. For Cr+

4 it is not possible
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to distinguish between these two cases due to the even number of atoms. For
Cr+

3 and Cr+
5 on the other hand, the local magnetic moment of one atom

would remain uncanceled in the case of antiferromagnetic ordering and local
magnetic moments per atom of equal magnitude. This would be consistent
with the previously mentioned dimerization model of Wang et al. [132]. How-
ever, this explanation can be discarded as in this model chromium clusters
with an uneven number of atoms would have a total magnetic moment of
5µB which would lead to a much larger XMCD signal as the one observed in
the experiment and shown in Fig. 7.3. As there is strong evidence that all of
the observed XMCD signal originates from the Cr+

2 contamination, the local
magnetic moment per atom in Cr+

3,5 must be below the detection limit of the
experiment, which at the higher ion trap electrode temperature of 19±1 K is
estimated to be µcluster ≈ 1.5µB (see Section 6.2). This upper limit is in dis-
agreement with the only experimental results until now for Cr+

3 [5]. There,
photodissociation spectra were compared to simulated, optical absorption
spectra in order to identify the structure and magnetic moments per atom of
Cr+

3 . This study predicted large, localized magnetic moments, coupled anti-
ferromagnetically resulting in 5µB cluster total magnetic moment. From the
measurements presented here, this can be ruled out. It must be mentioned
that in principle noncollinear coupling of localized magnetic moments could
also lead to vanishing XMCD signal. However, various theoretical studies
e.g. Ruiz-Dı́az et al. [10] find noncollinearity only in excited states and as
discussed in Section 4.1.1, the clusters studied here are in their ground state.

The x-ray absorption spectra, together with the absence of dichroism,
indicate that in small charged chromium clusters, bond formation and the
associated 4s-3d hybridization lead to the quenching of atomic magnetic mo-
ments. The quenching takes place already in clusters with three atoms, with
magnetic moments per atom ≤ 1µB, comparable to the ones in the bulk ma-
terial, µBulk = 0.62µB per atom [2]. At the smallest cluster sizes with n ≤ 6,
which has not been reachable in Stern-Gerlach experiments [9, 13], the charge
state may play a decisive role explaining the discrepancies between very small
magnetic moments per atom measured here and large ones predicted by the-
ory for the neutral species [10]. The importance of the charge state originates
in the fundamental difference in bonding character and consequently, in the
magnetic coupling mechanism between the charged and the neutral dimer
as discussed in Section 6.2. At larger cluster sizes around n = 9 to 12, the
even-odd alternations in the dissociation energies of cations [131] and in the
electron affinities of neutrals [132] disappear. It can therefore be expected
that the magnetic properties of charged and neutral clusters of these sizes
and larger will be similar, i.e., magnetic moments per atom of less than 1µB

in neutral Crn (n ≥ 20) clusters in Stern-Gerlach experiments [9, 13].
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7.2 Manganese clusters

Size dependent electronic structure

The x-ray absorption spectrum of charged manganese clusters as a function
of cluster size shows some marked differences in comparison to all other 3d
transition metals studied until now [87, 126, 127] and even more remarkable
than in the case of chromium. The spectra of clusters with sizes n = 3–13
are shown in Fig. 7.4. For comparison also the x-ray absorption spectra of
the cation [74], dimer cation [98] and of bulk manganese [134] are shown. A
broadening of the x-ray absorption spectra with increasing cluster size is also
seen in the case of manganese, yet even for the largest cluster studied here
with 13 atoms, the shape of the spectrum still differs strongly from the one
of the bulk material. Even more surprising is that the x-ray absorption spec-
trum is atomic-like not only in the dimer but also in the trimer, in contrast to
the case of chromium and all other 3d transition metals. This demonstrates
that the bonding in the Mn trimer is mediated by the 4s electrons but the 3d
electrons remain atomic-like in their occupation and symmetry. The strong,
persistent localization of the 3d orbitals in small manganese clusters is also
visible in the development of the absorption onset as a function of cluster size,
which behaves atypical in comparison to other 3d transition metals [127]. In
other 3d metals, the x-ray absorption onset increases in photon energy with
increasing cluster size mainly due to decreasing screening in the initial-state
[127]. In small Mn clusters, the initial-state screening does not decrease as
the 3d electrons remain strongly localized, causing a vanishing shift in the
x-ray absorption onset as shown in Fig. 7.5. This strong localization of the 3d
orbitals in the smallest manganese clusters is a first indication of the possible
presence of atomic-like magnetic moments at these cluster sizes and of their
ferromagnetic coupling [127].

Starting with Mn+
4 the spectrum is broader but resolved sharp features

in Mn+
4,5,6 can still be traced back to atomic transitions. This changes at

Mn+
8–12 where there are only some shoulders on the high energy side of the

L3 resonance as remnants of the sharp lines observed at smaller sizes. The
spectrum of Mn+

7 is peculiar as it shows an extra unique sharp feature at the
L2 resonance, indicated by an arrow in the figure, which can not be assigned
to a transition in the spectrum of the atom and should therefore correspond to
a molecular state. A similar feature is also present, although much weaker, in
the spectrum of Mn+

13. For Mn+
7,13, the predicted structures are a pentagonal-

bipyramid [138] and an icosahedron [139], respectively. These structures are
very common for metal clusters of these sizes, regardless of the charge state
of the cluster. It thus seems possible that the observability of this line is
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Figure 7.4: X-ray absorption spectra of Mn+
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of the manganese cation [74] and of the dimer cation [98] (both bottom) and of bulk
manganese [134] (top), are also shown for comparison.



68 CHAPTER 7. SMALL CR AND MN CLUSTERS

1.00.80.60.40.20.0

779
778
777
776

852
851
850
849

639
638
637

640

cluster size in n
12351020200 50bulk

inverse cluster radius in n-1/3

on
se

t o
f 2

p 
x-

ra
y 

ab
so

rp
tio

n 
in

 e
V

Ni

Co

Mn
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onset with increasing cluster size is observed. Also shown are values for the atoms (bow
tie) [135–137] and bulk materials (diamond) [60, 134]. Adapted from Ref. [127].

due to the high symmetry of these cluster structures and their associated
high electronic degeneracy which would lead to fewer and thus sharper, more
prominent transitions.

Magnetic properties of small manganese clusters of up
to eight atoms

The normalized x-ray magnetic circular dichroism spectra of Mn+
n clusters

(n = 3–8) at the L2,3-edges, featuring a clearly visible size dependence, are
shown in Fig. 7.4. The XMCD spectrum of the charged dimer has already
been discussed in Section 6.1 and is shown for comparison, as until now,
no XMCD spectra of the manganese ion has been measured but can be
calculated quite accurately. The spectra are normalized to the integrated
total resonant x-ray absorption signal and corrected for incomplete photon
polarization. The largest XMCD asymmetry corresponds to the trimer, and
is about 50 % larger than the asymmetry observed for the dimer. With
increasing cluster size, the XMCD asymmetry disappears almost completely
in Mn+

4 only to weakly reappear in Mn+
5 , increase in Mn+

6 and vanish once
more in Mn+

7,8. From the atomic-like signature and magnitude per atom of
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Figure 7.6: XMCD asymmetry of Mn+
n clusters, with n = 3 to 8, at B = 5 T and ion

trap electrode temperature T = 8± 1 K. The XMCD asymmetry of the Mn dimer cation
is displayed at the bottom for comparison. The asymmetries have been normalized to the
corresponding resonant x-ray absorption intensities.

the XMCD spectrum of Mn+
3 , the same conclusions can be drawn as from

the discussion of the corresponding x-ray absorption spectrum in the last
section. The 3d shell in each atom of the trimer is in an atomic 3d5 high
spin configuration, just as in the dimer discussed in Section 6.1. As in the
analysis of the x-ray absorption spectra of Mn+

n clusters, no unambiguous
assignment of atomic-like configurations can be made for n ≥ 4.

The manganese trimer

Because of its atomic-like signature, the same procedure applied to the case
of the dimer in Section 6.1 can be used for the analysis of the XMCD spec-
trum of the trimer. The calculated ionic XMCD together with the measured
XMCD spectrum of the trimer are shown in Fig. 7.7. From the fit of intensi-
ties of calculated and measured XMCD spectra, it can be concluded that the
magnetization of the cluster was 76 ± 1 % of the saturation magnetization.
Due to the positive charge, one single, unpaired 4sσ∗ electron remains which
mediates the coupling between the 3d electrons localized at their correspond-
ing atomic cores. Alternatively, the magnetic coupling can be described as
being mediated by a delocalized 4sσ hole in a similar picture as used in
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Figure 7.7: X-ray absorption and XMCD spectrum of the manganese trimer cation Mn+
3

at B = 5 T and ion trap electrode temperature of T = 8± 1 K. The XA spectrum of the
monomer ion Mn+ [74] (middle) and the calculated XA and XMCD spectrum of Mn+ in
the ground state configuration [Ar]3d54s1 (bottom), are shown for comparison.

Chapter 6 to illustrate the magnetic coupling in the manganese dimer cation
Mn+

2 . As listed in Table 7.1, several total molecular spin states are possi-
ble taking into account the coupling within the localized 3d spins picture:
S = 4/2, 6/2, 14/2, 16/2. It has been assumed that the coupling is exclusively

S 4
2

6
2

14
2

16
2

3d spins ⇑⇓⇑ ⇑⇓⇑ ⇑⇑⇑ ⇑⇑⇑
4sσ∗ spin ↓ ↑ ↓ ↑

Table 7.1: Overview of the possible molecular spin states for Mn+
3 . Atomically localized,

half-filled 3d shells, with S = 5/2 are symbolized by large arrows (⇑, ⇓). The small arrow
symbolizes the spin of the unpaired 4sσ∗ electron.

collinear as discussed before for chromium clusters. From the possible spin
states, the two low spin ones can be discarded as the measured alignment
of 76 % indicates a cluster total magnetization of 0.76 × 5µB × 3 = 11.4µB

and correspondingly S ≥ 11/2. In other words and taking into account the
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possible spin states in Table 7.1, a magnetization of 76 % at B = 5 T and
T ≥ 10 K means that the total cluster spin must be ≥ 14/2. Although both
remaining high spin states are consistent with the experimental parameters,
it can be expected, as will be explained in the following, that the spin state
with S = 16/2 is lower in energy and thus the one present in the experiment.
The reasoning behind this is again the strong 4s-3d intraatomic spin cou-
pling in the singly charged Mn ion, which is responsible for the large energy
difference of 1.17 eV between the high spin ground state 7S and the low spin
excited state 5S [117]. This is in analogy to the case of Mn+

2 discussed in
Section 6.1 and therefore in the trimer the common parallel alignment of the
15 localized 3d spins to the delocalized 4s spin defines the ground state. The
ground state of the cationic manganese trimer has therefore a total magnetic
moment of 16µB, with no orbital contribution as the orbital magnetic mo-
ment sum rule results in µl = 0.01±0.11µB per atom, which is in agreement
with a half-filled 3d shell localized at each manganese atom. As in the case
of Cr+

2 and Mn+
2 with atomic-like 3d5 configrations, it is possible to obtain

a correction factor to the spin sum rule by comparing the magnetic moment
obtained from the magnetization and from the application of the spin sum
rule to the XMCD spectrum. This comparison leads to a correction factor
of 1.6± 0.1, which is in agreement with the values from the dimers discussed
in the preceding chapter, i.e., 1.5± 0.3 for Mn+

2 and 1.3± 0.1 for Cr+
2 .

S = 16/2

3d5 3d5
4s

3d5

Mn3
+

Figure 7.8: Schematic drawing of the ferromagnetic coupling of localized, high-spin 3d
shells in the manganese trimer with the coupling being mediated by a delocalized 4sσ∗

electron. The total molecular spin is S = 16/2.

The results presented here solve the open question of the magnetic cou-
pling in Mn+

3 , as until now the available experimental results hinted at a
ferromagnetic coupling [127, 140] while a theoretical study identified the
coupling in the ground state to be antiferromagnetic [138]. Summing up, as
schematically shown in Fig. 7.8, the manganese trimer cation is a high-spin
molecule with localized 3d spins at each atomic site. The three magnetic
moments per atom of 5µB are coupled ferromagnetically to each other by



72 CHAPTER 7. SMALL CR AND MN CLUSTERS

a single 4sσ∗ electron. Due to the positive charge, there is one unpaired
4sσ∗ electron which is delocalized over the whole molecule and mediates the
magnetic coupling and the molecular binding. The ferromagnetic 3d-3d in-
teratomic magnetic coupling is therefore analogously as in the manganese
dimer cation described in Section 6.1, due to the 4s-3d indirect exchange
interaction.

Mn+
n clusters consisting of more than four atoms

In order to quantify the results for manganese clusters with more than four
atoms, the sum rules as described in Section 5.3 were applied. The orbital
magnetization per atom was found to be zero within experimental uncertain-
ties. This is maybe not surprising if one considers that to begin with atomic
manganese has zero orbital magnetic moment and that in free clusters, the
atomic orbital magnetic moment is strongly reduced [61, 62]. From here on
it will be therefore assumed that the total magnetic moment in Mn+

n clusters
is equal to the spin magnetic moment.

For the analysis of the spin moments, the studied clusters can be divided
into two groups, Mn+

4,7,8 and Mn+
5,6. For clusters with n = 4, 7, 8 the mea-

sured XMCD signal is smaller than the statistical uncertainties and therefore
the total magnetic moment is between zero and 1µB. Especially in the case
of Mn+

4 it cannot be discarded that the observed signal arises entirely from
fragmentation processes as the ones discussed for chromium clusters. In gen-
eral, small manganese clusters are known to be more weakly bound than
small clusters of other 3d metals [141, 142]. During the preparation of the
x-ray absorption measurements, it was observed that Mn+

4 was very prone to
fragmentation in the ion trap and special care had to be taken with respect
to the trapping conditions in order to keep the fragmentation to a mini-
mum. Although the binding energy determined in photodissociation studies
of Mn+

4 is not exceptionally low compared to the one of neighboring sizes
[142], some evidence has been seen of a fragmentation channel unique to
this cluster size [141]. There, the observed main fragmentation channel is
Mn+

n → Mn+
2 + (n− 2)Mn0. Only for Mn+

4 some inconclusive evidence of the
fragmentation channel Mn+

4 → Mn+
2 + Mn0

2 was observed. This second chan-
nel is available at lower energies because of the bond dissociation energy of
the manganese neutral dimer of 0.44±0.30 eV [19]. The exceptional fragility
of Mn+

4 observed in the current experiment provides further evidence for this
low energy fragmentation channel, unique to this cluster size in Mn clusters.

Manganese clusters with n = 5, 6 on the other hand, show a significant
XMCD signal and clearly nonzero magnetic moments. However, due to the
unknown exact number of 3d holes, uncertainties in the cluster temperature,



7.2. MANGANESE CLUSTERS 73

and the unknown spin sum rule correction factor as discussed in Section 5.3,
it is only possible to calculate lower and upper limits on the total magnetic
moment of the cluster. From the discussion of the manganese trimer above
and of Mn+

2 in Section 6.1, the spin sum rule correction factor can be es-
timated to be 1.47. The 3d occupation was assumed to be ≈ 5 due to the
large 4s-3d promotion energy in manganese which leads to an almost pure 3d5

occupation even in extended systems such as ultrathin films [99]. Further-
more, the x-ray absorption spectra shown in Fig. 7.4 of manganese clusters
in this size range indicate an at least partial remaining localization of 3d elec-
trons. From experiments with the same setup on iron clusters, it is known
that a rather broad range of possible cluster temperatures must be consid-
ered around the measured temperature of the trap electrodes, ∆T = 4± 4 K
[63]. With these parameters, the extracted total cluster magnetic moments of
Mn+

5 are between 8 and 12µB and for Mn+
6 between 12 and 15µB. From these

boundaries and assuming localized atomic magnetic moments, a purely anti-
ferromagnetic coupling can be discarded for both Mn+

5 and Mn+
6 . For Mn+

5 ,
with an odd number of atoms, the extracted values are too large for a single
remaining unpaired manganese atom. In Mn+

6 , with even n, antiferromag-
netic coupling would would lead to a net zero total cluster magnetic moment.
A pure ferromagnetic coupling, on the other hand, is only compatible with
the estimated values if the localized moments per atom and therefore the
3d occupation, were strongly reduced. This does not seem to be the case
as the 3d occupation is close to the 3d5 one in the isolated atom, just as
in ultrathin manganese films [99]. The coupling of the localized magnetic
moments seems to be therefore neither a purely ferro- nor antiferromagnetic
one, but ferrimagnetic or noncollinear magnetic coupling may play a role. In
this respect, the cationic Mn clusters seem to be similar to the neutral ones,
where theoretical studies have found a transition with increasing cluster size
from ferro- to antiferromagnetic coupling at sizes n = 5, 6 [15, 16]. If 3–4µB

per atom are assumed, the here estimated boundaries on the total magnetic
moment of Mn+

5 and Mn+
6 are in agreement with a simple picture of ferri-

magnetism, i.e., three and four unpaired atomic magnetic moments in Mn+
5

and Mn+
6 , respectively.

The total magnetic moments of neutral manganese clusters with 5 ≤ n ≤
8 have been measured in Stern-Gerlach experiments to be 5.8, 6.6, 7.7, and
9µB, respectively [12]. Similar to the case of chromium, the magnetic mo-
ments of small charged and neutral manganese clusters differ by more than
1µB which is the usually assumed only consequence of single electron re-
moval. It is therefore not surprising that the calculations of electronic and
magnetic properties of cationic Mn clusters in the literature fail to reproduce
the results presented here [138]. This demonstrates the general difficulty
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inherent to the theoretical treatment of 3d5 systems such as chromium and
manganese. Furthermore, the disagreement may be an indication of the ne-
cessity to consider noncollinear magnetic coupling in manganese clusters,
which some theoretical studies have found to be relevant at the critical tran-
sition from ferromagnetic to antiferromagnetic coupling in the neutral species
[143, 144].

Synopsis

The electronic structure and magnetic properties develop quite differently
in cationic chromium and manganese clusters as the size increases. In Cr
clusters, the magnetic moments per atom are already strongly reduced in
the trimer. This quenching is associated with a strong participation of 3d
orbitals in the bonding of the cluster. In Mn clusters on the other hand,
the 3d orbitals remain localized and the trimer is a ferromagnetic molecule
with atomic-like magnetic moments per atom. In a very simple picture, the
difference between Cr+

3 and Mn+
3 can be described as follows. In Mn+

3 there
is a 4s delocalized hole which couples the localized 3d shells to each other.
In Cr+

3 on the other hand, there are two 4s electrons available which pair
up in a molecular orbital and are thus unable to spin couple any remaining
localized spins at the atomic sites. With increasing cluster size, the magnetic
moments do not suddenly quench but rather a transition from high- to low-
spin states takes place. The preference for localization of the 3d orbitals
in Mn is due to the high-spin, closed (sub) shell configuration [Ar]3d54s2 of
the atom. The participation of 4s electrons in bonding orbital formation
is energetically unfavorable, keeping the atoms far apart from each other.
Furthermore, delocalization through 4s-3d hybridization is inhibited by the
large 4s-3d promotion energy.



Chapter 8

Impurity-host interaction in
MnSi+n clusters

The interaction of a transition metal impurity with a silicon host is a topic
of great interest both in fundamental and applied physics. The survival or
quenching of the transition metal ion’s magnetic moment after doping is one
of the main issues in discussion within this field [145–147]. While empirical
models [145] and theoretical calculations [146] describe the ideal situation
of single transition metal impurities in a perfect Si crystal, the experimen-
tally studied macroscopic samples are rather difficult to characterize correctly
[148]. These difficulties can be bypassed by studying free, size-selected, tran-
sition metal doped silicon clusters with a well defined stoichiometry. Sev-
eral experimental methods such as mass spectrometry, photoelectron spec-
troscopy, infrared absorption spectroscopy, and XAS have been applied to
the study of these systems [31, 32, 34, 37, 40–43, 149], yet none of these
were directly sensitive to the magnetic properties. This gap in the available
experimental data can be now closed by applying XMCD spectroscopy to
free clusters, which became only recently available as an experimental tool
[61, 62]. Motivated by the experimental evidence of a size dependent, drastic
change in the electronic structure of MnSi+n with n = 9–18 [42, 43], man-
ganese doped silicon clusters with seven to 14 silicon atoms were studied by
XMCD spectroscopy and will be discussed in the following. Parts of this
chapter have already been published in Ref. [64].

8.1 Structural transition in MnSi+n clusters

The close relation between geometric and electronic structure in atomic clus-
ters makes it indispensable to investigate both properties if a complete de-
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Figure 8.1: Structure sensitive depletion of the MnSi+n ion signal in the mass spectrum
after introduction of O2 into the hexapole ion guide at a partial pressure p ≈ 10−3 mbar.
The boundary between MnSi+n clusters with the Mn atom on the surface (exohedral)
and ones where encapsulation has taken place (endohedral) is marked by the broken line.
Adapted from Ref. [64].

scription of these systems is to be achieved. This is especially true at cluster
size dependent structural or electronic transitions. The reactivity towards
water was found to be a useful probe to discriminate exo- and endohedral
doping in metal doped silicon clusters as a function of cluster size [33–36].
Later on, the probability of Ar adsorption was used successfully for the same
purpose on Ti, V, Cr, Co, and Cu doped silicon clusters [37]. Also the doping
site sensitive reactivity towards oxygen O2 of early transition metal doped
silicon clusters has been investigated in order to determine the smallest endo-
hedrally doped silicon clusters [42]. Similarly as in Ref. [42] and as described
in Section 4.1.1, in this work the hexapole ion guide was used as a collision
cell and the size-dependent reactivity of the MnSi+n clusters towards oxygen
(p ≈ 10−3 mbar) was investigated. Specifically, the intensity of the MnSi+n
ion signal was recorded with and without oxygen as the reactant gas. In Fig.
8.1 the depletion of the ion signal for each cluster size is shown. From their
reactivity, the clusters in the studied size range of n = 7–14 can be divided
into two regimes. Smaller MnSi+n clusters with n ≤ 10 are highly (≈ 100 %)
reactive towards oxygen, leading to oxide formation and fragmentation and
the resulting depletion of the MnSi+n ion signal. Typical product ions are
MnO+ and MnSiO+ [42]. The second regime with n ≥ 11 is more stable
against oxygen and no or only a weak depletion of ≤ 15 % of the ion signal
is observed. Because the reactivity towards oxygen of manganese is higher
than the one of silicon [150, p. 28], the large decrease of the cluster reactivity
towards oxygen implies the encapsulation of the manganese impurity by the
silicon atoms. The two size regimes are therefore characterized by the loca-
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tion of the manganese atom in the cluster, i.e., exohedral (not encapsulated)
and endohedral (encapsulated), with MnSi+11 being the smallest endohedral
cluster, in agreement with previous reactivity studies [42].

number of Si atoms per cluster

exohedral (quintet) endohedral (singlet)

1413121110987

Figure 8.2: Calculated ground state structures of MnSi+n clusters. The blue and black
spheres represente Mn and Si atoms, respectively. Adapted from Ref. [64].

Within a collaboration with our group [64], L. Leppert calculated the
ground state structures of MnSi+7–14 clusters in a density functional theory
framework, which are shown in Fig. 8.2 with the blue and black spheres
representing Mn and Si atoms, respectively. In order to identify the energet-
ically lowest-lying isomers, a thorough geometry optimization was performed.
For computational details please refer to [151]. The structures found are in
very good agreement with the experimental reactivity results, with exohedral
structures for MnSi+n clusters for n ≤ 10 and endohedral ones for n ≥ 11.
The ground state structures of small, exohedral MnSi+n clusters are very sim-
ilar to the ones of pure Si+n+1 clusters [6, 85, 152], with the manganese atom
replacing a silicon one at a low coordinated site. Only in MnSi+8 is this
not the case. A similar behavior has also been observed in small VSi+n and
CuSi+n clusters [44]. The structures in the endohedral regime on the other
hand, are dominated by the encapsulation of manganese, which is therefore
in the highest coordinated site in the cluster. In this endohedral size range
there is no obvious relation to the structures of pure Si+n+1 clusters [6, 85,
152]. The symmetry is also very different in exo- and endohedral species of
MnSi+n . While exohedral species have structures of low symmetry due to the
low coordination of the impurity, the structures of the endohedral clusters are
highly symmetric. This is best seen for the MnSi+12 cluster with a hexagonal
prism as structure. This structure is quite common at this cluster size and
has been found to be the structure of the ground state of several transition
metal doped silicon clusters with twelve Si atoms, e.g. Refs. [32, 153].
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8.2 Electronic structure of the Mn impurity
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Figure 8.3: X-ray absorption spectra of MnSi+7–14 at the Mn L2,3-edge, with B = 5 T
and ion trap electrode temperature T = 9± 2 K. The spectra of exohedral MnSi+n clusters
with n ≤ 10 are all identical due to the localization of the 3d orbitals being probed. For
endohedral clusters with n ≥ 11, the 3d orbitals delocalize and the spectra reflect the with
cluster size varying local geometry around the Mn impurity. Adapted from Ref. [64].

The manganese 2p x-ray absorption spectra of MnSi+7–14 clusters are shown
in Fig. 8.3. As described in the preceding section, the clusters in this size
range can be classified into two groups, exo- and endohedrally doped ones,
depending on the location of the manganese atom in the cluster. The x-ray
absorption spectra in this size range can also be classified into two groups
with the separating transition at the same cluster size. This implies that the
local electronic structure which is being probed by XAS is affected by global
changes in the geometric structure and vice versa. The shape of the spectra of
MnSi+n clusters with more than ten silicon atoms changes considerably with
increasing cluster size, reproducing the results of a previous x-ray absorption
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study performed in our group at higher cluster temperatures very well [42].
This reproducibility further validates the assumption that the clusters pro-
duced by the magnetron source are the energetically lowest lying isomers,
as mentioned in Section 4.1.1. The x-ray absorption spectra of the smaller
species on the other hand, are all identical, independent of the cluster size.
For the smallest sizes MnSi+7,8, the spectra are presented here for the first
time and were not available in the previous study.

The identical spectra for exohedrally doped MnSi+n clusters suggest that
the 3d orbitals being probed remain rather unchanged as the cluster size
increases and thus, are strongly localized on the manganese impurity. Con-
sequently, there is only a weak participation of the 3d orbitals in the bonding
between metal impurity and silicon host in the exohedral species. This local-
ized character is lost with the onset of impurity encapsulation at cluster size
n = 11. In clusters with more than ten silicon atoms, the delocalization of
the Mn 3d orbitals and their hybridization with orbitals of the Si frame lead
to the strong dependence of the spectral shape on cluster size. The strong
hybridization, comparable with a formal charge transfer, results in spectral
shapes comparable to the ones in transition metal oxides [154]. This is spe-
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Figure 8.4: The x-ray absorption at the Mn 2p-edge of MnSi+13 clusters (bottom) and
KMnO4 (middle) show strong similarities, an indication of similar local electronic struc-
ture. The spectra are plotted versus a relative energy axis. Also shown is the x-ray
absorption spectrum of SrTiO3 (top) to demonstrate overall common spectral shape in
transition metal oxides arising from the comparable splitting of the 3d orbitals in the pres-
ence of a tetrahedral or octahedral ligand field. The KMnO4 spectrum is from Ref. [155]
and the one of SrTiO3 from Ref. [156]. The calculated ground state structure of MnSi+13

[64], with the distorted tetrahedral symmetry emphasized, is shown on the right

cially clear in the case of MnSi+13 where the spectrum is similar to the one
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of KMnO4 [155], as shown in Fig. 8.4. The two lines at the L3 resonance
correspond in first approximation to transitions into the e and t2 orbitals
resulting from the splitting of the 3d orbital by the ligand field [40, 154].
The small leading line seen in the x-ray absorption spectrum of KMnO4 is
not separated anymore from the main lines in MnSi+13 due to the increased
covalent bonding character of silicon in comparison to oxygen [154]. The
additional line in the spectrum of MnSi+13 at about 6 eV excitation energy, is
tentatively assigned to transitions into a molecular orbital of mainly ligand
(Si) character. This assignment is based on the observation that the same
line appears in the x-ray absorption spectrum of all larger endohedral tran-
sition metal doped clusters, independently of the doping element and host
material (Si or Ge) used [42]. This spectral shape, dominated by transitions
into e and t2 orbitals, originates in a formal 3d-electron count of zero of the
transition metal ion in the presence of a crystal field of tetrahedral symmetry
[154]. In the case of manganese, it implies a formal oxidation state of seven
(Mn(VII)). Note that it is only formal because there is no charge transfer
but instead the 3d-electrons delocalize due to bond formation. As shown in
Fig. 8.4, the calculated ground structure for this cluster is a tetrahedrally
distorted capped hexagonal prism, further supporting this interpretation of
the spectrum. The spectra of MnSi+12,14 are markedly different in compari-
son. This is due to the different symmetry at the impurity’s site; hexagonal
prismatic in the former and trigonal in the latter [6, 64].

The correlation of geometrical encapsulation of the impurity and hy-
bridization of impurity and host orbitals suggested by the x-ray absorption
spectra is further validated by the calculated density of states done by L. Lep-
pert [64, 151], as shown in Fig. 8.5. In the figure, the calculated spin resolved
eigenvalue spectra of the MnSi+7 cluster and of the MnSi+14 cluster are shown.
The former representing the exohedral and the latter the endohedral species.
Also shown are the total and the local Mn 3d-projected density of states. In
the case of MnSi+7 the Mn 3d-projected orbitals are energetically deeper and
are well separated from the Si orbitals, not hybridizing with the latter. In the
endohedral MnSi+14 on the other hand, the hybridization is very strong. The
Mn 3d-projected orbitals are closer to the Fermi level, hybridize with silicon
orbitals and participate in the bonding. This contrast between localized and
delocalized orbitals is best visualized in the isosurface plots also shown in
the figure. These plots show the strong localization of the Mn atomic-like 3d
orbitals at the impurity in exohedral clusters, with their corresponding label
in Cartesian coordinates. The encapsulation, on the other hand, leads to an
obvious delocalization of spin degenerate, hybridized orbitals over the whole
cluster. Consequently, no atomic-like labeling can be assigned.
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Figure 8.5: Eigenvalue spectrum (bars), total density of states (DOS) (dotted line), and
local Mn 3d-projected (solid line) DOS with isosurface plots (at ± 0.04 a.u.) of the Mn
3d orbitals and the highest occupied orbital for MnSi+7 and MnSi+14. Positive (negative)
values represent the spin-up (spin-down) channel. The d-like orbitals are localized on the
manganese atom in MnSi+7 , whereas they are delocalized in MnSi+14. Adapted from Ref.
[64].

8.3 High-spin to low-spin transition

Further insight into the electronic structure and specially into the magnetic
properties, is obtained from the XMCD spectra. In Fig. 8.6, the XMCD
spectra at the Mn L2,3-edges of MnSi+7–14 clusters are shown. The XMCD
asymmetry has been normalized to the resonant x-ray absorption strength
making the XMCD intensity directly proportional to the magnitude of the
magnetic moment per hole. The distinction between exo- and endohedral
species is immediately clear with the smaller, exohedral species displaying a
strong dichroism signal while the endohedral ones do not. Furthermore, all
the XMCD spectra of exohedrally doped clusters are identical in shape and
strength as was the case with the x-ray absorption spectra, indicating that
they all have the same multiplicity and a corresponding magnetic moment of
equal magnitude. The spectra in this cluster size range also show a strong
similarity to the XMCD spectra of single manganese atoms on GaAs(110)
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Figure 8.6: XMCD asymmetry of MnSi+7–14 at the Mn L2,3-edge, with B = 5 T and ion
trap electrode temperature T = 9 ± 2 K. The XMCD asymmetry of exohedral clusters
with n ≤ 10 is of equal magnitude indicating equal, nonzero magnetic moments. For the
endohedral species with n ≥ 11, the magnetic moment equals zero as no XMCD signal can
be detected for these systems. The weak XMCD signal visible is assigned to a Mn2Si+n−2

contamination (see text). Adapted from Ref. [64].

surfaces, with a high magnetic moment of µMn = 4µB [157]. This spec-
tral similarity is additionally lending support to the notion of the involved
orbitals being strongly localized, i.e., atomic-like. In contrast, endohedral
clusters show no XMCD signal. The weak residual XMCD signal observed
for MnSi+11,12 originates in a slight presence of contamination with ≤ 5 % of
Mn2Si+n−2. This assignment can be done due to the abundance of Mn2Si+n−2

in the mass spectra, together with the proportionality of the strength of
XMCD signal and corresponding spectral lines in the x-ray absorption spec-
trum. This is demonstrated for MnSi+11 with a Mn2Si+9 contamination in Fig.
8.7. Here, the x-ray absorption and XMCD at the L3 resonance of MnSi+11

with different degrees of Mn2Si+9 contamination are shown. The spectra on
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the left side correspond to about 5 % contamination while the one in the
middle to about 2 % contamination, as determined in mass spectrometry.
Both spectra were measured with a photon energy bandwidth of 550 meV.
For comparison, the L3 resonance of MnSi+11 from Ref. [42] is shown on the
right. There the degree of contamination was zero within the detection limits
and the photon energy bandwidth was 160 meV. With decreasing degree of
Mn2Si+9 contamination, the line on the low energy side of the L3 resonance
decreases in intensity together with the XMCD asymmetry. Taking all this
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Figure 8.7: Correlation between Mn2Si+9 contamination percentage and spectral lines in
the x-ray absorption and XMCD spectra of MnSi+11. The percentage of contamination was
about 5 % and 2 % during the measurement of the spectra on the left and middle, respec-
tively. The photon energy bandwidth in both was 550 meV. The spectrum on the right,
without contamination within the detection limits, is from Ref. [42], and was measured
using a photon energy bandwidth of 160 meV.

into account, it can be concluded that the ground state of the exohedral
MnSi+n clusters is a high spin state while it is a low spin state in clusters with
the impurity encapsulated. Furthermore, exohedral Mn2Si+n clusters with
two Mn atoms have a nonzero magnetic moment.

For a quantitative statement on the magnetic moment of the exohedral
clusters, the application of the sum rules is required. As discussed in the
preceding chapters, an application of the sum rules to the XMCD spectra at
the Mn 2p-edge is rather problematic. The inability to correctly distinguish
between the 2p3/2 and the 2p1/2 resonance in these systems leads to a specially
large uncertainty in the value of the spin magnetic moment. Moreover, with
only the single impurity in these binary systems as absorber, the signal-to-
noise ratio is lower than in the pure clusters discussed in previous chapters.
Thus further increasing the magnitude of the error bars on the results from
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sum rules. Therefore only a very rough estimate on the magnitude of spin
3± 1µB and orbital ≤ 0.15µB magnetic moment can be given here. Density
functional theory calculations by L. Leppert [64, 151] predict a spin mag-
netic moment of 4µB for all exohedral cluster in their ground state which
agrees within error bars with the rough experimental estimate. Although
no theoretical values for comparison are available, the small value of the or-
bital magnetic moment is in agreement with what would be expected due to
following considerations. In MnSi+n clusters, a deviation from the pure 3d5

orbital configuration could lead to a net orbital magnetic moment. However,
this orbital magnetic moment would be quenched due to the breaking of the
spherical symmetry [1, p. 117][62]. The only remaining source for an orbital
magnetic moment is the spin-orbit coupling in the 3d shell. The magnitude
of the corresponding effective spin-orbit interaction energy in 3d transition
metal free atoms is directly proportional to the atomic coupling constant ζ3d

and in the range of 10–100 meV. In molecules and in the bulk, the effec-
tive spin-orbit interaction energy is strongly reduced as it is proportional to
ζ2

3d/∆LF, with ∆LF being the magnitude of the ligand field [3, p. 686]. This
relatively weak effective spin-orbit coupling leads to small orbital magnetic
moments, e.g. 0.09µB and 0.15µB in bulk Fe and Co, respectively [60].

Until now, the only experimental data available on the magnetic moments
of MnSi+n clusters was obtained indirectly through the comparison of mea-
sured and calculated infrared absorption spectra of RG·MnSi+n complexes
with RG = Ar, Xe and n = 6–14, 16 [6]. It was concluded that exohedrally
doped MnSi+n clusters with n = 6, 8, 9, and 10 have a magnetic moment of
4µB while the endohedral cluster with n = 13, has zero magnetic moment.
For MnSi+7 , the study found a magnetic moment of 7µB and for MnSi+12,
µ = 2µB. The magnetic moment of the remaining studied sizes MnSi+11,14,16

could not be conclusively determined. There are various possible reasons for
the discrepancy to the results presented in this chapter. Experimentally, the
rare-gas complex formation and the higher cluster temperature of T ≥ 100 K
in the infrared absorption experiments could be responsible. Furthermore,
the choice of the functional used for the calculation of the infrared absorp-
tion considerably affects the quality of the simulated spectra, making the
unambiguous assignment of the ground state multiplicity a difficult task.

As mentioned in Chapter 2, the electronic and magnetic properties of a
magnetic impurity embedded in a nonmagnetic finite host, have been pre-
viously discussed with CrAu+

n (n = 2–6) clusters as model system [65, 66].
There it was found that for finite systems, the Anderson impurity model [67]
also applies but only as long as the system is far away from the magnetic to
nonmagnetic threshold. The transition is predicted to take place when the
impurity’s on-site Coulomb repulsion and the width of the impurity states
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Figure 8.8: Magnetic moment versus weighted coordination number d0Nc/a for ground
state (open circles) and higher energy (solid circles) isomers of MnSi+n (n = 7–14), isolated
neutral Mn impurities in bulk (solid squares, Ref. [158]) and amorphous silicon (open
triangles, Ref. [148]), and in a silicon nanocrystal (solid diamond, Ref. [159]). Inset: Mn-
Si distance distribution in MnSi+8 with first coordination sphere (dotted line). Adapted
from Ref. [64].

are of comparable magnitude, the latter is given by the degree of hybridiza-
tion of impurity and host states. The experimental results together with
the calculated DOS shown in Fig. 8.5, indicate that exohedral (endohedral)
MnSi+n clusters are far above (below) the magnetic to nonmagnetic thresh-
old of the Anderson impurity model because of the negligible (complete)
hybridization between manganese impurity and silicon host states, respec-
tively. The strong hybridization in the endohedral regime should also lead
to a marked reduction of the on-site Coulomb repulsion relative to the value
in exohedral MnSi+n clusters. In exohedral MnSi+n and small CrAu+

n clusters,
on the other hand, the on-site Coulomb repulsion should be of comparable
magnitude due to the approximate 3d5 subshell occupation in both cases.
The present results on MnSi+n clusters are therefore consistent with results
on CrAu+

n from Ref. [65, 66].

The observed abrupt quenching of the impurity’s magnetic moment upon
its encapsulation can be quantified with the help from results from theory
[64, 151]. The degree of hybridization between impurity and host orbitals
depends on the coordination number Nc of the manganese impurity. Further-
more, it also depends on the average distance a between the Mn impurity and
the first coordination shell of Si atoms. Figure 8.8 shows the calculated mag-
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netic moments of MnSi+7–14 clusters as a function of the weighted coordination
number d0Nc/a, with a normalized to the nearest neighbor distance d0 in bulk
silicon (2.35 Å [160, p. 21]). As shown for the case of MnSi+8 in the inset in
Fig. 8.8, the first coordination shell comprises all Si atoms closest to the Mn
impurity and within a narrow Mn-Si distance distribution. Nc is therefore
defined as the number of these nearest neighbors. The magnetic moment
is slightly reduced from the atomic value at low coordination numbers well
below d0Nc/a = 4 and is completely quenched at larger values well above.
This trend is also observed for high-energy isomers which are also shown,
pointing out the fact that the trend observed in Fig. 8.8 does not depend on
the unambiguous identification of the ground state isomer. Also displayed
in the figure are values from various Mn doped extended systems such as
crystalline silicon [158], hydrogen-passivated silicon nanocrystals [159], and
amorphous silicon [148]. It is clearly seen that the weighted coordination
number of these systems fall within the region around d0Nc/a = 4, where a
slight variation in a can lead to drastic fluctuations in the magnetic moments
of the Mn impurity. In light of this it may not be surprising that the copious
results in the literature on the magnetic moments of Mn doped bulk sili-
con are so ambiguous. The identification of this strong correlation between
magnetic moment and structural parameter should encourage an even more
careful sample preparation and characterization in the future. Furthermore,
it may be helpful as a guideline when designing new materials for applications
where stabilized high-spin states of impurities are highly desirable, e.g. dilute
magnetic semiconductors and spintronics. A desired high-spin state stabi-
lization could possibly be achieved by a proper lattice parameter expansion
due to hydrogen passivation [161].

With the findings on MnSi+n clusters presented here, the magnetic prop-
erties and x-ray absorption spectra of other transition metal doped silicon
clusters studied can now be better understood. In all these systems a com-
mon, cluster size dependent transition in the structural and electronic struc-
ture has been observed with x-ray absorption spectroscopy [42]. The general
conclusions drawn for MnSi+n clusters will therefore possibly still apply as the
transition metal dopant is varied.



Chapter 9

Conclusion and Outlook

The electronic structure and magnetic properties of chromium and man-
ganese atoms were studied in various atomic environments. By modifying
the atomic composition and through variation of the cluster size, the type
and strength of the interaction of the chromium and manganese 3d orbitals
with their surroundings was observed to change considerably and in a system-
atic way. Three different classes of systems were studied: diatomic molecular
ions, few atom clusters, and small doped clusters.

Pure and mixed diatomic molecular ions of chromium and manganese
were investigated and the ground state symmetry of all three molecules was
identified. All three molecules show magnetic ordering. The pure species
Cr+

2 and Mn+
2 were found to be ferromagnetically coupled with atomically

localized 3d orbitals and 11µB total magnetic moment. Especially in the
case of chromium, this finding is rather surprising as the ground state of
the neutral molecule is a singlet with zero magnetic moment. The magnetic
coupling in these pure dimer cations was explained as indirect exchange in-
teraction of the Zener type, also called double-exchange [70]. Because of the
atomic-like 3d orbitals, it was possible for the first time to determine an ex-
perimental correction factor of about 1.5 to the application of the spin sum
rule in chromium and manganese. In CrMn+, localization of the 3d orbitals
was also found albeit to a lesser extend. This mixed dimer was found to be
an antiferromagnetically coupled molecule with zero total magnetic moment.
The dominating interaction in this case was identified as the 3d-3d direct
exchange interaction. Based on their magnetic coupling mechanisms, for all
three dimers estimates were given on the equilibrium distance, which have
not been measured yet. Because of the persistent local high-spin 3d5 occupa-
tion in the dimers studied here, the orbital magnetic moment was zero in all
cases. It will be interesting to search for magnetically coupled dimers with
a nonvanishing orbital magnetic moment and correspondingly, a magnetic

87
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anisotropy which could lead to a temperature and magnetic field dependent
spatial arrangement of these gas phase molecules in the ion trap. Moreover,
the results presented here challenge common assumptions made on the simi-
larity of neutral and ionic diatomic molecules, calling for a critical review of
theoretical predictions on homo- and heteronuclear transition metal dimers
[24, 138] and on the validity of the methods used.

The investigation of pure clusters with up to a dozen chromium and man-
ganese atoms revealed crucial differences in the electronic structure of these
systems in spite of their common half-filled 3d shell as isolated atoms. In
chromium, the high stability of the atomic 3d5 configuration already breaks
down when a trimer is formed. In the smallest chromium clusters studied
consisting of three, four, and five atoms, the 3d orbitals participate strongly
in the molecular bonding because due to the open 4s shell configuration,
an sd hybridization is energetically favorable. Correspondingly, no localized
orbitals are left to order magnetically. In manganese, on the other hand, the
stability of the localization of 3d orbitals is strong enough to survive in the
trimer due to the closed 4s shell configuration which leads to a large s-d pro-
motion energy and a therefore decreased probability of sd hybridization. The
trimer was found to be a ferromagnetic molecule with a total magnetic mo-
ment of 16µB. The coupling was determined to be again, as in the dimer, a
result of Zener’s indirect exchange interaction. The localization of 3d orbitals
weakens abruptly as the tetramer is formed but survives to a certain degree in
clusters with up to six manganese atoms cluster. Experimental evidence was
found for a possible ferro- to antiferromagnetic transition in small cationic
manganese clusters. A similar transition has been often predicted for the
neutral species but the size range of interest could not be investigated by the
previous available experimental techniques such as Stern-Gerlach deflection.
The trends observed in the studied chromium and manganese clusters seem
to already at these small sizes correlate with the very different respective
properties of the bulk materials. A possibly interesting system to examine
in the future could be larger mixed chromium and manganese clusters where
a competition of delocalization in chromium and localization in manganese
could be systematically studied, possibly delivering new insight into the on-
set of bulk material phenomena such as spin-density waves and localized
noncollinear magnetism.

In singly manganese doped silicon clusters, a coordination-driven mag-
netic to nonmagnetic transition was identified. The clear correlation of exo-
hedral, low-coordinated doping with the survival of atomic high-spin states,
was observed in smaller clusters with less than eleven atoms. With eleven
and more silicon atoms in the cluster, the encapsulation of the manganese
impurity becomes energetically more favorable than exohedral doping. The
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endohedral impurity occupies a highly coordinated site and the intrinsic sta-
bility of atomically localized 3d orbitals, observed in the exohedral species, is
not enough to prevent full hybridization with the silicon host orbitals. This
delocalization is accompanied by a disappearance of the high-spin states and
a quenching of the magnetic moment. Through collaboration with theory, it
was found that the determined relation between magnetic moment quench-
ing and increased impurity coordination is a general behavior. It is not only
valid for clusters in their ground states, but also for energetically higher lying
isomers, and more importantly, for single impurities in macroscopic systems.
The identified relation can serve as a first guideline for the design of mag-
netically doped semiconductors and is consistent with very recent sugges-
tions from theory on how to stabilize high-spin states in endohedral clusters
[161]. Furthermore, the exo- to endohedral transition in small transition
metal doped silicon clusters has spectroscopically been observed to always
take place together with a transition in the electronic structure, indepen-
dently of the element used as impurity [42]. It can be thus expected that
the magnetic quenching behaves analogously, consistent with preliminary re-
sults on cobalt doped silicon clusters. An open question which remains is if
it is possible to chemically stabilize the atomic magnetic moment of metal
impurities encapsulated in silicon clusters, for example through hydrogen
passivation of the silicon cage.

The electronic,magnetic, and structural properties of small molecules and
clusters showed a strong sensitivity to changes of the charge state and of
their atomic composition. It was also established that a broad spectrum of
complex magnetic behavior is already present in very small chromium and
manganese systems comprising only a few atoms.

As a general outlook, reaching lower cluster temperatures in the future
will prove very fruitful as this would lower the detection limit and a de-
tailed quantitative description of the magnetic properties of weak magnetic
systems could be achieved. As it has been the case with iron clusters, such
quantitative descriptions highly motivate theoreticians and stimulate the very
rewarding exchange between theory and experiment. An improved control
of the ion temperature could also allow the study of temperature depen-
dent phase transitions in the magnetic and orbital ordering at the nanoscale.
Studying such magnetic phases in transition metal oxide clusters with well
defined stoichiometry, could possibly contribute to a better understanding of
these materials in their complex bulk phase.
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T. Möller, B. v. Issendorff, and J. T. Lau, “Initial- and final-state
effects on screening and branching ratio in 2p x-ray absorption of size-
selected free 3d transition metal clusters”, Phys. Rev. B 86, 165402
(2012).

[128] B. V. Reddy, S. N. Khanna, and P. Jena, “Structure and magnetic
ordering in Cr8 and Cr13 clusters”, Phys. Rev. B 60, 15597 (1999).

[129] M. B. Knickelbein, “Photoionization studies of chromium clusters: ion-
ization energies of Cr4 to Cr25”, Phys. Rev. A 67, 013202 (2003).

[130] X. Wang, S. Neukermans, F. Vanhoutte, E. Janssens, G. Verschoren,
R. E. Silverans, and P. Lievens, “Stability patterns and ionization
potentials of CrnOm clusters (n = 3–50, m=0, 1, 2)”, Appl. Phys. B
73, 417 (2001).

[131] C. X. Su and P. B. Armentrout, “Collision-induced dissociation of
Cr+

n (n = 2–21) with Xe: Bond energies, dissociation pathways, and
structures”, J. Chem. Phys. 99, 6506 (1993).

[132] L. S. Wang, H. B. Wu, and H. S. Cheng, “Photoelectron spectroscopy
of small chromium clusters: observation of even-odd alternations and
theoretical interpretation”, Phys. Rev. B 55, 12884 (1997).

[133] H. S. Cheng and L. S. Wang, “Dimer growth, structural transition,
and antiferromagnetic ordering of small chromium clusters”, Phys.
Rev. Lett. 77, 51 (1996).

[134] J. Fink, T. Müller-Heinzerling, B. Scheerer, W. Speier, F. U. Hille-
brecht, J. C. Fuggle, J. Zaanen, and G. A. Sawatzky, “2p absorption
spectra of the 3d elements”, Phys. Rev. B 32, 4899 (1985).

http://dx.doi.org/10.1098/rspa.1975.0033
http://link.aps.org/doi/10.1103/PhysRevLett.95.253006
http://dx.doi.org/10.1103/PhysRevLett.101.153401
http://link.aps.org/doi/10.1103/PhysRevB.86.165402
http://link.aps.org/doi/10.1103/PhysRevB.86.165402
http://dx.doi.org/10.1103/PhysRevB.60.15597
http://dx.doi.org/10.1103/PhysRevA.67.013202
http://dx.doi.org/10.1007/s003400100690
http://dx.doi.org/10.1007/s003400100690
http://dx.doi.org/10.1063/1.465842
http://dx.doi.org/10.1103/PhysRevB.55.12884
http://link.aps.org/doi/10.1103/PhysRevLett.77.51
http://link.aps.org/doi/10.1103/PhysRevLett.77.51
http://link.aps.org/doi/10.1103/PhysRevB.32.4899


106 BIBLIOGRAPHY

[135] U. Arp, F. Federmann, E. Kallne, B. Sonntag, and S. L. Sorensen,
“Absorption resonances in the 2p threshold of manganese atoms”, J.
Phys. B: At., Mol. Opt. Phys. 25, 3747 (1992).

[136] M. Martins, K. Godehusen, T. Richter, and P. Zimmermann, “2p pho-
toionization of atomic cobalt and nickel”, AIP Conf. Proc. 652, 153
(2003).

[137] K Godehusen, T Richter, P Zimmermann, and M Martins, “2p pho-
toionization of atomic Ni: A comparison with Ni metal and NiO pho-
toionization”, Phys. Rev. Lett. 88, 217601 (2002).

[138] G. L. Gutsev, M. D. Mochena, and C. W. Bauschlicher, “Structure
and properties of Mnn, Mn−

n , and Mn+
n clusters (n = 3–10)”, J. Phys.

Chem. A 110, 9758 (2006).

[139] G. L. Gutsev, M. D. Mochena, C. W. Bauschlicher, W. J. Zheng, O.
C. Thomas, and K. H. Bowen, “Electronic and geometrical structure
of Mn13 anions, cations, and neutrals”, J. Chem. Phys. 129, 044310
(2008).

[140] A. Terasaki, T. M. Briere, M. Kulawik, S. Minemoto, K. Tono, A. Mat-
sushita, and T. Kondow, “Ferromagnetic spin coupling in the man-
ganese trimer ion evidenced by photodissociation spectroscopy”, J.
Chem. Phys. 118, 2180 (2003).

[141] A. Terasaki, S. Minemoto, and T. Kondow, “Energetics of the man-
ganese trimer and tetramer ions”, J. Chem. Phys. 117, 7520 (2002).

[142] K. Tono, A. Terasaki, T. Ohta, and T. Kondow, “Weak metal-metal
bonding in small manganese cluster ions, Mn+

N (N ≤ 7)”, J. Chem.
Phys. 123, 174314 (2005).

[143] T. Morisato, S. N. Khanna, and Y. Kawazoe, “First-principles study
of the onset of noncollinearity in Mnn clusters: magnetic arrangements
in Mn5 and Mn6”, Phys. Rev. B 72, 014435 (2005).

[144] R. C. Longo, M. M. G. Alemany, J. Ferrer, A. Vega, and L. J. Gal-
lego, “A density-functional study of the possibility of noncollinear
magnetism in small Mn clusters using SIESTA and the generalized
gradient approximation to exchange and correlation”, J. Chem. Phys.
128, 114315 (2008).

[145] G. W. Ludwig and H. H. Woodbury, “Electron spin resonance in semi-
conductors”, Solid State Phys. 13, 223 (1962).

http://stacks.iop.org/0953-4075/25/i=18/a=005
http://stacks.iop.org/0953-4075/25/i=18/a=005
http://dx.doi.org/http://dx.doi.org/10.1063/1.1536372
http://dx.doi.org/http://dx.doi.org/10.1063/1.1536372
http://link.aps.org/doi/10.1103/PhysRevLett.88.217601
http://pubs.acs.org/doi/abs/10.1021/jp062533l
http://pubs.acs.org/doi/abs/10.1021/jp062533l
http://dx.doi.org/10.1063/1.2956494
http://dx.doi.org/10.1063/1.2956494
http://dx.doi.org/http://dx.doi.org/10.1063/1.1534106
http://dx.doi.org/http://dx.doi.org/10.1063/1.1534106
http://dx.doi.org/10.1063/1.1509064
http://dx.doi.org/10.1063/1.2062265
http://dx.doi.org/10.1063/1.2062265
http://dx.doi.org/10.1103/PhysRevB.72.014435
http://dx.doi.org/10.1063/1.2894315
http://dx.doi.org/10.1063/1.2894315
http://dx.doi.org/http://dx.doi.org/10.1016/S0081-1947(08)60458-0


BIBLIOGRAPHY 107

[146] F. Beeler, O. K. Andersen, and M. Scheffler, “Electronic and magnetic-
structure of 3d transition-metal point-defects in silicon calculated from
1st principles”, Phys. Rev. B 41, 1603 (1990).

[147] K. Sato, L. Bergqvist, J. Kudrnovsky, P. H. Dederichs, O. Eriksson, I.
Turek, B. Sanyal, G. Bouzerar, H. Katayama-Yoshida, V. A. Dinh, T.
Fukushima, H. Kizaki, and R. Zeller, “First-principles theory of dilute
magnetic semiconductors”, Rev. Mod. Phys. 82, 1633 (2010).

[148] L. Zeng, J. X. Cao, E. Helgren, J. Karel, E. Arenholz, L. Ouyang, D. J.
Smith, R. Q. Wu, and F. Hellman, “Distinct local electronic structure
and magnetism for Mn in amorphous Si and Ge”, Phys. Rev. B 82,
165202 (2010).

[149] J. B. Jaeger, T. D. Jaeger, and M. A. Duncan, “Photodissociation
of metal-silicon clusters: encapsulated versus surface-bound metal”, J.
Phys. Chem. A 110, 9310–9314 (2006).

[150] A. Earnshaw and N. Greenwood, Chemistry of the elements (Elsevier
Science, 1997).

[151] L. Leppert, “Structural and electronic properties of transition metal
nanoalloys and magnetic compounds”, PhD thesis (Universität Bay-
reuth, 2013).

[152] J. T. Lyon, P. Gruene, A. Fielicke, G. Meijer, E. Janssens, P. Claes,
and P. Lievens, “Structures of silicon cluster cations in the gas phase”,
J. Am. Chem. Soc. 131, 1115 (2009).

[153] P. Sen and L. Mitas, “Electronic structure and ground states of transi-
tion metals encapsulated in a Si12 hexagonal prism cage”, Phys. Rev.
B 68, 155404 (2003).

[154] F. M. F. de Groot, J. C. Fuggle, B. T. Thole, and G. A. Sawatzky,
“L2,3 x-ray-absorption edges of d0 compounds: K+, Ca2+, Sc3+ and
Ti4+ in Oh (octahedral) symmetry”, Phys. Rev. B 41, 928 (1990).

[155] R Brydson, L. A. J. Garvie, A. J. Craven, H Sauer, F Hofer, and G
Cressey, “L2,3 edges of tetrahedrally coordinated d0 transition-metal
oxyanions XOn−

4 ”, J. Phys.: Condens. Matter 5, 9379 (1993).

[156] J. C. Woicik, E. L. Shirley, C. S. Hellberg, K. E. Andersen, S. Sam-
basivan, D. A. Fischer, B. D. Chapman, E. A. Stern, P. Ryan, D. L.
Ederer, and H. Li, “Ferroelectric distortion in SrTiO3 thin films on
Si(001) by x-ray absorption fine structure spectroscopy: Experiment
and first-principles calculations”, Phys. Rev. B 75, 140103 (2007).

http://link.aps.org/doi/10.1103/PhysRevB.41.1603
http://link.aps.org/doi/10.1103/RevModPhys.82.1633
http://link.aps.org/doi/10.1103/PhysRevB.82.165202
http://link.aps.org/doi/10.1103/PhysRevB.82.165202
http://dx.doi.org/10.1021/jp0629947
http://dx.doi.org/10.1021/jp0629947
http://dx.doi.org/10.1021/ja807518y
http://link.aps.org/abstract/PRB/v68/e155404
http://link.aps.org/abstract/PRB/v68/e155404
http://dx.doi.org/10.1103/PhysRevB.41.928
http://stacks.iop.org/0953-8984/5/9379
http://dx.doi.org/10.1103/PhysRevB.75.140103


108 BIBLIOGRAPHY

[157] P. Gambardella, H. Brune, S. S. Dhesi, P. Bencok, S. R. Krishnaku-
mar, S. Gardonio, M. Veronese, C. Grazioli, and C. Carbone, “Para-
magnetic Mn impurities on Ge and GaAs surfaces”, Phys. Rev. B 72,
045337 (2005).

[158] Z. Z. Zhang, B. Partoens, K. Chang, and F. M. Peeters, “First--
principles study of transition metal impurities in Si”, Phys. Rev. B
77, 155201 (2008).
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mann, M. Vogel, T. Möller, B. von Issendorff, and J. T. Lau, 2p x-
ray absorption of free transition-metal cations across the 3d transition
elements: Calcium through copper, Phys. Rev. A 85, 062501 (2012).

7. M. Vogel, C. Kasigkeit, K. Hirsch, A. Langenberg, J. Rittmann,
V. Zamudio-Bayer, A. Kulesza, R. Mitrić, T. Möller, B. von Is-
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