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1. INTRODUCTION 

 

Magnetism fascinates mankind since more than 2000 years. Mankind has exploited the naturally 

occurring magnetism of the mineral magnetite (Fe3O4) as "Lodstones". A "Lodstone" magnetized an 

iron needle to be used as an early navigation device. The first scientific description of the 

phenomenon "magnetism" was written by W. Gilbert "De Magnete" in 1600 [1]. With the introduction 

of Maxwell's equations[2], magnetism could be described in the context of electrodynamics. The 

concept of magnetic fields interacting with matter still is the foundation of modern magnetism. The 

concept gave rise to the phenomenological classification of magnetic materials according to their 

interaction with magnetic fields into: dia-, para-, ferro-. ferri- or antiferromagnetic materials. 

Quantum mechanics introduced new concepts and continues to do so up to today. New magnetic 

phenomena are still discovered, e.g. the Giant Magneto Resistance (GMR)[3,4] or the x-ray magnetic 

circular dichroism (XMCD) effect[5].  

Magnetism is historically a bulk phenomenon. Thus, the language and concepts describing 

magnetism mostly developed in the context of solid state physics with the exception of atomic 

magnetism. The concept of magnetism in solid state physics is based on three pillars[6]: 

 spin 

The electron carries an intrinsic angular momentum called spin and additionally an angular 

momentum due to the electrons spatial motion (orbital angular momentum). Both 

contributions account for the magnetic moment of the electron. 

 long range magnetic order 

A strong interaction between the electrons which exceeds the magnetic dipolar interaction 

drives the formation of a magnetic order. In case of itinerant/band magnetism, this is the 

exchange interaction between the electrons coupling of the magnetic moment to the crystal 

lattice 

The coupling results in a preferential spatial orientation of the magnetic moment 

(anisotropy). One microscopic origin of the anisotropy is the spin orbit coupling. 

When the dimensions of a sample are reduced, long range interactions are cut off. The influences of 

the finite size of a system on the spin and orbital magnetic moment and the anisotropy of the system 
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can be significant. Therefore, magnetic properties can be tailored by controlling the dimensions of 

the investigated system[6]. This "tailoring" has been applied to surfaces[6-9], thin films[6,9-11], multilayer 

systems[6,9], atomic chains[6,9,12]. Nanoparticles[13-17] and clusters[18-23] have been deposited onto 

numerous supports to produce new magnetic materials. 

A cluster or nanoparticle is an aggregate formed of atoms or molecules. It bridges the gap between 

the 0D (atomic) and 3D (bulk)[24,25]. However, a cluster is not merely a "piece" of the respective 

solid[26]. Particularly in the small size range, a cluster often has individual physical [24,25,27-34] and / or 

chemical properties[35-46] . These unique features are often related to the enhanced ratio of surface to 

bulk atoms in a cluster or nanoparticle compared to the bulk material. The orbital magnetic moment 

is almost completely quenched in bulk materials due to crystal field effects. However, the small 

orbital contribution is central for applications as it is responsible for the magnetic anisotropy of the 

material, i.e. the coupling to the lattice structures. In clusters, the lower coordination at the surface 

sites leads to enhanced orbital and spin magnetic moments. Atomic / molecular beam methods, i.e. 

Stern-Gerlach experiments, of size selected clusters were able to experimentally prove enhanced 

magnetic moments of free clusters[47-57]. However, the individual contributions of spin and orbit to 

the total magnetic moment cannot be deduced from these experiments.  

Today, our understanding of the concept of magnetism is based on the spin. An experimental 

approach allowing us to directly determine the spin and orbital magnetic contributions to the 

magnetic moment is the XMCD technique. The response of the system after the absorption of 

circularly polarized x-rays is exploited. A dichroic effect becomes visible if the polarization dependent 

x-ray absorption spectra of a magnetic sample are compared, e.g. for the dipole allowed transition 

from the 2p  3d state [58]. As the magnetic moment of the 3d transition metal (TM) ferromagnets is 

almost entirely due to the 3d electrons, the XMCD spectrum contains the information about the 

magnetic moment. The spin and orbital magnetic moments can be accessed with the help of the so 

called sum rule analysis[59-62]. The understanding of a magnetic system requires the knowledge about 

its electronic structure on the microscopic scale. The electronic structure of a 3d TM is highly 

correlated and theory still does not provide reliable results. Thus, experimental data is important not 

only to gain a deeper understanding about the evolution of magnetism but also to further advance 

theory. 

The study of magnetic phenomena was always closely related to applications. The deposition of 

nanoparticles or clusters promises new magnetic materials. The reduced coordination number at the 

cluster surface can play a crucial role once adsorbates[50,63-65] or a support material[15,17,19,20,22,66-68] are 

involved. A reduced coordination number leads to open coordination sites and thus empty accessible 

valence states. A charge transfer into empty states can alter the magnetism of the cluster. Thus, for 
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deposited clusters not only the support material but also its surface structure is important. The 

system as mentioned is complex and contains more than the sum of the individual parts. The 

problem is further complicated by the often insufficient knowledge about the cluster itself. 

Therefore, a reduction of the problem's complexity is desired. We study the isolated cluster in the 

gas phase without interaction with an environment[69,70]. This way, we gain information about the 

cluster without uncertainties caused by the interaction with a support.  

The thesis is structured into the following chapters: 

A brief introduction into magnetism and the basic concepts needed to understand the presented 

experiments is given in Chap. 2. The chapter also includes a section on x-ray absorption spectroscopy 

(XAS) and the XMCD effect. The sum rule analysis used to extract the spin and orbital magnetic 

moments will be explained.  

The experimental methods used to produce and detect the TM clusters are introduced in Chap. 3. 

The recording of x-ray absorption spectra via Total Ion Yield (TIY) spectroscopy and the subsequent 

data analysis to extract the spin and orbital magnetic moments will be explained in detail. Additional 

information on the validity of temperature and field correction of the experimental moments to 

calculate the intrinsic moments will be given. 

We first studied small cobalt clusters. The results will be presented in Chap. 4. The chapter contains a 

section concerning the controversy about the strength of the spin orbit coupling with respect to the 

interaction energy with the external magnetic field. The found magnetic moments will be compared 

to a second XMCD experiment[71,72], the results of Stern-Gerlach experiments and theory on neutral 

and cationic cobalt clusters. 

The spin and orbital magnetic moments of small clusters of the ferromagnetic 3d TM iron, cobalt and 

nickel will be presented in Chap. 5. The results will be put into perspective regarding their relation 

the atomic and bulk values. Cluster properties often follow interpolations between the atomic and 

bulk value, so called scaling laws. The spin and orbital magnetic moment each follow an interpolation 

which will be discussed. The magnetic moments will be compared to available theory on neutral and 

cationic clusters, Stern-Gerlach data and spin and orbital magnetic moments from XMCD 

experiments[71-73]. 

Lately, a new form of magnetism moved into the scientific focus: molecular magnetism. A single 

molecule with a ferromagnetic core acts like a magnetic entity. The term Single Molecule Magnet 

(SMM)[74,75] has been coined for such coordination compounds. SMMs show unique quantum 

behavior, e.g. quantum tunneling[76,77]. Again, the investigations of SMMs are driven by a 
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combination of discovering new physical phenomena[77,78] and possible applications[74,79-86]. SMMs 

have been studied by XMCD spectroscopy as crystals, powders or deposited onto various 

substrates[87-95]. The investigation of SMMs in the gas phase is the next step. The molecules are truly 

isolated in the ultrahigh vacuum (UHV) of the mass spectrometer. We, therefore, implemented an 

experimental scheme to study isolated SMMs in the gas phase in cooperation with the group of 

T. Lau (Helmholtz Zentrum Berlin für Materialien und Energie, Berlin, Germany). A brief introduction 

into the concept of SMMs and the experimental approach together with first results will be given in 

Chap. 6. First polarization dependent XA spectra of an SMM based on iron and lanthanide ions 

[Fe4Ln2] ([Fe4Ln2(N3)4(Htea)4(piv)6]) will be presented. 

The thesis will be concluded by a summary of the presented results and an outlook on future 

experiments to further advance the understanding of the magnetism of finite size systems to custom 

design new materials. 
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2. THEORETICAL BACKGROUND 

 

In the following chapter a brief introduction to the fields of magnetic materials (Chap. 2.1) and 

especially the magnetism of 3d transition metals (Chap. 2.2) will be given. This is followed by the 

magnetism of finite sized systems (Chap. 2.3). The paragraphs will deal with the basic concepts 

needed to understand the experiments presented within this thesis. The reader is referred to the 

literature for a more detailed introduction into the field of magnetism in general and magnetism of 

nanoparticles, e.g. Refs. [1-8]. This section is followed by a section on x-ray magnetic circular 

dichroism (XMCD) (Chap. 2.4). The paragraph is divided into two parts: (i) an introduction into x-ray 

absorption spectroscopy (Chap. 2.4.1 and 2.4.2) and (ii) the basic concepts of the XMCD effect 

(Chap. 2.4.3). The chapter will be concluded by the introduction of the sum rule analysis 

(Chap. 2.4.4). The reader is referred to references [5,9-12] for further reading on the above topics. 

 

2.1  Classification of magnetic materials 

A classification of magnetic materials is achieved according to their response to a magnetic field. The 

magnetic susceptibility is the physical quantity linking the magnetization of a material to an external 

magnetic field. 

      (Eq. 2.1) 

M  magnetization (total magnetic moment per unit volume) 

χ  magnetic susceptibility 

H  magnetic field strength 

 

The term "magnetic field" is commonly used to refer to the magnetic field strength H and to the 

magnetic induction B. In vacuum both quantities are linearly related via the magnetic permeability of 

free space µ0. 

        (Eq. 2.2) 
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If the magnetic induction occurs within a material, the magnetization of the material itself has to be 

considered, too: 

    (   )    (   )         (Eq. 2.3) 

µr  relative permeability 

 

Magnetic materials can be roughly divided into three classes: diamagnetic, paramagnetic and 

materials showing collective magnetism[7]. 

2.1.1 Diamagnetism 

Diamagnetism is present in all magnetic materials. A magnetic flux is induced in the material when it 

is exposed to a magnetic field. The induced moment is oriented antiparallel with respect to the 

external field following Lenz's law. The diamagnetic susceptibility is negative and mostly temperature 

independent. 

    ( )              (Eq. 2.4) 

2.1.2 Paramagnetism 

A condition for the existence of paramagnetism is the presence of preexisting magnetic dipoles in the 

material which can be aligned by applying a magnetic field. The average magnetization is parallel to 

the external magnetic field, i.e. the susceptibility takes on a positive value. The alignment of the 

magnetic dipoles may be hindered by thermal fluctuations (Fig. 2.1). 

 

Figure 2.1 random distribution of local magnetic dipoles in a paramagnet due to 

thermal fluctuations without the presence of a magnetic field  

 

Paramagnets are divided into two groups. The susceptibility of the first group is temperature 

independent and caused by the itinerant electrons in metals, the so called Pauli-Paramagnetism[13].  
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          (Eq. 2.5) 

       

  
    (Eq. 2.6) 

Temperature dependent paramagnetism can be found in palladium and platinum and many salts of 

rare earths[3,4], which is sometimes called Langevin-Paramagnetism[7]. The temperature dependence 

of the susceptibility is described by the Curie-Weiss law[14]: 

             (Eq. 2.7) 

         ( )  
 

 
 (Eq. 2.8) 

C  Curie constant 

 

If the magnitudes of the two paramagnetic susceptibilities are compared, it can be seen that the 

Pauli-Paramagnetism is much weaker than the Langevin-Paramagnetism.  

                  (Eq. 2.9) 

2.1.3 Collective magnetism 

In para- and diamagnetic materials, the magnetization of the material depends on the presence of an 

external magnetic field. A group of materials exhibits a magnetic moment without the presence of an 

external magnetic field. This behavior is called spontaneous magnetization.  

                     

Figure 2.2 spin orientations below the critical temperature for (a) a ferromagnet;  

(b) a ferrimagnet; (c) an antiferromagnet 

 

The magnetic susceptibility has a complex structure because it does no longer only depend on 

temperature and applied field but also on the "history" of the material[7]. The "history" of a material 

can be seen in a hysteresis loop if the magnetization direction of the sample is reversed. 

a b c 
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                       (             )  (Eq. 2.10) 

A critical temperature is defined below which spontaneous magnetization is present. The 

spontaneous magnetization is driven by the energy minimization due to exchange interaction 

between the magnetic dipoles, i.e. the electron spins. 

2.1.3.1 Ferromagnetism 

All spins are aligned parallel with respect to each other at T = 0 K. The spins exhibit a preferential 

direction at finite temperatures (Fig. 2.2a). The spins can be fully aligned by applying a magnetic field. 

A ferromagnet retains its magnetization after the external magnetic field is switched off. The critical 

temperature of a ferromagnet is called Curie temperature TC. Spontaneous magnetization is present 

below TC. If the temperature exceeds TC the material behaves like a paramagnet. Examples for 

ferromagnetic materials at room temperature are the 3d metals iron, cobalt and nickel.  

2.1.3.2 Ferrimagnetism 

Ferrimagnetism occurs if the material can be decomposed into two different sublattices A and B 

which each show ferromagnetical spin alignment. However, the magnetizations of the sublattices are 

oriented antiparallel with respect to each other. The material exhibits a total magnetization in one 

direction because the magnetizations of the individual sublattices differ in magnitude (Fig. 2.2b). 

           (Eq. 2.11) 

The magnetic order is lost at the Curie temperature TC and the material becomes paramagnetic. 

2.1.3.3 Antiferromagnetism 

Antiferromagnetism is a special case of ferrimagnetism. In the case of an antiferromagnetic material, 

the magnetizations of both sublattices cancel each other out. Hence, the material exhibits no 

magnetization (Fig. 2.2c). 

           (Eq. 2.12) 

The critical temperature for antiferromagnetic materials is called Néel temperature ΘN. Above the 

Néel temperature, the spins are randomly orientated and the material behaves paramagnetic. 
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2.2  Magnetism of 3d transition metals 

Iron, cobalt and nickel show a ferromagnetic ordering at room temperature. The magnetic moment 

per atom in iron (bcc) is about 2.2 µB (µB = Bohr magneton = magnetic moment of the electron). The 

non-integer value indicates that a purely localized description of the magnetic moment fails. The 

magnetism of the 3d metals is usually described by band magnetism or itinerant ferromagnetism[7]. 

The spontaneous magnetization is due to a spin splitting of the valence band (Fig. 2.3). The spin 

splitting of the valence shell occurs if the ferromagnetic alignment of spins becomes energetically 

favorable over the paramagnetic state. The energy shift of the energy bands with respect to each 

other is called exchange splitting.  

 

Figure 2.3 Density of states for spin up and spin down electrons exhibiting a 

spontaneous spin splitting (EF = Fermi level, δE = exchange splitting, N(E) = density of 

states) 

The spin state with the largest number of electrons is called majority band / spin. 

Here, the spin down state would be the minority and the spin up the majority spin. 

Note, that the terms spin up and spin down only have a meaning in relation to a 

quantization axis. 

 

The exchange interaction between spins aligns them parallel with respect to each other. The mean 

distance between electrons with a parallel aligned spins is larger than for antiparallel aligned spins. 

This leads to a reduction of the Coulomb energy. If the reduction of the Coulomb energy, i.e. the gain 

of exchange energy, was the only criterion for ferromagnetic order, all metals would be 

ferromagnetic. A parallel alignment of spins is realized by the occupation of higher electronic states 

within the spin up and spin down band. Thus, the kinetic energy increases (Fig. 2.4). If the kinetic 

energy increase exceeds the energy gain due to reduced Coulomb interaction the metal is 

paramagnetic.   
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Figure 2.4 redistribution of electrons after exchange splitting into a spin down and 

spin up band 

The energy gain due to the exchange interaction (i.e. the reduced Coulomb energy) 

exceeds the energy loss because of the enhanced kinetic energy compared to the 

non-split state.[3] 

 

Narrow energy bands with high densities of states are advantageous for ferromagnetism as the 

kinetic energy increase due to the occupation of higher states is relatively small. Stoner and 

Wohlfarth formulated a criterion for the appearance of ferromagnetism[3]: 

  (  )      (Eq. 2.13) 

J  exchange energy per atom 

N(EF)  density of states at the Fermi level 

Ω0  atomic volume 

 

Three qualitative arguments given here can be formulated from Stoner-Wohlfarth criterion[3]: 

 The exchange integral has to be positive and as large as possible. 

 High densities of states decrease the kinetic energy needed to promote electrons into 

higher electronic states. 

 Narrow, half-filled energy bands as in transition metals, are advantageous for high 

densities of states. 

The energy splitting for a given element depends on the atomic distance within the material. If the 

atomic distance is already large, a further reduction of the Coulomb energy will have no significant 

influence and no coupling will take place (Fig. 2.5d). On the other hand, if the atomic distance is 

small, which means a small density of states at the Fermi level, a spontaneous magnetization will be 

disadvantageous due to the considerable increase of kinetic energy (Fig. 2.5b). However, there is a 

small range where the Stoner-Wohlfarth criterion is met and ferromagnetic ordering occurs 

(Fig. 2.5c). A graphical illustration of this phenomenon is given by the Beth-Slater curve[15,16] which 

describes the exchange between neighboring atoms in a localized picture. The curve gives the energy 
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difference between the spontaneously magnetized and unmagnetized state in dependence of the 

quotient of the interatomic distance and atomic radius rAB / rd (Fig. 2.5a).  

 

     

 small atomic distance  intermediate atomic distance large atomic distance 

 large energy splitting,  small energy splitting,  no coupling 

 redistribution of electrons redistribution of electrons   

 takes a lot of energy  takes only little energy 

  antiferromagnetic   ferromagnetic   paramagnetic 

 

Figure 2.5 Dependence of the magnetic order of the interatomic distance rAB 

(a) The Bethe Slater curve is an illustration of the exchange energy between the 3d 

electrons (Jexch) in dependence of the quotient of interatomic distance (rAB) and 

radius of the 3d shell (rd) in a localized picture. If the value for Jexch is negative the 

material is antiferromagnetic. If Jexch is larger than zero than the material has a 

ferromagnetic ground state. (b-d) energy splitting in dependence of the interatomic 

distance for antiferromagnetic (b), ferromagnetic (c) and paramagnetic (d) ordering[3] 

 

Today, the spontaneous magnetization of the 3d metals is usually described by itinerant electrons in 

the band model. The d-bands partially overlap with the s-bands and electrons are excited from one 

band into the other and spontaneous magnetization occurs. Nevertheless, the Bethe-Slater curve 

gives a good illustration of the effect which the atomic order has on magnetism.  

 

 

a 

b c d 
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2.2.1 Magnetic domains 

Even though the Curie temperatures of iron, cobalt and nickel far exceed room temperature, 

macroscopic samples commonly are not magnetic. In addition to the exchange interaction, we have 

to consider the magnetic dipolar interaction between two spins to understand this macroscopic 

behavior. The exchange interaction is about a 1000 times stronger than the magnetic dipolar 

interaction but it is of a much shorter range[17]. The exchange interaction drops exponentially with 

the distance r between two spins whereas the magnetic dipolar interaction drops with the negative 

power of three (~ r-3) (Eq. 2.14).  

  
  

    [(     )  
 

  ((    )(    ))]  (Eq. 2.14) 

µ1, µ2  magnetic dipole 

r  distance between µ1 and µ2 

µ0  Bohr magneton 

 

The long range order of the sample is dominated by contributions from the magnetic dipolar 

interaction. This can lead to very complex macroscopic structure of the material.  

   

Figure 2.6 A ferromagnetically ordered macroscopic sample can lower its magnetic 

dipolar energy by the formation of domains. Thus, the structure with only one 

domain (a) has a higher magnetic dipolar energy than a structure with two domains 

(b). The formation of domains can lead to very complex structures to further reduce 

the magnetic dipolar energy of the sample. The two domain structure (b) can further 

reduce its energy by forming a four domain structure (c)[17]. 

 

The dipolar energy can be significantly lowered by the formation of regions of a homogenous 

magnetization, so called magnetic domains. The spins are ferromagnetically ordered in each domain. 

However, the orientation of the magnetization of the individual domains strongly differs from each 

other (Fig. 2.6). The loss of exchange energy for the few spins located at the domain walls is 

compensated by the gain of dipolar energy due to the large number of spins. The formation of 

a b c 
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domains lowers the dipolar energy of every spin whereas the exchange energy is raised only for a 

limited number of spins located at the domain walls. This favors the formation of magnetic domains 

as long as they do not become too small. If domains become too small, the increased exchange 

energy can no longer be compensated by the gain of dipolar energy. 

 

2.3  Magnetism of nanoparticles and clusters 

2.3.1 Superparamagnetic ensemble 

If a ferromagnetic sample is made sufficiently small, it will no longer form several domains to reduce 

its energy but it will become a single domain particle[1,3,5,18]. This means that all spins will align 

parallel to each other. An ensemble of single domain ferromagnetic nanoparticles or clusters will 

behave as a paramagnet because each particle has one effective magnetic moment (Fig. 2.7). Thus, 

they are called superparamangetic[19]. "A superparamagnet is defined as an ensemble of giant 

magnetic moments which are not interacting and have no effective magnetic anisotropy."[20] 

 

Figure 2.7 arrangement of magnetic moments in a superparamagnet without applied 

magnetic field 

 

The response of a superparamagnet to a magnetic field depends on the applied field strength and 

the anisotropy forces within the individual particles. If the anisotropy energy is smaller than the 

thermal energy, the spins will be able to rotate within the cluster frame. If the so called blocking 

temperature TB is reached, the thermal energy is not sufficient enough to rotate the spins anymore. 

They are locked within the cluster frame, i.e. they are blocked. 

           

  
     (Eq. 2.15) 

Eanisotropy energy barrier between both energy minima with opposite particle 

magnetization  

kB  Boltzmann constant 
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Superparamagnets exhibit no hysteresis because of the absence of anisotropy within a 

superparamagnet. The magnetization curve of a free superparamagnetic ensemble follows a 

Langevin function (Eq. 2.16a). The Langevin function describes the magnetization of the 

superparamagnet in dependence of the temperature T and an external magnetic field H. The lower 

the temperature and the higher the magnetic field the higher is the magnetization of the 

superparamagnet (Eq. 2.16). In a superparamagnetic ensemble the magnetization corresponds to the 

alignment of the magnetic moments of the individual particles. 

  ( )      ( )  
 

 
  (Eq. 2.16a) 

   
   

   
  (Eq. 2.16b) 
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)  

   

   
)  (Eq. 2.16c) 

mJ  total magnetic moment per particle 

N  number of particles 

 

The susceptibility follows the Curie law. Therefore, if the temperature increases beyond TC, the 

magnetic order breaks down and the individual particle become paramagnetic. 

2.3.2 Magnetic moments of free clusters  

2.3.2.1 The Stern-Gerlach experiment 

In a Stern-Gerlach experiment, a particle passes through an inhomogeneous magnetic or electric field 

and the particles deflection from its original trajectory is measured. If a magnetic field is used, the 

magnitude of the deflection is a measure for the particle's magnetic moment. In the original 

experiment, Stern and Gerlach passed a beam of silver atoms through an inhomogeneous magnetic 

field[21,22]. The electron spin caused the beam to split up due to the space quantization of the spin, i.e. 

for s = 1/2 follows that ms =  1/2. 

Magnetic moments of clusters are measured by passing a beam of neutral metal clusters through an 

inhomogeneous magnetic field. Contrary to the originally used silver atoms, clusters are exclusively 

deflected towards the high field of the magnet[2,5,8,23,24] (Fig. 2.8). The cluster behaves like a small 

ferromagnet. However, the deflection of the cluster is not proportional to the magnetic moment mJ 

of the cluster but to its projection onto the quantization axis mJ,z. The passing time through the 

magnetic field is long enough for a thermal relaxation and thus the magnetic moment can fluctuate 

within the cluster frame. The cluster ensemble behaves like a superparamagnet and the measured 
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effective moment follows a Langevin function[25-28] (Eq. 2.16b/c). Experimental results for iron[29] 

clusters are shown in Fig. 2.9. The magnetic moments of the clusters are enhanced compared to the 

magnetic moment of bulk iron. 

 

Figure 2.8 Sketch of a Stern-Gerlach experiment which is used to measure the 

magnetic moments of free metal clusters[8]  

A beam of neutral clusters of defined temperature passes through a magnet with a 

high magnetic field and a high field gradient. Clusters feel a force which deflects 

them towards the high field of the inhomogeneous magnetic field. After passing 

through the magnet, the clusters are ionized by a laser pulse and detected by a 

position sensitive time of flight mass spectrometer. The deflection d is a measure for 

the magnetic moment of the clusters. 

 

 

Figure 2.9 magnetic moments in µB/atom for iron clusters Fen taken by a Stern-

Gerlach experiment 

The magnetic moments are larger than the bulk value (solid grey line)[7,23,29]. 
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2.3.2.2 Enhanced magnetic moments in small clusters 

The experiments on iron clusters[23,30,31] reveal an enhanced magnetic moment compared to the 

respective bulk value of iron (Fig. 2.9). Similar results were found for cobalt[23,31-34] and nickel[23,27,35,36] 

clusters. If the atomic and the bulk magnetic moments are compared, it becomes evident that the 

magnetic moment of the atom is much larger than that of the respective bulk material (Tab. 2.1). 

One reason for the reduced magnetic moment in the bulk phase is the almost completely quenched 

orbital contribution to the magnetic moment in the solid. The total magnetic moment is composed of 

an orbital and a spin magnetic moment. 

               (Eq. 2.17a) 

               (Eq. 2.17b) 

                   (         ) 

      (      )           (Eq. 2.18) 

mL,z  orbital magnetic moment projected onto the quantization axis 

Lz  orbital angular moment projected onto the quantization axis 

gL  g-factor of the orbital moment; gL = 1 

µB  Bohr magneton 

mS,z  spin magnetic moment projected onto the quantization axis 

Sz  spin angular moment projected onto the quantization axis  

gS  g-factor the electron spin; g = 2.0 

mJ,z   total magnetic moment projected onto the quantization axis 

Jz  total angular moment projected onto the quantization axis 

gJ  g-factor of the total magnetic moment 

 

The thermal fluctuations lead to an incomplete alignment of the magnetic moments with respect to 

the quantization axis. In the case of J, we have to consider the projection of J onto the quantization 

axis, i.e. Jz. mJ,z as a function of magnetic field and temperature is given by a Brillouin function[4,5,7]. 
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 )  (Eq. 2.19) 

   
   

   
 

      

   
  (Eq. 2.20) 

The Landé g-factor of the total magnetic moment can be calculated for a free atom, using the fact 

the gJ is the projection of (gLL + gSS) onto J[7]. 
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  (Eq. 2.21) 

From the g-factors of bulk iron, cobalt and nickel it is evident that the magnetic moment in solids is 

dominated by the spin. The closer the value of g is to two, the more dominant is the spin moment 

over the orbital moment (Tab. 2.1) 

The Brillouin function becomes the Langevin function in the limit of J  ∞. 

   ( )      ( )  
 

 
  ( )  (Eq. 2.22) 

Table 2.1 magnetic moments and various g-factors for the atom and the bulk for the 

ferromagnetic 3d metals Fe, Co and Ni 

 

 atom  bulk 

 magnetic 

moment(*) 

/ µB 

Landé  

g-factor(#) 

 magnetic moment 

/ µB/atom 

spectroscopic 

splitting factor 

g-factor(§) 

magneto-

mechanical ratio 

g' ($) 

Fe 6 (5D) 1.50  2.063[37] (bcc) 2.09[5] 1.92[38] 

Co 6 (4F) 1.33  2.25[37] (hcp) 2.18[5] 1.84[39] 

Ni 5 (3F) 1.25  0.66[40,41] (fcc) 2.21[5] 1.84[42] 

 
(*) calculated according to Hund's rules 
(#) calculated according to Eq. 2.21 
(§) spectroscopic splitting factor from Ferromagentic Resonance (FMR) 

experiments[43,44]  
($) magnetomechanical ratio from gyromagnetic experiments (Einstein - de Haas 

effect)[43,45] 

 

The relationship between the spectroscopic splitting factor and the magnetomechanical ratio can be 

found in the appendix (Chap. A.1.1). 

 

2.4  X-ray magnetic circular dichroism 

2.4.1 X-ray absorption 

An x-ray photon can be absorbed resonantly or non-resonantly. A core electron is excited after the 

absorption of an x-ray photon given the high photon energy of the x-ray photon of typically a few 

hundred electron volts. A non-resonant absorption can create a photo electron when the photon 

energy exceeds the binding energy of the electron. The electron is excited into free electron-like 
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continuum states. The process is subject to the photo electric effect. Thus, the following function 

relates the initial x-ray photon energy to that of the excited electron:  

                (Eq. 2.23) 

hν  photon energy (hν = ħω) 

Ebin  binding energy 

Ekin  kinetic energy of the free electron 

φ  work function 

 

The resulting core hole is filled by a secondary electron dropping down from a higher energy level. 

The gained energy can either be emitted as radiation (fluorescence) or a second electron (Augé 

electron). 

The resonant excitation of a core electron to a higher electronic state by an x-ray photon is named 

resonant x-ray absorption. An illustration of the absorption process in a one electron picture is given 

in Fig. 2.10. The electron absorbs the photon energy which corresponds to the energy difference 

between the initial core and the final valence state. The one electron picture focuses only on the 

photo electron and regards all remaining electrons as passive[5]. The resonant transition can be 

described by a transition matrix between the core and exited state and thus is subject to selection 

rules. 

   

Figure 2.10 Depiction of the resonant L2,3 edge absorption (2p  3d)[5] in a one 

electron picture  

(a) An electron is resonantly excited by the absorption of an x-ray photon. The 

energy levels are labeled by their quantum numbers. (b) The core state is the initial 

state i and the valence state into which the electron is excited is the final state f. 

 

a b 
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The transition probability between the initial core state i and the final valence state f can be 

determined by Fermi's Golden Rule[46]. The transition probability Tif can be written in the form of 

Eq. 2.24. 

    
  

 
|⟨ | ̂   | ⟩|

 
 (     ) (  )  (Eq. 2.24) 

ρ(εf) is the density of final states per unit energy. The interaction Hamiltonian Ĥint for resonant x-ray 

absorption is given by a product of the momentum operator p and a vector potential A[5,47,48].  

 ̂    
 

  
     (Eq. 2.25) 

p  momentum operator 

A  vector potential,  

e  elementary charge 

me  electron mass 

 

The states i and f are combined electron and photon states. The absorption process can also be 

written as a transition between two electronic states after separating the matrix elements of Eq. 2.24 

into a photon and electron part. Eq. 2.26 gives the electronic part[5,49]. 

  ⟨ |        | ⟩  (Eq. 2.26) 

M  transition matrix element 

b  final electronic state 

a  initial electronic state 

p  electron momentum operator 

ε  unit photon polarization operator 

k  wave vector 

r  length operator 

 

The momentum operator p can be rewritten in terms of the length operator r if the dipole 

approximation is applied. "The dipole approximation assumes that the size of the absorbing atomic 

shell is small relative to the X-ray wavelength λ, i.e.  

| |  
 

| |
 

 

  
  (Eq. 2.27) 

so that the electric field which drives the electronic transition is constant over the atomic volume."[5]  
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The x-ray absorption intensity can therefore be written as: 

      |⟨ |   | ⟩|   (Eq. 2.28) 

           (Eq. 2.29) 

 Ires  resonance intensity, [Ires] = length2 x energy 

 αf  fine structure constant 

 ω  photon frequency associated with the transition a  b 

 

2.4.2 Dipole selection rules 

In the case polarized photons are used, Eq. 2.28 has to be written in dependence of a polarization 

dependent dipole operator: 

      |⟨ |   | ⟩|   |⟨ |  
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  (Eq. 2.30) 

P
q  dipole operator 

q  photon angular momentum 

  q = 0 for linearly polarized light 

  q =  1 for circularly polarized light 

α  quantization axis in Cartesian coordinates 

   α = x, y, z 

 

In a one electron picture, the initial and final state can be described by wave functions of the form: 

    ( )     
     

 |    ( )          ⟩  (Eq. 2.31) 

Rnl(r)  radial component of the wave function 

Yl,ml  angular part of the wave function, expressed in spherical harmonics 

χs, ms  spin part of the wavefunction 

n, l, ml, s, ms quantum numbers 

 

If we consider a transition from an initial core state a with an angular momentum c to a final 

valence state b with an angular momentum l, we can write a transition matrix by applying Eq. 2.31 

to the electronic states and insert them into Eq. 2.30. Additionally, Pα
q can be written in terms of 

spherical harmonics Yl,m (ϑ, φ)[5,50,51]. These, in turn, are expressed in terms of Racah's spherical 

tensor operators Cm
(l) (e,p

q = coefficients) [50]. 
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       (Eq. 2.32) 
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 |    ( )          ⟩  (Eq. 2.33a/b) 
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( )|    ⟩)         

⟨ |  
 | ⟩                                                                                (Eq. 2.33c) 

The matrix element factors into a spin, angular and radial part. The dipole selection rules can be 

derived from Eq. 2.33b by inspecting the non-vanishing matrix elements. 

 Δl = l' - l = 1 

 Δml = ml' - ml = q =0, 1 

 Δs = s' - s = 0 

 Δms = ms' - ms = 0 

2.4.3 Origin of the x-ray magnetic circular dichroism (XMCD) effect  

The x-ray magnetic circular dichroism (XMCD) effect occurs when x-ray absorption (XA) spectra of a 

magnetic sample are measured with circularly polarized x-rays. The shape of the XA spectrum 

changes upon reversal of the photon helicity, i.e. the relative absorption intensities of the L2 and L3 

edges shift with respect to each other. A dichroic effect becomes visible when the two spectra are 

directly compared to each other. The sample magnetization and the photon wave vector are aligned 

parallel or antiparallel with respect to each other while recording the spectra. Switching the 

magnetization direction of the sample has the same effect as switching the photon helicity. The 

relative alignment of wave vector and sample magnetization is important because the quantization 

axis is defined along the magnetization direction or the external magnetic field and a photon angular 

momentum q can only be defined according to a quantization axis. 

The XMCD effect can be explained by a two-step model. The first step describes the excitation of a 

core electron by an x-ray photon and the second step concerns the absorption of the excited electron 

by an empty electronic state, i.e. a hole state. Angular momentum conservation demands that if a 

circularly polarized photon is absorbed, the angular momentum has to be transferred to the excited 

electron. Through spin-orbit coupling, a part of the angular momentum can be transferred to the 

spin and a spin polarized electron is created[5,9,10,52].  

The magnetism is introduced into the model by an imbalance in the occupation of the spin up and 

spin down band which is present in a magnetic sample. This means that in a simple band model the 

density of states is exchange split at the Fermi level with an unequal number of spin up and spins 
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down holes in the valence shell/band (Chap. 2.2). The valence shell acts as a "spin detector". Fig. 2.11 

gives the statistical weights for the excitation from the spin orbit split 2p core levels (2p1/2 and 2p3/2) 

to the 3d valence level. As both spin orientations have opposite signs of the XMCD signal, the 

dichroic signal vanishes if an equal number of spin up and spin down electrons occupy the 3d band. 

Thus, the measured signal directly correlates to the spin imbalance at the Fermi-level. This effect can 

be used to calculate the spin magnetic moment from an experimental spectrum (Chap. 2.2.4 and 

3.2.3).  

  

Figure 2.11 Relative transition probabilities for spin up (↑) and spin down (↓) 

electrons from the spin orbit split 2p levels, i.e. 2p3/2 (a) and 2p1/2 (b) level upon 

excitation with circularly polarized photons with q = 1 (q = -1 = -ħ = transition 

marked in grey and q = +1 = +ħ =  transitions marked in black) 

Transition probabilities for the excitation of spin up or spin down electrons switch 

when the photon helicity is reversed. Positive (q = +1) circularly polarized light 

predominantly excites spin up electrons at the L3 edge (2p3/2  3d) and at the 

L2 edge (2p1/2  3d), it mostly excites spin down electrons. The situation is reversed 

for negative (q = -1) circularly polarized photons. 

 

The electronic transitions from a ground state a with a configuration c, mc, ms to a final state b 

with l, ml, ms' have to be evaluated, if relative intensities of the excitation of spin up / spin down 

electrons for either photon helicity want to be obtained, as e.g. given in Fig. 2.11. The statistical 

weights of the transition intensities can be calculated from the transition matrix elements under the 

constraint of the dipole selection rules. An expression for the transition matrix element can be 

derived from Eq. 2.33b and has the following form according to Stöhr and Wu[12,52,53]. 

a b 
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   (Eq. 2.34a) 
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   (Eq. 2.34b) 

        (Eq. 2.35) 

n (n')  principal quantum number of the core (final) state 

c (l)  orbital angular momentum quantum number of the core (final) state 

mC (ml)  orbital magnetic quantum number of the core (final) state 

 

 

 

Figure 2.12 Transition probabilities from the different mj =  1/2 states (energetically 

identical) of the p1/2 spin orbit split level into final d states in an LS coupling scheme 

(modified, from Ref. [9]) The statistical weights of the individual transitions are given 

for the absorption of either a photon with angular momentum (a) q = +ħ or  

(b) q = -ħ. Thus, Δml equals +1 for Fig. 2.11a and Δml = -1 for Fig. 2.11b. ↑ denotes 

spin up and ↓ spin down states. The representation of the electronic state in terms 

of spherical harmonics is given on the right. 

 

a 

b 
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An example is given for the 2p1/2  3d excitation with positive circularly polarized photons 

(Fig. 2.12a) and negatively polarized photons (Fig. 2.12b). The dipole transition operator is evaluated 

using one electron wave function of the form Yl,mlχs,ms 
[12,52,53]. The total statistical weights for the 

different photon polarizations and edge combinations given in Fig. 2.11 are calculated by summing 

over all possible transitions to different ml states within the 3d level, i.e. ml = -2, -1 , 0, 1, 2 for spin up 

or spin down electrons. 

If the valence shell has an orbital angular momentum l ≠ 0, it can act as orbital angular momentum 

detector. After the absorption of a negative (q = -1) circularly polarized photon, only transitions with 

Δml = -1 are allowed due to angular momentum conservation. The opposite is true for positive 

circularly polarized photons. If the final state has an imbalance in the occupation of ml states, this 

imbalance can be probed similar to the spin imbalance. Dipole allowed transitions from 2p core 

states to different ml valence states are given in Fig. 2.13. The orbital contribution to the magnetic 

moment can be derived from the experimental spectrum similar to the spin magnetic moments 

(Chap. 2.4.4 and Chap. 3.2.3).  

 

Figure 2.13 Sensitivity of the XMCD effect of orbital magnetism[54] 

 

The experimental XMCD signal itself is defined as the difference between an absorption spectrum 

recorded with antiparallel alignment of the photon angular momentum with respect to the sample 

magnetization axis and an absorption spectrum recorded with parallel alignment. 

2.4.4 Sum rules 

2.4.4.1 Intensity sum rule 

Following Eq. 2.28, the resonant absorption intensity is directly proportional to the number of 

unoccupied states in the receiving shell. This means for the L2,3 edge that the intensity is proportional 

to the number of empty 3d states. This is schematically illustrated and by the XA spectra of iron, 

cobalt and nickel. The spectral intensity drops as more and more 3d states become occupied 

(Fig. 2.14a/b). 
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Figure 2.14 Illustration of the intensity sum rule by (a) a scheme of the absorption of 

linearly polarized x-ray photons and (b) normalized L2,3 edge x-ray absorption spectra 

of the 3d metals iron, cobalt, nickel and copper[5] 

The absorption intensity drops with increasing number of 3d electrons, i.e. less holes 

in the valence band. 

 

The absorption intensity I is sometimes called the "white line" intensity. This is a historical term. The 

strong signals of resonant absorption appeared white on the black background of the then used 

photographic plates.  

The number of valence holes nh in the ground state can be directly related to the absorption intensity 

via the so called intensity or charge sum rule for a core to valence transition n c  n' l (with c = l - 1) 

     
    

      (Eq. 2.36) 

      

 (    )
  (Eq. 2.37) 

C  constant 

R  radial transition matrix element 

L  orbital angular moment of the valence / final state 

c  orbital angular moment of the core / initial state 

l  orbital angular moment of the valence / initial state 

A  as defined in Eq. 2.29 

 

2.4.4.2 Spin and orbital sum rule 

Since the sensitivity of the XMCD effect for the spin has an opposite sign at both edges and the 

sensitivity for the orbital moment is the same at both edges, a comparison of the dichroic profiles at 
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both edges through appropriate addition / subtraction can cancel out one contribution[9]. A set of so 

called sum rules was derived during the early 1990s which link the spectral intensities to the 

projection of the spin and orbital magnetic moments of the sample [37,55-57]. A key issue was the 

elimination of the radial matrix elements. This was achieved by using the ratio of magnetic and 

nonmagnetic absorption profiles[9].  

The spin sum rule[55] links the dichroism intensities to the spin magnetic moment of the sample 

(Eq. 2.38a/b). The second term in the spin sum rule includes the so-called magnetic dipole term Tz. 

It might become prominent in anisotropic samples like surfaces or thin films because it takes into 

account a possible anisotropy in the spin distribution[58]. The prefactors (a - d) in Eq. 2.38a are chosen 

for 2p  3d transition (Eq. 2.38b). The orbital magnetic moment can also be determined by a sum 

rule[56] (Eq. 2.39a/b). 
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  (Eq. 2.39b) 

j+, j-  transitions from spin orbit split core levels 

µ+  XA spectrum recorded with positive circularly polarized light; q = +ħ 

µ-  XA spectrum recorded with negative circularly polarized light; q = -ħ 

µ0  XA spectrum recorded with linearly polarized light; q = 0 

nh  number of holes in the final state / shell 

a, b, c,   prefactors 

 

An example of the application of the sum rules is given in Chap. 3.2.3. The application of sum rules is 

restricted by approximations which were done during their derivation. For the derivation of the sum 

rules, please refer to the literature, e.g. Refs. [55-57,59,60]. Here only the most important conditions 

will be mentioned for the case of the L edge[9]: 

 the 2p  4s transition intensity should be negligible 



2.4.5 Summary of the XMCD effect 

33 

 The radial matrix element should not strongly vary with energy and should not be 

significantly differ for ji = li + 1/2 and ji = li - 1/2 excitations. 

2.4.5 Summary of the XMCD effect 

    

Figure 2.15 Probing of (a) spin and (b) orbital magnetic moment by XMCD 

spectroscopy 

The imbalance of spin up and spin down electrons (or the number of holes) in the 

valence shell gives rise to a net spin magnetic moment mS. If the valence shell has an 

orbital angular momentum quantum number l  0, an net orbital angular momentum 

can arise if the ml states are not equally occupied. 

 

The dipole selection rules demand that that the orbital angular quantum number l changes by  1. If 

we consider the excitation of electrons from the 2p state, a transition to the 4s state is possible. 

However, it is about 40 times weaker than the transition to the 3d states [61]. Therefore, we can 

neglect the contributions of the 2p  4s transition in the following when analyzing L2,3 edge spectra 

The spin and orbital contribution to the total magnetic moment of a sample can be determined by 

XMCD spectroscopy. An exchange splitting of the valence shell leads to an imbalance in spin up and 

spin down electrons / holes. This causes a net spin magnetic moment to arise. This imbalance can be 

probed by circularly polarized x-rays because additional selection rules apply compared to using 

linearly polarized photons, i.e Δml = q = 0,  1. These result in different absorption intensities for the 

various combinations of initial core state and photon helicity (Fig. 2.15a). If the final state has got an 
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orbital angular momentum l ≠ 0, it can also be probed by XMCD spectroscopy. The imbalance in ml 

holes creates an orbital magnetic moment which can be accessed through the orbital sum rule 

(Fig. 2.15b).  
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3. EXPERIMENTAL METHODS - THE GAMBIT SETUP 

 

The experimental approach we followed to record XMCD spectra of isolated clusters in the gas phase 

will be explained in this chapter. Cluster generation by laser vaporization (Chap. 3.1.1) and detection 

via Fourier Transform-Ion Cyclotron Resonance (FT-ICR) mass spectrometry (Chap. 3.1.2) are 

introduced. A paragraph will deal with the modifications of the FT-ICR done to be able to record 

XMCD spectra (Chap. 3.1.3). These modifications are discussed in detail in the doctoral thesis of 

Heinrich Kampschulte[1]. A brief introduction about synchrotron radiation is given in Chap. 3.1.4. 

Total Ion Yield spectroscopy as recording principle of x-ray absorption spectra is explained 

(Chap. 3.1.5) and followed by a paragraph on the collisional cooling procedure employed to reach 

cluster temperatures of about 20 K (Chap. 3.1.6). The data acquisition (Chap. 3.2.1), data analysis 

(Chap. 3.2.2) and application of sum rules (Chap. 3.2.3) are explained. The used procedures were 

developed together with my co-workers Sergey Peredkov and Matthias Tombers. Sergey Peredov 

also programmed the data evaluation program which I used for the evaluation of all spectra 

presented within this thesis. The chapter is concluded by a paragraph on the scaling of the 

experimental moments extracted from the experimental spectra. Scaling means the calculation of 

the intrinsic magnetic moment from the measured projection onto the quantization axis 

(Chap. 3.2.5).  

All spectra shown in this chapter were recorded by an experimental team consisting of Sergey 

Peredkov, Matthias Tombers and myself. A first paper the experimental procedure of recording x-ray 

absorption spectra by our experimental approach was published in 2011 (Chap. 3.4.1). The 

manuscript was mainly drafted by our collaboration partners Sergey Peredkov and Matthias Neeb. 

Together with S. Peredkov I recorded the XA spectra of the vanadium clusters, Nb13
+ and Co22

+ and 

assisted S. Peredkov with the data evaluation. Chap. 3.4.2 contains a manuscript about the x-ray 

absorption spectrum of Nb13
+ which was drafted by a theory group from the Research Center for 

Nanoscale Structure of Matter, Southern Federal University, Rostov-on-Don, Russia. My contribution 

relates to the presented experiments.  
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   Experimental setup 3.1

3.1.1 Laser vaporization source 

A laser vaporization[2,3] (LVap) source is used to produce ionic transition metal clusters (Fig. 3.1). The 

source consists of three major building blocks, i.e. the piezoelectric valve, the expansion / interaction 

block and the expansion channel. 

The second harmonic of a Nd:YAG Laser (Spitlight 200, Innolas; 20 Hz) is focused onto a rotating 

metal target. A homebuilt piezoelectric valve[4] produces a gas pulse (40 µs, helium backing pressure 

in the range of 10 - 20 bar) prior to the laser shots. Target and valve are oriented in a 90° angle with 

respect to each other (Fig. 3.2). The metal plasma, created by the laser pulse, is cooled down within 

the supersonic expansion of the helium gas. Cluster formation takes place in the connecting 

expansion channel. No further ionization step is need as positive as well as negative ions are 

formed[5,6]. The charge of the cluster ions, which will be investigated, is selected by the bias of the 

following ion optics. The size distribution within the cluster beam ranges from the singly charged ion 

to clusters of about 30 - 40 atoms per cluster[5-8]. The center of the cluster distribution can be 

influenced by adjusting the source parameters, i.e. the timing between gas pulse and laser shot, the 

amount of gas expanded into the chamber, laser power and applied source voltages. 

 

Figure 3.1 Schematic drawing LVap source[9] 

(1) gas inlet (2) piezoelectric valve, (3) expansion / interaction block, (4) expansion 

channel of variable length 

 

Thin metals foils were used as target material (thickness 0.4 - 0.5 mm). The cobalt foil was purchased 

from Alfa Aesar (purity 99,95 %). In the cases of iron and nickel mono isotopic target materials were 

4 3 2 

1 
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purchased (Oak Ridge National Laboratory, Fe-56, purity 99.93 % and Ni-58, purity 99.61 %). This was 

necessary to prevent signal dilution due to intensity distribution over several peaks because of the 

different iron or nickel isotopes.  

 

Figure 3.2 Schematic drawing of the piezoelectric valve & source block[9] 

(1) housing, (2) titanium disk, (3) piezo ceramic, (4) expansion nozzle, (5) target 

mount with target, (6) expansion / interaction block, (7) single element of the 

expansion channel 

 

3.1.2 Fourier Transform - Ion Cyclotron Resonance (FT-ICR) mass spectrometry 

The concept of ion cyclotron resonance was discovered during the 1930s by E. O. Lawerence[10,11]. 

Ions will be trapped on circular orbits if an alternating electric field is applied perpendicular to a high 

magnetic field. The angular frequency (ion cyclotron resonance) of the ion motion is independent of 

the radius of the orbit the ions are circling on. The principle was used to construct the first ICR-mass 

spectrometers in the beginning of the 1950s[12,13]. In the mid-1970s Fourier Transform (FT) - ICR was 

introduced by Comisarov and Marshall[14-16]. 

The radius of the ion motion is influenced by two opposing forcing, i.e. the Lorentz and Centrifugal 

force. 
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          (Eq. 3.1) 

     
    

 

 
 (Eq. 3.2) 

FL  Lorentz force 

q  charge of the ion (q = z·e) 

z  number of charges 

e  elementary charge 

vxy  velocity of the ion in the xy plane 

B  magnetic field 

Fcf  Centrifugal Force 

m  ion mass 

r  radius of the ion’s orbit 

 

Thus, the ion radius can be described by the following equation: 

   
    

  
  (Eq. 3.3) 

Upon substitution of vxy by the angular velocity ωc, we insert the cyclotron frequency fc into the 

equation: 

         (Eq. 3.4) 

         
  

 
  (Eq. 3.5a) 

    
  

   
 (Eq. 3.5b) 

The cyclotron frequency is proportional to the mass to charge (m/z) ratio but independent of the 

initial ion velocity in the xy-plane (Eq. 3.5b). 

An ICR cell consists of two excitation plates facing each other and providing the radio frequency for 

the alternating electric field. A frequency sweep is applied to the excitation plates to accelerate the 

ions and their orbits increase. The spectrum is recorded by measuring an image current induced in 

two detection plates when the ions pass by the plates (Fig. 3.3). 

Two additional plates to the excitation and detection plates, the so called trapping plates, confine the 

ions in the z-axis[13]. As a result, an ion can be stored within the cell for minutes[17,18] or even up to 

hours[19,20]. However, as the ions have an initial velocity along the z-axis, the trapping leads to an 

oscillatory motion, which is called trapping motion. Additionally, the ions move along an electrostatic 



3.1.2 Fourier Transform - Ion Cyclotron Resonance (FT-ICR) mass spectrometry 

41 

potential. This motion is mass independent and called magnetron motion. The cyclotron and the 

trapping motion are superimposed on the magnetron motion [21,22] (Fig. 3.4).  

 

 

Figure 3.3 Sketch of the an ICR cell[9] (design: Bruker Infinity CellTM) 

(1) detection plate, (2) front trapping plate, (3) front electrode, (4) excitation plate, 

(5) back trapping plate 

The ICR cell body consists of four plates, two trapping and two detection plates. 

Plates of the same designation face each other. Two additional plates are installed in 

the horizontal axis of the cell. These are the so called trapping plates which confine 

the ion along the z-axis. A hole in the front trapping plate allows the ions to enter. A 

light or electron beam can be coupled into the ICR cell through a hole in the back 

trapping plate. 

 

 

Figure 3.4 Representation of the ion motions within an Infinity trap[22] 

The pure magnetron motion is shown as dashed line and the magnetron motion plus 

the trapping motion as dotted line. The solid line shows the overall motion including 

the cyclotron motion 

 

3 

2 
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The ICR cell installed in the Bruker Apex IV FT-ICR mass spectrometer, used for the experiments 

presented in this thesis, is a so called Infinity Cell[23]. The trapping plates are segmented. The resulting 

electrostatic potential causes a virtual expansion of the ICR cell to infinity along the z-axis[19]. This 

allows longer storage times because of a more effective trapping of the ions. 

The ICR cell does not only function as an ion trap but can also be used as a mass selector. Mass 

selection is achieved by application of a frequency sweep excluding the resonance frequency of the 

selected m/z-ratio. All remaining ions are excited onto much higher orbits than for detection. These 

orbits are unstable and thus ions are ejected from the ICR cell. 

3.1.3 FT-ICR mass spectrometer with cryogenic trap 

A commercially available Bruker Apex IV FT-ICR mass spectrometer has been modified. A quadrupole 

bending unit was installed to allow the attachment of multiple ion sources at the same time. An ion 

beam produced by the LVap is bent by 90° onto the magnetic field axis and transferred into the ICR 

cell (Fig. 3.5a). 

Additionally, a cryogenic ICR cell was installed. A brief description will be given in this thesis for 

further reading refer to the doctoral thesis of H. Kampschulte[1]. The cryo trap consists of two actively 

cooled copper tubes which are connected to a two stage Sumitomo cold head (model cold head 

SRDK-408S2, compressing unit W-71D). The copper tubes are connected to the ICR cell and thus 

enable the heat transport from the cell to the cold head. Three passive copper shields are installed to 

prevent radiative heating of the actively cooled inner stages and the ICR cell by the vacuum housing. 

Three thermocouples are placed within the instrument to constantly monitor the temperature 

(CernoxTM, calibrated from 4 - 325 K, LakeShore) (Fig. 3.4b).  

The first sensor (sensor A) is directly attached to the inner (i.e. the colder) cooling stage at the base 

of cold head. The second sensor (sensor B) is mounted within the copper shielding and attached to 

the outer active cooling stage (i.e. the warmer). The third sensor (sensor C) is located at the ICR cell 

and mounted on the copper base supporting the ICR cell. The temperature within the system can be 

adjusted by a heating element located at the first cooling stage. The temperature can be varied by 

adjusting the output power of the element while the cold head is working. Temperatures up to 130 K 

at the ICR cell can be stabilized. The ICR cell itself can be cooled down as low as 18 K. 
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Figure 3.5 Experimental setup[9] 

(a) modified FT-ICR mass spectrometer as used for the experiments (GAMBIT setup). 

Ions are produced by the LVap and transferred into the high field region of the super 

conducting solenoid (B = 7 T) via electrostatic lenses and a quadrupole bending unit 

where the ICR cell is located. Ion storage, mass selection and detection all take place 

inside the ICR cell. (b) Detailed view of the cryogenic modifications, including the 

location of the temperature sensors used to monitor the temperatures within the 

setup. 

a 

b 

locations of temperature 
sensors 

sensor C, 
 ICR cell  

sensor A 
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3.1.4 Synchrotron radiation 

The FT-ICR mass spectrometer was coupled to an undulator beamline at the synchrotron radiation 

facility BESSY II of the "Helmholtz Zentrum Berlin für Materialien und Energie". All x-ray absorption 

spectra presented in this thesis were recorded at the soft x-ray undulator beamline UE52-PGM. Only 

a brief introduction into synchrotron radiation will be given here. Detailed introductions into the field 

of synchrotron radiation can be found in the literature, e.g. in references [24-26].  

Synchrotron radiation is emitted by relativistic particles when they are radially accelerated. In the 

case of BESSY II, electrons with a kinetic energy of 1.7 GeV are produced, accelerated and transferred 

into a storage ring. The storage ring consists of straight segments and deflecting dipole magnets. 

Every time an electron passes through a dipole magnet synchrotron radiation is emitted. The x-ray 

beam is then transferred via a beamline to an experimental endstation. Energy losses of the 

electrons due to light emittance are compensated by reacceleration of the electrons within three 

radio frequency (RF) cavities located within the storage ring. 

 A further enhancement of the photon flux can be achieved by using an undulator instead of a 

bending magnet as outcoupling device. Undulators are located within the straight segments of the 

storage ring. An additional oscillary motion of the electron is induced by the magnets of the 

undulator (Fig. 3.6a). If the light wave emitted by an electron interferes constructively with second 

light wave emitted by the same electron further along its orbit, x-ray radiation will be emitted. 

Undulator radiation is more brilliant compared to x-ray radiation emitted by bending magnets. 

However, the photon energy has to be continuously adjusted as the undulator is "a line source"[27]. 

Undulator radiation shows sharp peaks at characteristic energies, i.e. the so called harmonics. This is 

achieved by varying the magnetic field the electrons experience when passing through the undulator 

by adjusting the gap between the two magnetic arrays of the undulator (Fig. 3.6). 

The property of an undulator to produce circularly polarized x-ray radiation is important for the 

experiments presented in this thesis. The magnetic arrays above and below the electron orbit are 

each split in half. Circularly polarized light is emitted by shifting the magnetic arrays with respect to 

each other and thus forcing the electron onto an elliptical orbit (Fig. 3.6b) 
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Figure 3.6 Magnetic structure of an APPLE2 undulator (advanced planar polarized 

light emitter)[28-30] (a) setting of the permanent magnets for horizontal photon 

polarization (b) Setting of the permanent magnets for circular photon polarization  

The polarization of the outgoing x-ray beam can be varied by horizontal movement / 

shifting of the permanent magnets with respect to each other. λ0 denotes the period 

length of the magnetic array. The emitted photon energy can be adjusted by varying 

the gap between the upper and lower panel, i.e. the magnetic field the electrons 

experience while passing through the undulator. Taken from Wende, et al.[27] 

 

Table 3.1 Technical specifications of the UE52-PGM undulator beamline at BESSY II[31] 

 

energy range 85 - 1600 eV (soft x-ray regime) 

resolving power at 400 eV > 10000 

polarization variable 

degree of polarization 90 % 

photon flux (500 eV - 1000 eV) > 1012 photons / s 

divergence 0.8 mrad x 0.2 mrad 

 

 

a 

b 
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3.1.5 Total Ion Yield spectroscopy of isolated clusters 

X-ray absorption spectra in the soft x-ray regime are typically measured in total electron yield (TEY) 

or total fluorescence yield (TFY)[32,33]. Both methods measure the response of a sample after the 

absorption of x-ray photons. In TEY the electron drain in a sample is measured after the emission of 

electrons due to the formation of core holes  after the absorption of an x-ray photon and subsequent 

excitation of core electrons. TFY monitors the occurrence of fluorescence after the formation of a 

core hole. A direct transmission experiment as for hard x-rays is unfavorable due to the low 

penetration depth of the soft x-rays[32]. The enhanced absorption coefficient for soft x-rays compared 

to hard x-rays results in a penetration depth of a few nanometers.  

Our sample is a cloud of cluster ions in gas phase. The ions are trapped within the ICR cell and can be 

exposed to the x-ray beam for a given amount of time. TEY is not applicable as means of detection as 

we do not have a stationary sample which we could measure an electron drain from. TFY would be a 

possible way of detection for a gas phase sample. However, our experimental geometry and the 

extremely low target density rule out this method, too. A direct absorption spectroscopy would be 

compatible with our experimental geometry but the target density is too low to measure an 

attenuation of the incident x-ray beam after passing through the sample. The clusters density within 

the ion cloud is about 106 cluster ions per cubic centimeters.  

We are exploiting a secondary process following the photon absorption comparable to TEY and TFY. 

Both methods monitor processes which happen after a core hole is formed and an Auger electron 

emitted. We do not monitor the secondary electrons directly or the charging of the sample but the 

subsequent fragmentation of our clusters upon charging up. Auger electrons and secondary electrons 

are emitted from the clusters which will lead to a fragmentation of the cluster once the charge 

accumulated on the cluster can no longer be stabilized. Monitoring the fragment intensity is 

therefore a measure of the x-ray absorption. As the clusters are stored within the ICR cell, i.e. an ion 

trap, also the ionic fragments will be trapped. The fragment intensity can be measured by recording a 

mass spectrum after the exposure to the x-ray beam. This method of detection has been termed 

Total Ion Yield (TIY) spectroscopy[34-37]. 
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Figure 3.7 cluster distribution for nickel cluster cations with Ni13
+ as central peak  

The small peak to higher m/z with respect to the cluster signals is due to oxygen 

contamination in the source region. 

 

 

Figure 3.8 mass spectrum of Ni13
+ after isolation, no x-ray exposure 

A pulse of helium buffer gas was added to the ICR to cool down the clusters (see 

Chap. 3.1.6). No fragmentation products are visible in the low mass range (left (red) 

inset). The peak at m/z 72 in the left inset is a noise peak due to stray frequencies 

detected by the electronics. The right (black) inset shows a zoom of the parent 

cluster. 

 

The x-ray absorption spectrum of one cluster size is measured by isolating this m/z prior to exposure 

to the x-ray beam. The cluster distribution is adjusted for the later to be selected cluster size to be 

the central peak within the distribution (Fig. 3.7). The cluster size is then selected. A mass spectrum 

with the experimental settings used in TIY mode is recorded to ensure no fragmentation without  

x-ray beam is present (Fig. 3.8).  
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Figure 3.9 Mass spectra of Ni13
+ after isolation and exposure to x-rays 

(a) Ni13
+ isolated and exposed to negative circularly polarized x-rays 

The photon energy was set to 853 eV, i.e. the L3 edge, with a photon flux of about  

2·1012 photons / s (ring current = 280 mA).  

(b) Ni13
+ isolated and exposed to positive circularly polarized x-rays 

The photon energy was set to 853 eV, i.e. the L3 edge, with a photon flux of about 

1.5·1012 photons / s (ring current = 250 mA). 

The ICR cell was held at a temperature of 20 K. A pulse of helium buffer gas was 

added to the ICR to cool down the clusters (Chap. 3.1.6). The left (red) inset shows 

the main fragments Ni1
+, Ni2

+ and Ni3
+. The peak visible in the left inset at m/z 72 is a 

noise peak due to stray frequencies detected by the electronics. The right inset 

shows a zoom of the parent cluster. 

 

An illustration of the practical application of TIY spectroscopy is given in Fig. 3.9. The mass spectra for 

Ni13
+ are measured after exposure to the x-ray beam for both circular photon polarizations with a 

photon energy which corresponds to the resonance at the L3 edge. The differences in the fragment 

a 

b 
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intensities for Ni1
+, Ni2

+ and Ni3
+ stem from the different absorption cross sections for positive and 

negative circular photon polarizations. A second example can be found in the appendix (Chap. A.2.1). 

A comparison between mass spectra recorded with three different photon energies is given. The 

photon energies vary by one electron volt with the second corresponding to the resonance at the 

L3 edge. 

3.1.6 Collisional cooling 

A defined cluster temperature is important to later extract the intrinsic magnetic moments from the 

experimental spectra. The experimentally accessible magnetic moments are the projections upon the 

quantization axis. In our experimental setup the quantization axis denoted z lies along the magnetic 

field axis which coincides with the propagation axis of the x-ray beam. The experimental accessible 

dichroic effect scales with the applied magnetic field and the cluster temperature according to a 

Brillouin / Langevin function. A cluster temperature in the low Kelvin range is necessary for a 

successful experiment because of the small magnetic moment of the clusters (Chap. 2.3.1, 

Chap. 2.3.2.2 and Chap. 2.4.3).  

Cooling of the clusters can be achieved by introducing pre cooled helium buffer gas into the ICR cell. 

This procedure is termed collisional cooling. The clusters collide with the helium atoms and thereby 

transfer energy. If the amount of collisions a single cluster undergoes with the buffer gas is sufficient, 

it will thermalize to the temperature of the helium buffer gas.  

Our experimental implementation of the collisional cooling will be briefly described in the following. 

Helium is pulsed into the ICR cell region using a General Valve (P/N 009-1632-900 VAC-1250PSIG). 

The gas is transported to the ICR cell through a spiral which is located at the inner (colder) cooling 

stage (Fig. 3.5). This ensures sufficient collisions between the helium and the tube wall to cool down 

the helium to the desired temperature. Once introduced into the ICR cell the cluster ions cool down 

via collisions with the cold helium atoms. The amount of gas is controlled by the helium backing 

pressure at the General Valve and the opening time of the General Valve. A vacuum gauge located in 

the UHV part of the instrument is used to monitor the amount of gas introduced into the instrument. 

We conducted a set of experiments to ensure that a sufficient number of collisions occur to reach the 

desired cluster temperature. Afterwards, a "pump down delay" was introduced to reach a pressure 

of approximately 210-8 mbar or lower before admitting the x-ray beam into the ICR cell. Polarization 

dependent XA spectra of Co11
+ were recorded for different amounts of helium buffer gas and the 

resulting XMCD effect compared. Spectra were recorded for five different pressure readings at the 

ion gauge while the ICR cell temperature was kept constant at 20 K (individual XA spectra Fig. A.5 -

 A.9, individual experimental settings Tab. A.1). If the normalized XMCD spectra are compared to 
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each other, one finds that the dichroic effect at the L3 edge is similar for all five experiments 

(Fig. 3.10). However, the effect at the L2 edge shows a clear dependence of the amount of gas used. 

There is hardly any dichroic effect visible at the L2-edge for the two lowest pressure readings. A 

dichroic effect becomes visible when increasing the pressure reading up to approximately  

9·10-7 mbar. A further increase does not alter the spectral shape any more. 

The above defined procedure for cooling the cluster ions was used for all experiments presented in 

this thesis. The final parameter set was taken from the experiment with a pressure reading of  

1·10-6 mbar (Tab. A.1). The parameters were gradually adjusted with time to keep the amount of gas 

used stable as the General Valve deteriorated with age. 

 

 

Figure 3.10 normalized XMCD intensity for helium buffer gas dependent experiments 

of Co11
+ 

The individual XMCD spectra are calculated from a normalized pair of XA spectra. The 

XMCD spectra are normalized to the largest dichroic effect within the set of 

experiments. The red shaded area indicates the dichroic effect of the experiment 

with the least amount of gas. Whereas the blue area indicates the experiment in 

which the highest amount of buffer gas was used. One should note that the ion 

gauge is not located near the ICR cell and therefore the actual pressure in the ICR 

may differ from the recorded reading to monitor the used amount helium gas. 
(*) Experiments of isolated Co11

+ were not possible at the time of the experiment. A 

set of three clusters Co10
+, Co11

+ and Co12
+ was instead isolated with Co11

+ as central 

peak. 
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   Data acquisition & analysis 3.2

3.2.1 Data acquisition 

In the following paragraph a description of the experimental procedure, which was followed to 

record an XMCD spectrum for an isolated cluster in the gas phase, will be given. Fig. 3.11 illustrates 

the process in a flow chart. While Fig. 3.11a states the main objective of each step, Fig. 3.11b gives a 

more detailed account on how the objective is achieved. 

The inner most loop represents the recording of a single mass spectrum for a given photon energy. 

The ICR cell is filled by a certain number of "ion packages", each generated by a single laser shot. The 

exact number of shots depends on the performance of the cluster source and the ablation laser but 

usually ranged from ten to twenty shots. In the next step, the cluster size to be investigated is 

isolated. The clusters are cooled down by collisional cooling (Chap. 3.1.6). The introduced "pump 

down delay" before the admittance of the x-ray beam into the ICR cell is necessary to efficiently trap 

the fragment ions in the ICR cell. Immediately after the gas pulse, the background pressure in the ICR 

cell is too high to confine the low m/z fragments from the parent cluster fragmentation on stable 

orbits. The collisions with the helium atoms result in the loss of these stable orbits and subsequently 

fragments are ejected from the ICR cell, i.e. they collide with the ICR cell itself. Therefore, a pump 

down delay, i.e. a waiting time, was introduced before the clusters are irradiated by the x-ray beam. 

A beam shutter was used to control and time the admission of photons into the ICR cell. Typical 

irradiation times range from eight to thirteen seconds per mass spectrum. 

A mass spectrum was recorded for each photon energy. Each saved mass spectrum was the sum of 

two individual mass spectra. At the same time the ring current in the storage ring was saved. The ring 

current was used to normalize the spectra to the incident photon flux. Therefore, the ring current 

was transformed to a flux value by means of a prior recorded calibration curve. The calibration curve 

takes the absorption of optical elements in the beamline into account. A table containing the photon 

energies, which were to be measured, was constructed before the experiment. The energy range and 

step size was adjusted according to the investigated transition metal and planned experiment. Once 

the mass spectra for all photon energies were measured, a file was saved that contained all mass 

spectra, the photon polarization was changed. This is done by changing the undulator shift from 

positive to negative or vice versa (Fig. 3.6b). The next XA spectrum was measured. Polarization 

dependent XA spectra were always taken in pairs to account for possible changes of the 

experimental conditions, i.e. either of the cluster source or of the x-ray beam.  
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Figure 3.11 generalized acquisition procedure for recording XMCD spectra 

(a) main objectives (b) realization of objectives 

The loops indicate the individual cycles needed to obtain an XMCD spectrum for a 

single cluster size: (1st, inner most) mass spectrum, (2nd) XAS, (3rd) pair of polarization 

dependent XAS, (4th, outer) XMCD spectrum 

a 
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Figure 3.11 Photon energies are set prior to experiment according to the desired 

energy range and spectral resolution. The outer loop would be repeated until 

sufficient statics were achieved to calculate magnetic moments from the XMCD 

spectrum. The times given in Fig. 3.11 are typical values needed to complete the 

indicated experimental step. 

b 
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Figure 3.12 Scheme of the data analysis  

(a) main objectives (b) realization of objectives 

The main steps needed to extract magnetic moments from experimental data are 

illustrated in the flow charts. 

a 
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Figure 3.12 The scheme illustrates how the data is processed to generate an XA 

spectrum. The outer loop corresponds to the calculation of the XA spectra for both 

polarizations. The small inner loop refers to the verification if all selected fragments 

show resonant behavior. Then the experimental magnetic moments mL,z and mS,z are 

extracted from the XMCD spectrum by sum rule analysis.  

b 
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The outer cycle corresponds to the measurement of a pair of polarization dependent XA spectra. This 

cycle was repeated until the number of XA spectra per polarization yielded sufficient statistics to 

extract magnetic moments form the XMCD spectrum by sum rule analysis[38-41]. 

3.2.2 Data analysis 

The x-ray absorption spectra were calculated from the recorded mass spectra for each photon 

energy. The first step is the adding up of all individual mass spectra for one polarization to one final 

pair of mass spectra. This results in a better signal to noise ratio in the mass spectra and thus leads to 

a better statistic in the final XA spectrum (Fig. 3.11, outer loop). The fragment and parent intensities 

are extracted from these two final mass spectra by Gauss fits to the individual mass peaks.  

The fragments which are used in the analysis are defined in a table which is individually adjusted for 

each parent cluster. A mass spectrum, which is accumulated of up to twenty individual mass spectra 

recorded at the L3 resonance, is used to identify resonant fragments by checking against a mass 

spectrum taken without x-ray beam. The primary selection is again checked after the XA spectra are 

calculated. If the XA spectrum calculated from a single fragment shows the resonant structure of the 

L-edge, the fragment will be taken into account. The most common fragments in our experiment are 

the singly charged cation, dimer and trimer. However, depending on the cluster size other fragments 

might be added to the list. All fragments showing a resonant absorption structure are used in the 

final evaluation. A scheme including the individual steps done during the data analysis is given in 

Fig. 3.12a and 3.12b. Fig. 3.12a names the steps followed during the analysis while Fig. 3.12b 

indicates in more detail how each step is accomplished. 

Each energy point is normalized to the parent cluster intensity to account for intensity variations of 

the cluster source with time. Additionally, the spectra are normalized to the photon flux which is 

calculated from the ring current in the storage ring and a calibration curve which accounts for photon 

absorption of optical elements in the beamline. 

Once the XA spectra for both polarizations are calculated the magnetic moments can be extracted by 

the application of the sum rules (Chap. 3.2.3). The last step in the flow chart is the scaling of the 

experimental magnetic moments. This step is needed because under our experimental conditions the 

magnetic moments of the clusters are not completely aligned to the external magnetic field due to 

their temperature of T > 0 K and the finite external magnetic field. (Chap. 3.2.4) 

3.2.3 Application of sum rules 

The magnetic moments are extracted from the measured spectra by the application of the so called 

sum rules[39-41] (Chap. 2.4.3 and 2.4.4). In this paragraph an example of the practical application of the 
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sum rules will be given. Fig. 3.13a shows the polarization dependent x-ray absorption spectra for 

Co16
+. The integral intensities of the dichroic effects for both absorption edges have to be calculated 

from the XMCD spectrum (Fig. 3.13b). The XMCD spectrum is the difference of the XAS for positive 

(µ+) and negative (µ-) polarization. The absorption spectrum of horizontally polarized light (µ0) is also 

needed for the application of the sum rules. However, it is rarely measured along with the positive 

and negative spectra and usually approximated by the average of both circular polarizations (µ+ and 

µ-) (Eq. 3.6a). Therefore, the integral in the denominator of the original formulation of the sum rules 

(Eq. 2.4.4) reduces to: 
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  ( )   ( )

 
  (Eq. 3.6a) 
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The integral experimental spectrum of (µ+ + µ-) has to be corrected for the non-resonant absorption 

caused by direct photo ionization processes before the integration[32,33]. This is done by fitting a two-

step function to the spectrum. The height of the steps is given as two thirds and one third of the tail 

intensity. This corresponds to the ratio of electrons located in the 2p3/2 and 2p1/2 orbitals (Fig. 3.13c). 

We follow the procedure published by Chen et al.[40]. 

The formulation of the sum rules in terms of the integrals calculated from the experimental spectra 

reads as follows: 
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        (Eq. 3.7) 

 〈    〉   〈  〉     
    

 
        (Eq. 3.8) 

mL,z  orbital magnetic moment projected onto the quantization axis 

mS,z  spin magnetic moment projected onto the quantization axis 

A  integral dichroic effect at the L3 edge 

B  integral dichroic effect at the L2 edge 

C integral intensity of (µ+(E) + µ-(E)) corrected for non-resonant 

absorption 

nh  number of holes in the 3d shell 

µB  Bohr magneton 

Tz  spin dipole term 
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Figure 3.13 Illustration of the integral areas used in the sum rule analysis  

(a) Polarization dependent XA spectra taken with negative (µ-) and positive (µ+) 

circularly polarized x-ray photons of Co16
+ (b) XMCD spectrum calculated by 

subtracting the negative from the positive XAS (µ+(E) - µ-(E)). The areas used for 

integration are indicated. Integral A corresponds to the dichroic effect at the L3 edge 

and integral B to the dichroic effect at the L2 edge. (c) The sum of positive and 

negative XAS (µ+(E) + µ-(E)) is used to calculate the integral C. The integral 

corresponds to the integration of the resonant absorption intensity over both 

absorption edges. The non-resonant background is subtracted prior to the 

integration by fitting a two-step function as indicated in the inset. We follow the 

procedure described by Chen et al. for fitting the background[40]. 

 

The left hand side of Eq. 3.8 is called effective XMCD spin[32] as the spin magnetic moment is not 

directly accessible from the spin sum rule. The Tz term account foranisotropy in the spin 

distribution of the sample with respect to the chosen quantization axis. It is the expectation value of 

a 

b c 
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the spin magnetic dipole operator for the spin quantization axis oriented along z[40,42]. The 

contributions of Tz can be quite significant in an anisotropic bonding environment, e.g. thin 

films[42,43]. However, if an angle averaging XMCD experiment is performed it cancels out close to 

zero[32,44] because it is a highly directional value. In our experiment the clusters are freely rotating 

within the ICR cell and thus we perform and angle averaged experiment. Therefore, we can justify 

neglecting the Tz term in the analysis and directly calculate a spin magnetic moment[36,45] from our 

experimental spectra. 

3.2.4 Scaling of experimental magnetic moments 

The application of the sum rule analysis as describe in the previous paragraphs allows the calculation 

of the spin and orbital magnetic moments projected onto the quantization axis z which lies coincides 

with the magnetic field axis. The value of this projection depends on the experimental conditions, i.e. 

magnetic field and sample temperature which define how well the magnetic moment of the sample 

is aligned with respect to the external magnetic field. The alignment as a function of external 

magnetic field B and temperature T follows a Brillouin function for small moments[46] or the classical 

Langevin function for larger moments[47-52] (Chap. 2.3). 

Table 3.2 Cluster temperatures and corresponding temperature readings at the three 

different sensors for the temperature dependent experiments of Co11
+ 

 

T 

cluster 

T 

ICR cell 

/ K 

T 

sensor A 

/ K 

T 

sensor B 

/ K 

150±50 20 8.5 42 

80±1 88 100 68 

65±1 67 70 55 

50±1 50 50 no reading(§) 

40±1 43 40 50 

30±1 33 30 no reading(§) 

20±2 20 9 no reading(§) 

18.5±5 19.5 9 no reading(§) 

16±5 20 8.5 42 

 
(§) Temperature sensor B did not give a reading at the time of the experiment. 

Please Note that the cross over of the temperatures measured by sensors A and B is 

due to an active heating element (Chap. 3.1.3) This cross over may lead to additional 

/ larger uncertainties of the assigned cluster temperature Tcluster. 
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We measured a set of temperature dependent XMCD spectra for Co11
+ (Fig. 3.4) to confirm that the 

magnetization of the clusters follows a Langevin curve as function of cluster temperature and 

external magnetic field for our experimental scheme[36]. XMCD spectra were measured for nine 

different temperatures (Tab. 3.2). 

 

Figure 3.14 Normalized XMCD intensity for the temperature dependent experiments 

of Co11
+ 

The individual XMCD spectra are calculated from a normalized pair of XA spectra 

(Fig. A.9 - A.17). The XMCD spectra are normalized to the largest dichroic effect 

within the set of experiments. The shaded areas indicate the increasing dichroic 

effect at the L3 edge for decreasing temperatures. The dichroic effects for 

Tcluster = 80 K and 40 K are not shaded to due clarity.  
(*) Experiments of isolated Co11

+ were not possible at the time of the experiment. A 

set of three clusters Co10
+, Co11

+ and Co12
+ was instead isolated with Co11

+ as central 

peak. The energy scale for the Tcluster = 150 K experiment was shifted by 1 eV to lower 

energy due to energy shifts in the beamline at the time of the experiment. This was 

done to align the spectrum to the remaining spectra. 
(#) Experiments of isolated Co11

+ were not possible. The isolation of only Co11
+ led to a 

strong reduction of the cluster intensity. [Co11H2]
+ had to be included in the 

experiments to ensure a sufficient parent cluster intensity. 

 

The temperature dependent effect is largest at the L3 edge (Fig. 3.14). The dichroic effect increases as 

the temperature decreases, i.e. the better the alignment of the magnetic moment of the cluster the 

larger the experimentally accessible effect. The effect at the L2 edge is less pronounced than for the 

L3 edge. However, an increase of the dichroic effect is visible. The experiment for Tcluster = 150 K was 
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done with an ICR cell temperature of 20 K but without the use of helium buffer gas to thermalize the 

clusters. The temperature of 150 K is estimated to be the cluster temperature after the supersonic 

expansion in the source region. The remaining cluster temperatures were achieved by turning on a 

heating element which output could be controlled to obtain defined temperatures. Temperatures 

were controlled by a feedback loop which adjusted the output power of the heating element to 

stabilize the temperatures within a range 0.5 K. 

The experimental values for the total magnetic moments were fitted either by Langevin[53] (Eq. 3.9a -

 3.9c) or Brillouin[53] (Eq. 3.10a - 3.10c).  
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)  (Eq. 3.10c) 

mJ,z, mL,z, mS,z effective (experimental) total, spin, orbital magnetic moment of the 

cluster in units of µB 

L  total orbital angular momentum of the cluster 

mL  orbital magnetic moment of the cluster 

gL  Landé-factor of the orbital magnetic moment; gL = 1.0 

S  total spin angular momentum of the cluster 

mS  spin magnetic moment of the cluster 

gS  Landé-factor of the electron; gS = 2.0 

J  total angular momentum of the cluster; J = S + L 

mJ  total magnetic moment of the cluster 

gJ  Landé-factor of the total magnetic moment 

B  magnetic field  

 

A pulse of helium buffer gas was used to thermalize the clusters to the desired temperatures 

(experimental settings for the experiments at different temperatures see Tab. A.3). The temperature 

of the helium gas has an uncertainty to it because of the temperature gradient within the 

experimental setup itself (Tab. 3.2). The cluster temperature is assumed to be the temperatures of 
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the ICR cell. The magnetic field was kept constant at 7 T for all experiments. Fig. 3.14 does not 

include the spectra for Tcluster = 50 K and 20 K (Fig. A.12 and A.15). The magnetic moments for 50 K 

and 80 K were extrapolated from the dichroic effect at the L3 edge[38]. 

 

 

Figure 3.15 scaling of experimental magnetic moments according to the Langevin 

and Brillouin formula 

(a) The total magnetic moment mJ is scaled. The experimental moments mJ,z (solid 

black symbols) are extrapolated to the intrinsic magnetic moment mJ according to 

Langevin (solid line) or Brillouin (dashed line). (b) The spin magnetic moment and 

orbital magnetic moment are scaled independently. The experimental moments mS,z 

(solid blue symbols) and mL,z (open red symbols) are extrapolated to the intrinsic 

magnetic moment mS and mL according to Langevin (solid line) or Brillouin (dashed 

line). 

The Langevin and Brillouin scaling curves for each individual experiment are given in 

Fig. A.19 - A.24. The gJ-factors for all individual experiments can be found in Fig. A.18. 
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The curves overlap over almost the whole temperature range (0 - 300 K). A small deviation only 

occurs for temperatures below 10 K (Fig. 3.15a, zoom). The total magnetic moment of Co11
+ 

calculated from the Langevin fit is 2.300 µB/atom and from the Brillouin fit it is 2.256 µB/atom. The 

deviation is well within our experimental error.  

The total magnetic moment for Tcluster = 65 K lies below the curve whereas the moments for the two 

lowest temperatures lie above the fits. The Langevin-like behavior of the magnetization for free 

clusters trapped in an ICR cell is confirmed. Therefore, we can correct our experimental magnetic 

moments for the insufficient alignment and obtain the intrinsic magnetic moments of the clusters. 

Fig. 3.15b shows the Langevin and Brillouin fits as they have been published before: individually done 

for spin and orbital magnetic moment[36]. This individual scaling of both contributions to the 

magnetic moment corresponds to a decoupling of spin and angular momentum and an individual 

alignment to the external field and has been proven wrong in the meantime[45,54,55] (Chap. 4.2). 

Therefore, the Langevin correction was applied to the total magnetic moment mJ,z for all experiments 

presented within this thesis if not explicitly indicated otherwise. 

 

Figure 3.16 Total magnetic moments mJ of Co11
+ after Langevin scaling of mJ, 

The scaling of the total magnetic moments mJ preserves the ratio of mL,z / mS,z. Thus, 

the ratio of mS,z / mJ,z and mL,z / mJ,z respectively are preserved too and the values for 

mS and mL can be calculated from mJ. The three dashed lines give the mean values of 

mS, mL and mJ. The shaded area represents two times the standard deviation from 

the mean value (σ (mJ) = 0.240, σ (mS) = 0.167, σ (mL) = 0.099). 

The Brillouin scaling of mJ,z and the results for the individual scaling of mS,z and mL,z 

according to Langevin and Brillouin are given in Fig. A.25 - A.27. 
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The total magnetic moment mJ after the Langevin correction for Co11
+ is 2.3 µB/atom. It separates 

into mS = 1.83 µB/ atom and mL = 0.471 µB/atom. The total, spin and orbital magnetic moments for all 

nine temperatures after Langevin correction are displayed in Fig. 3.16. If spin and orbital magnetic 

moment are individually scaled the mL / mS ratio will change (Fig. 3.17). The small orbital moment is 

harder to align and will therefore be scaled more than the larger spin moment. The case of 

individually scaled moments would lead to mJ = 2.797 µB/atom, mS = 1.947 µB/atom and 

mL = 0.849µB/atom (Fig. 3.17). 

 

Figure 3.17 ratio of orbital to spin magnetic moment mL / mS after Langevin 

correction 

If mJ is scaled the mL / mS ratio is the same as the mL,z / mS,z ratio (solid symbols; the 

dotted line gives the mean value and the shaded area is two times the standard 

deviation, σ = 0.044). If spin and orbital magnetic moment are independently scaled 

the mL / mS ratio differs from the mL,z / mS,z ratio (open symbols; the dashed line gives 

the mean value and the shaded area is two times the standard deviation, σ = 0.047). 

The graphic for the Brillouin correction is given in the appendix (Fig. A.28). 
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+. 
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3.4.1.0 Abstract 

A Fourier Transform-Ion Cyclotron Resonance mass spectrometer has been installed at the BESSY II 

storage ring. This unique setup enables to record soft X-ray absorption and magnetic circular 

dichroism spectra (XMCD) of mass-selected clusters in the photon energy range 200 - 1200 eV. The 

photoabsorption signal is obtained by recording the fragmentation pattern as produced after X-ray 

absorption and subsequent Auger decay of the core-excited parent cluster ion. The experimental 

setup and first X-ray absorption spectra on V13
+ and Nb13

+ are discussed. The feasibility of recording  

X-ray induced XMCD spectra is demonstrated for Co22
+. Improvements that allow for quantitative 

determination of spin and orbital momenta in the future are briefly outlined. 
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3.4.1.1 Introduction 

In recent years X-ray magnetic circular dichroism (XMCD) has developed into an important 

magnetometry tool for studying dilute samples such as sub-monolayers [1], quantum wires [2], 

nanoparticles [3], as well as supported monodispersed clusters [4,5]. In general XMCD allows for 

separation of spin and orbital magnetic moments, and it provides for a route to determine magnetic 

anisotropies of selected samples [6,7]. XMCD has the particular advantage of being sensitive to low 

sample concentrations and being element specific. 

Various deposited metal clusters have been investigated by XMCD. The total moments of these 

clusters increase with respect to bulk values, and the relative contributions of spin- and orbital 

moments differ from those of corresponding bulk samples [4,5]. However, the deposition of the 

clusters inevitably alters intrinsic cluster properties through substrate induced electronic 

reorganization. It is a challenge to accurately model the electronic coupling within the cluster-surface 

system [8]. Even the modelling of individual clusters causes such challenge and requires highly 

correlated relativistic ab initio levels of computation [9,10]. These circumstances request for 

additional investigation, i.e. XMCD experiments on free mass-selected clusters as those do not 

interact with any environment. Our present setup is designed to serve this purpose, i.e. to analyse 

the spin and orbit magnetic moments of free mass-selected cluster ions by recording the X-ray 

induced dichroic difference signal using circularly polarised soft X-ray undulator radiation. 

Total magnetic moments of mass-selected metal clusters have been recorded by Stern-Gerlach 

experiments [11-14]. It turns out that the total moments of free clusters are clearly enhanced with 

respect to the bulk. Moreover the Stern-Gerlach measurements show that mass-selection is 

mandatory for the exploration of small clusters as the magnetic moments vary in a non-scalable way 

as function of size. This is particularly true for clusters with less than 100 atoms. As the relative 

contribution of orbital and spin moments cannot be received by Stern-Gerlach experiments XMCD 

spectroscopy serves as complementary tool for the investigation of the magnetic properties of free 

clusters.  

Ion trapping has successfully been applied for exploring massselected clusters with respect to e.g. 

photofragmentation [15], charge states [16], vibrational frequencies [17] and structure [18]. 

Moreover, ion trapping has recently been used to explore free nanoparticles and mass-selected 

clusters by soft X-ray absorption [19,20]. Ion trapping provides a spatially confined target density. 

Using an average photon flux of an undulator X-ray source of ∼ 1012 s-1 as well as a typical atomic 

photoionization cross sections in the soft X-ray region (= 1 - 10 Mb [21]) we estimate that a target 

density of ≥ 107 clusters/cm3 should provide a reasonable signal-to-noise ratio (> 3) for doing soft  
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X-ray photoabsorption spectroscopy. For this estimation we assumed a detection limit of > 200 ions 

[22], 10 atoms/cluster and 100 % photon and ion beam overlap. Photoabsorption of X-ray's and 

subsequent Auger decay creates multiply charged cluster ions. These final state ions are very likely to 

dissociate, in analogy to what has been observed in molecular X-ray spectroscopy [23]. The total 

fragment ion intensity is proportional to the X-ray absorption probability. Thus an absorption 

spectrum of the stored parent cluster is recorded by scanning the photon energy over an inner-shell 

absorption edge and detecting the fragment ion yield. 

We built an experimental setup in order to perform XMCD spectroscopy on free clusters. This new 

setup, branded GAMBIT (General Abstraction of Magnetic Moments at BESSY by Ion Trapping), 

utilizes a cyclotron ion trap (combination of DC electric and static magnetic fields) which serves both 

as ion trap and mass detector (m/z). In contrast to dynamical RF traps which have recently been used 

for X-ray absorption spectroscopy of mass-selected ions and clusters [19,20] the Penning-like setup 

uses a strong homogeneous magnetic field for radial confinement of the cluster ions. This trapping 

field also defines the magnetization direction of the cluster ensemble for XMCD measurements. 

We have taken first X-ray absorption spectra for V13
+ and Nb13

+ using linear polarisation. These 

clusters are supposed to have an icosahedral-like geometry. Circular polarisation has been used to 

record the absorption spectra of Co22
+ which can be assumed to be superparamagnetic [13]. These 

cluster sizes have been chosen as these could be produced with highest intensity for the time being. 

Moreover, any higher harmonics (3rd, 5th, 7th) of the parent mass peak resulting from Fourier analysis 

of the recorded frequency spectra do not overlap with the fragment peaks. 

3.4.1.2 Experimental setup 

The setup is based on a commercial Fourier-Transform Ion Cyclotron Resonance (FT-ICR) instrument 

(Bruker Apex III). The instrument was modified according to a similar instrument that serves to 

investigate transition metal cluster reactions [24]. The latter experiment is not combined with a 

synchrotron beamline, however. Metal clusters are formed by pulsed laser vaporisation  

(20 Hz, 532 nm, ∼ 10 mJ/pulse) of a rotating thin foil into pulses of Helium carrier gas from a home-

built piezo valve [17]. The valve opens shortly (60 - 120 µs) in order to allow for the admittance of 

high backing pressures (up to 15 bar). The cluster/gas mixture of the source region propagates along 

a channel (80 mm × 2 mm diameter), expands adiabatically into vacuum, and passes through a gas 

dynamic skimmer (opening 0.2 mm) for differential pumping. Subsequently, the cluster ion beam is 

bent by a home-built 90° electrostatic quadrupole deflector. Multiple electrostatic ion lenses, 

steering elements and biased apertures guide the cluster ion beam into the high magnetic field 

region of a shielded superconducting solenoid (7.05 T with a bore diameter of 155 mm). Trapping, RF 
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excitation and detection of the ions inside the trap takes place by a cylindrical ICR cell (∅ = 6 mm, 

l = 60 mm) that comprises multi segmented planar trapping end caps (a so-called Infinity cell [25]). 

The cluster and X-ray beam enter the ICR-cell through axial apertures (diameter 6 mm) on either side 

of the trap. The vacuum housing of the trapping cell is connected to the X-ray beamline by a non-

magnetic stainless steel tube (316 Ti). A schematic layout of the experimental setup including cluster 

source, ion optics and ICR ion trap is provided in Fig. 1. 

 

Fig. 1 Scheme of the experimental setup for XAS and XMCD measurements on free 

mass-selected clusters: (a) cluster source, (b) skimmer and extraction optics, (c) 

electrostatic quadrupole deflector, (d) focussing and transfer optics, (e) FT-ICR cell 

for trapping and analyzing the cluster ions, and (f) counter propagating X-ray photon 

beam. The FT-ICR cell is placed in the center of a superconducting magnet (7T). 

 

The ICR ion trap is filled with clusters from a sequence of 5 - 20 laser shots (at 20 Hz repetition rate) 

by synchronized gating of the axial front trapping plate. Typical mass spectra of transition metal 

clusters reveal a Gaussian-like intensity distributions (Fig. 2 (top panel) for e.g. Vn
+-clusters, with a 

maximum at V13
+ that can be shifted towards higher or lower cluster sizes by variation of timing 

delays, e.g. ICR-cell opening to laser pulse for ion time-of-flight variation, vaporisation laser to piezo 

valve for cluster production. Mass-selection is achieved inside the trap by isolation of a particular 

cluster mass using resonant RF-ejection of all unwanted cluster as shown in the center of Fig. 2 for 

V13
+. Upon mass-selection the intensity of the mass-selected mother ion reduces by ca. 30 - 50 %. 
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The center of the superconducting magnet is installed ∼ 4 m downstream of the focus of the  

UE52-PGM beamline at the BESSY II storage ring. The horizontal X-ray beam width was determined to 

be ∼ 0.5 mm at the location of the ICR-cell. 

 

Fig. 2 ICR-mass spectrum of Vn
+ clusters. Initial cluster distribution as captured from 

the cluster ion source (top), after mass-selection of a particular cluster size (center) 

and after X-ray exposure for 4 s (bottom). The strongest satellite mass peak next to 

each pristine cluster (top panel) can be assigned as a monatomic vanadium oxide 

(VnO1
+) which is captured from the cluster beam. 

 

The vertical X-ray beam width is approximately equal to the variable exit slit setting of the 

monochromator (20, 50, 100, 200, or 500 µm). All absorption spectra discussed in the following were 

recorded with an exit slit setting of 500 m, which leads to a spectral resolution of ∼ 1 eV and to a flux 

of 0.5 - 1 × 1012 photons/s (300 - 900 eV). The magnetic field is aligned parallel to the X-ray 
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propagation direction. Hence a maximum dichroic signal is observed when left and right circular  

X-ray polarisation is used for recording XMCD spectra. 

Admittance of the X-ray photon beam to the ICR cell is controlled via an electrically triggered 

pneumatic beam shutter in front of the magnet. Exposure of stored cluster ions for a few seconds 

yields ionic fragments sufficient for subsequent RF excitation and detection. Within the exposure 

time the detected fragment yield increases to ∼ 1 % of the precursor intensity (see Fig. 2, bottom 

panel). This large mother-to-daughter ratio ensures photoabsorption of the mother ion but not by 

the fragment ions. After irradiation and detection of the fragments the ICR cell is quenched and 

reloaded with new clusters. Both parent ions as well as fragment ions are detected. Application of an 

RF frequency chirp to the ICR-cell electrodes yields a superposition of sinusoidal response functions. 

Fast Fourier transformation (FFT) converts this transient signal into a frequency spectrum. These 

frequencies are inversely proportional to the mass (m/z) of the detected ions and thus a traditional 

mass spectrum is obtained from frequency-to-mass conversion. The mass calibration took place with 

a standard ion trap tuning mix (G2431A, Omnilab-Laborzentrum GmbH, Bremen) and using a 

standard electrospray ion source. The mass resolution m/m is proportional to the detection time t 

(resolving power = 0.5 ×ωcyc × t), e.g. up to 104 for 100 ms detection at 500 - 1000 amu  

(ωcyc = 100 - 200 kHz). 

 

Fig. 3 Intensity distribution of the cluster ion cloud inside the ICR-cell. By sweeping 

the X-ray beam across the cell the recorded fragment intensities reveal the spatial 

distribution of the Nb13
+-cloud. The error bar for the intensity near zero beam 

position is the standard deviation (± 2σ) from several measurements. The 

uncertainty of the x-coordinate is caused by determining the position of the X-ray 

spot on a phosphor-plated window. Spectra have been taken with 4 s irradiation 

time. 



3. Experimental Methods - the GAMBIT setup 

74 

We estimate an ion cloud diameter of 2 mm inside the trap by spatially scanning the X-ray beam 

across the trapped ion cloud while recording the fragment yield. The cloud size is determined by the 

combined cyclotron and magnetron motion of the ions as a result of the crossed radial component of 

the electric trapping field and axial magnetic field [26]. The measured radius has independently be 

confirmed by SIMION simulations [27] using a B-field strength of 7 T, trapping potentials of 3 V, an 

ion beam width of 1 mm as well as an ion beam expansion velocity of 1000 m/s. From the measured 

ion cloud diameter (see Fig. 3), the ion current entering our ion trap (∼ 1 pA), as well as the length of 

the ion trap (6 cm) we calculate an ion density of ∼ 3 × 107/cm3. This cluster density exceeds the 

minimum ion density necessary to record X-ray absorption spectra of acceptable signal-to-noise ratio 

at reasonable time (see estimation above). 

3.4.1.3 Results and discussion 

Vanadium 

An X-ray absorption spectrum (XAS) of V13
+ is displayed in Fig. 4a. It has been recorded with linearly 

polarised X-rays. The spectrum shows the accumulated fragment intensity (V1
+ - V9

+) versus photon 

energy within the L-edge absorption region (2p). Each data point has been accumulated with a total 

X-ray exposure time of ∼ 6 min (6 s per data point, 60 scans). The spectrum is normalized to the 

mass-selected mother peak intensity and the BESSY storage ring current, which is proportional to the 

delivered X-ray intensity.  

 

a 
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Fig. 4 (a) X-ray absorption spectrum (XAS) at the L-edge of V13
+. The signal intensity is 

proportional to the accumulated fragmentation signal (V1
+ - V9

+). The signal intensity 

is normalized to the BESSY storage ring current and to the intensity of the V13
+ 

mother ion. The L3 and L2 edges of bulk vanadium [32] and the atom [31] are 

indicated. (b) Partial ion yield X-ray absorption spectra of V13
+ (L-edge). The 

accumulated ion yield was experimentally optimized by maximizing the intensity of 

the monomer and dimer (V1
+ and V2

+). The displayed intensities of larger fragment 

ions are scaled by a factor of two. 

 

The two spin-orbit components are well resolved at 512 eV (L3 edge) and 520 eV (L2), respectively. 

The threshold energy of the cluster is shifted by +0.8 eV with respect to the atom and by -1.3 eV with 

respect to the bulk. This spectrum agrees nicely with corresponding results from previous XAS 

measurements on a series of Vn
+-clusters that were recorded within a linear RF ion trap but without 

b 
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external magnetic field [28]. We assume that a variation of the trapped cluster density after each 

refill is the main source of error. This density variation is caused by pulse-to-pulse fluctuations cluster 

beam. The error bar in Fig. 4a is the two standard deviation (±2σ) from repeated measurements at 

513 eV. 

X-ray exposure of V13
+ leads to various fragment ions ranging from V1

+ to V12
+ as displayed in Fig. 4b. 

The relative intensity of the fragment ions varies somewhat by the excitation and detection 

conditions, which were optimized for recording the monomer (V1
+) and dimer (V2

+). The appearance 

of all possible fragment sizes might be explained by a stepwise dissociation mechanism: core 

excitation of the initially ionized cluster and Auger decay is followed by Coulomb-driven dissociation 

of the doubly charged final state mother ions, i.e. 

   
 
     
→    (   
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→  ( (    )

   (    )
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Note that the largest fragment ions V12
+ and V11

+ are hardly ever observed on-resonance while the 

corresponding sister ions V1
+ and V2

+, respectively, are particularly intense at the maximum of the L3 

and L2 resonance. Also, the intensity of V6
+ is particularly strong with respect to all other daughter 

ions for n ≥ 3. Thus it seems likely that the primary fragments V12
+ and V11

+, which are produced via 

core excitation and dissociation of V13
+, are metastable and dissociate further into the hexamer ion. 

Such secondary "symmetric" fission would explain the relative enhancement of the V6
+ yield, i.e. 
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Most of the fragment ions occur exclusively within the resonant region and not in the pre-edge 

region (V3-10
+, except V6

+). Note, however, that some fragment intensity of V11
+ and V12

+ appears 

before the L-edge. This is also true for V1
+, V2

+ and V6
+. It is worth mentioning that absolutely no 

fragment intensity is seen for all singly charged daughter ions without X-ray exposure. Thus we 

attribute the non L-edge specific fragmentation yield to direct photoionization (outer core: 3s, 3p, 

valence 3d, 4s) and subsequent dissociation, i.e. 

   
 
          
→          
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The pre-edge intensity of the hexamer fragment (V6
+) might be due to direct fission of the doubly 

ionized parent ion or might result from symmetric fission of the primary daughter fragments (V12
+ 

and V11
+) as explained above. 

We do not observe doubly charged fragment ions with an odd number of atoms. This cannot 

definitely stated for the occurrence of doubly charged even-numbered fragment ions due to their 
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m/z-coincidence with singly charged fragments having half the number of atoms. An exclusive 

production of even-numbered doubly charged ions seems unlikely, however. Thus we have no 

evidence for the production of stable doubly charged fragments. 

We note that the final state of the L3 (L2) absorption transition in V13
+ (valence ionized initial state) is 

equal to the 2p3/2 (2p1/2) XPS final state of neutral V13. Thus from the peak maxima we can deduce the 

corresponding XPS binding energy of the neutral cluster by adding the first ionization potential of 

neutral V13. As this value is experimentally unknown we use the electrostatic liquid drop model [29] 

for approximation of the ionization potential IP(V13) = Wsolid + Ae2/4ε0R. A is a constant which has 

been found to be 0.5 in classical electrostatics and 3/8 if quantum effects are considered. Wsolid is the 

corresponding bulk work function of vanadium (4.3 eV). R is the radius of a spherical droplet given by 

R = N1/3rWS where rWS is the Wigner-Seitz radius of vanadium (1.25 Å [30]). These parameters yield an 

XPS ionization energy of 519.1 eV using IPcore (2p3/2, V13) = IPcore (2p3/2, bulk) + Ae2/4ε0R. Thus the 

approximated XPS energy of neutral V13 is ∼ 9 eV lower than that of the V-atom [31], while it is  

∼ 3.5 eV higher than the corresponding XPS ionization energy of solid vanadium as calculated from 

the XPS binding energy [32] and work function (4.3 eV [33]) of vanadium, i.e.  

IPcore (2p3/2, bulk) = XPS (2p3/2, bulk) + Wsolid = 516.6 eV). 

Niobium 

An M-edge XAS spectrum of Nb13
+ is shown in Fig. 5. It results from accumulation of the total 

fragment ion yield. Similar to the bulk spectrum, the cluster absorption spectrum exhibits a heavily 

shifted maximum which is located about 80 eV beyond the 3d XPS threshold of ∼ 210 eV for solid 

niobium [34]. This so-called "delayed absorption maximum" has been explained for the solid by a 

strong centrifugal barrier of the atomic-like 3d  4f channel [34].  

Note that a corresponding but distinctly different fine structure is observed for crystalline Nb of bcc 

structure [35] (shown as dotted line in Fig. 5). The recorded data thus nicely show the sensitivity of 

XAS towards structural features of mass-selected clusters. The apparent fine structure in the 

continuum is qualitatively reproduced by FeFF simulations [36]. In these simulations an icosahedral 

structure of Nb13
+ has been assumed and one of the twelve equivalent cage atoms has been chosen 

as the atomic absorber. 
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Fig. 5 X-ray absorption spectrum at the M-edge of Nb13
+. The displayed signal (open 

circles) comprises the accumulated fragmentation signals as normalized to the BESSY 

ring current and to the intensity of the Nb13
+ mother ion. The error bar is the 

standard deviation (± 2σ) of several measurements at 270 eV. Using the FeFF code a 

simulation of the X-ray absorption spectrum agrees reasonably well with an 

icosahedral structure of Nb13 (absorption by cage atom, solid blue line). The 

absorption spectrum of bulk niobium [35] (dotted red line) reveals a distinctly 

different fine structure. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of the article.) 

 

Cobalt 

In order to check for the feasibility of XMCD spectroscopy on mass-selected cluster ions circular 

polarisation of the X-ray beam has been used to record the helicity-dependent L-edge absorption 

spectra of Co22
+ (Fig. 6). As the cluster magnetic moment scales with the number of atoms we 

explored the biggest cluster we could produce with sufficient intensity at that time. The X-ray 

absorption spectra of Co22
+ are normalized to the mother cluster intensity and photon flux. The 

degree of circular polarisation amounts to 90 %. The cluster ions were cooled inside the ICR cell [37] 

by multiple collisions with a pulsed He buffer gas (10-6 mbar, > 5 × 10-7 mbar for 1 s). For this purpose 

the ICR trap was cryogenically cooled to 100 K. 

As shown in Fig. 6 the L3 and L2 edge are clearly resolved. The two recorded curves - taken with 

negative circular polarization (σ-, anticlockwise rotation of E-vector in light propagation direction 

according to [7], see Fig. 6) and with positive polarisation (black open circles) - reveal clearly resolved 

L3 and L2 edges with a striking intensity difference. The dichroic intensity is large at the L3 edge but 
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almost vanishes at the L2 in clear contrast to the dichroic spectrum of the bulk [38]. This dichroic 

signal shows that the superparamagnetic moment [12-14] of the clusters gets partially aligned along 

the strong magnetic trapping field at a cluster temperature of ∼ 100 K. According to the classical 

Langevin formula [12-14] the magnetic saturation behaviour of superparamagnetic particles scales 

inversely with the temperature. Quantitative determination of spin and orbital momenta becomes 

possible by magnetooptical sum rule analysis [38] under saturation conditions. In order to enable 

such experiments we aim at further cooling of the ICR cell in order to achieve cluster temperatures as 

low as 20 K in the future [37]. 

 

Fig. 6 Circularly polarised X-ray absorption spectra of Co22
+ at the L-edge (negative 

polarisation (σ-) = triangles (blue), positive polarisation (σ+) = open dots (black); the 

relative orientation of polarisation, light propagation (k), and magnetic field (B) is 

shown in the cartoon). The signal intensity comprises of the integrated fragment 

yield and is normalized to the BESSY storage ring current and intensity of the mother 

ion. The error bar is the standard deviation (± 2σ) from repeated measurements at 

778 eV. The spectra have been taken at an ICR-cell temperature of 100 K. The 

clusters are cooled inside the trap by collisional cooling (see text). (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of the article.) 

 

3.4.1.4 Summary 

A new setup for recording XAS and XMCD spectra of free mass selected metal clusters has been 

devised and put into operation at BESSY. First XAS data on clusters of vanadium, niobium, and cobalt 

were recorded. The spectra of free V13
+ and Co22

+ show well resolved L3 and L2 edges, respectively. 
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The M-edge absorption spectrum of Nb13
+ shows a delayed absorption maximum according to a 

strong centrifugal barrier in the effective potential. The dependence of recorded signals on the 

helicity of the X-ray beam was investigated for Co22
+ at a temperature of 100 K. A dichroic signal is 

clearly evident in the spectrum. Further cooling of the clusters is mandatory for a quantitative 

determination of the spin and orbital magnetic moments of the clusters under magnetic saturation 

conditions. Efforts in this direction are underway. 
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3.4.2.0 Abstract 

The atomic and electronic structure of free niobium nanoclusters has been studied on the basis of  

X-ray absorption near edge structure (XANES) spectroscopy and density functional theory. M4,5-

http://www.sciencedirect.com/science/article/pii/S0368204814001534
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XANES spectra have been calculated for several structural models of the 13-atomic niobium cluster. 

The calculations have been done on the basis of both full multiple scattering theory within the 

muffin-tin approximation for a potential and full-potential finite difference method. The comparison 

of the experimental M4,5-edge XANES spectrum [1] with the simulated X-ray absorption spectra of 

Nb13
+ hints to a highly-symmetric icosahedral structure of the cluster. An internuclear distance of 

2.2  0.1 Å between neighboring "surface" atoms of the icosahedron and 2.09 Å between the central 

"bulk" atom and "surface" atoms, respectively, has been found upon comparison of the experimental 

and theoretical XANES spectra.  

3.4.2.1 Introduction  

Nanoclusters attract significant attention both from the fundamental point of view and from the 

standpoint of their possible applications in nanotechnologies. The properties of nanoclusters change 

significantly with size and atomic structure [2-3]. Thus, a deep insight into the nature of nanoclusters 

is impossible without the data on their atomic structure. Such data can most reliably be obtained by 

studying free clusters, because deposition on any kind of substrate might cause major changes in 

clusters geometry and electronic structure. 

Among the wide variety of different types of clusters, nanoclusters of 4d transition metals are of 

particular interest because of their fundamental importance and potential applications as magnetic 

materials and nanocatalysts. Niobium nanoclusters are among the most extensively investigated 

transition-metal clusters due to the several features, such as the relatively large propensity for 

clusterization and the existence of ferroelectric state related to superconductivity [4]. Atomic and 

electronic structure of niobium nanoclusters has been previously studied by various experimental 

and theoretical methods. Niobium trimers Nb3 in argon matrices have been investigated based on an 

analysis of absorption (scattering depletion) and Raman spectra [5]. Photoelectron spectra of mass-

separated Nbn
- clusters (n = 6 - 17) have been discussed by Kietzmann et al. [6], indicating a closed 

electronic shell of the neutral even-numbered clusters. Time-of-flight mass spectra of free niobium 

clusters Nbn produced by laser vaporization have been measured and magic numbers were observed 

at n = 7, 13, 15, 22 [7]. Theoretical methods of investigation have been applied to determine the 

most stable atomic geometries and electronic properties of niobium nanoclusters in the size range 

from 2 till 52 atoms [8-15]. Atomic structure and magnetic moment of 4d transition-metal clusters 

with 13 atoms (including Nb13 cluster) have been discussed [16-19]. 

An effective modern technique for the analysis of nanoscale atomic structure (as well as the density 

of unoccupied electronic states near the bottom of the conduction band) is the X-ray absorption near 

edge structure (XANES) spectroscopy [20,21]. XANES spectroscopy could give full information on the 
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local atomic structure around the absorbing atom (coordination numbers, bond lengths and bond 

angles) with high precision, even for materials without long-range order in the atomic arrangement, 

such as nanoclusters. The bond length distances can be determined using XANES spectroscopy with 

the accuracy up to 0.02 Å, bond angles - with the accuracy of few degrees [22]. At the same time, the 

extraction of structural data from XANES spectra demands complicated theoretical analysis [23,24]. 

Recently, XANES spectroscopy has been successfully applied to investigate titanium and copper 

nanoclusters [25-27]. In the present work, the theoretical analysis of the M4,5-XANES spectrum of 

free Nb13
+ has been performed and compared with the recently measured experimental spectrum [1] 

in order to extract information on the geometry of the nanoclusters. 

3.4.2.2 Experiment 

The experimental setup used to measure M4,5-XANES spectra of free mass-selected niobium clusters 

has been described in detail elsewhere [1,28]. In short, X-ray absorption spectra of free Nb13
+ were 

measured at UE52-PGM beamline (~ 1012 photons/s, 1st undulator harmonic) of the synchrotron 

source BESSY II (Helmholtz Zentrum Berlin, Germany). A cluster beam has been produced by pulsed 

laser vaporization (532 nm, 20 Hz) and supersonic expansion using a synchronized pulsed He buffer 

gas. Clusters have been mass-selected by using a Penning-like ion trap and FT-ICR mass spectrometer 

(7 Tesla, Bruker). Fig. 1 shows the ICR-mass spectrum of mass isolated Nb13
+ clusters. Note the low 

degree of contamination after mass-selection and isolation.  

 

Fig. 1 ICR-mass spectrum of parent Nb13
+ clusters after mass isolation. 

X-ray absorption spectra on Nb13
+ have been recorded near the M4,5-absorption edge of niobium 

using linearly polarized X-ray undulator radiation. As absorption signal, the number of ionic 

fragments has been recorded inside the ion trap (Fig. 2). The two smallest fragment ions (Nb1
+, Nb2

+) 
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were the dominant ones and therefore they have been accumulated to represent the absorption 

spectrum of Nb13
+ at best signal-to-noise ratio.  

 

Fig. 2 Mass resolved ion yield absorption spectra of Nb13
+  recorded at the M4,5-edge 

using soft X-ray undulator radiation (linear polarisation).  
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The accumulated absorption spectra are shown as top curves in Fig. 4 and 5 (experimental 

spectrum). The fragmentation yield has been normalized to the photon flux of the beamline, which 

was recorded by a GaAs-diode behind the monochromator exit slit. Therefore any absorption by the 

carbon contamination of the beamline optics should not falsify our Nb absorption signal, even 

though the photon range of the niobium M-edge overlaps with the K-edge of carbon.  

The second order light intensity (> 500 eV) transmitted by the monochromator (plane grating) has 

been measured by us to be 2 - 3 % of the first order intensity. Absorption by carbon and oxygen 

contaminated Nb13
+ clusters can be ruled out by the tiny degree of contamination (Fig. 1) and the low 

degree of transmitted second order light. The ICR-cell has been quenched and refilled by new mother 

clusters after a few seconds of irradiation. 

3.4.2.3 Computational details  

Theoretical Nb M4,5-XANES spectra for several structural models of 13-atomic niobium cluster have 

been calculated on the basis of two approaches. Firstly, the self-consistent real-space full multiple-

scattering (FMS) theory has been used. The calculations are based on the formalism of the relativistic 

Green's function in the real space. The muffin-tin approximation [29] for the potential shape has 

been employed. This theory is implemented into the X-ray absorption spectra and electronic 

structure FEFF 8.4 code [30]. Secondly, the real-space full-potential finite difference method (FDM) 

realized in FDMNES-2009 program code [31] has been applied. Its main advantage is the possibility to 

have a totally free potential shape, thus avoiding limitations associated with the classical muffin-tin 

approximation for a cluster potential. Calculations of the Nb M4,5-XANES spectra using both methods 

have been done within the Hedin-Lundquist model of the exchange-correlation potential taking into 

consideration a core hole effect. 

Recently, FEFF code based on muffin-tin approximation has been applied to calculate the M4,5-XANES 

spectrum of icosahedral Nb13 in which the surface atoms have been considered as absorbing atom 

[1]. In the present study we use not only FEFF, but also FDMNES code, to exhibit the influence of 

non-muffin-tin effects. Such effects are particularly important to be considered in the simulations of 

nanoclusters due to the significant "surface" atoms contribution to the cluster's electronic structure. 

Moreover, Nb M4,5-edge spectra have independently been simulated for both the "surface" and 

central ("bulk") atom of the icosahedron. 

The atomic geometry of the structural models of Nb13
+ has been optimized on the basis of the Kohn-

Sham density functional theory using the ADF2009 program code [32] within the generalized 

gradient approximation (GGA) using the OLYP [33,34] model for the exchange-correlation potential. 

This model was chosen among other tested models (PBE, OPBE, BLYP), as it results in better 
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agreement between theoretical and experimental values of the dimer bond length. The experimental 

value of the Nb2-bond length is equal to dNb  2.08 Å [35,36]. Our calculation of the dimer bond 

length performed within the OLYP exchange-correlation model results in a value of dNb = 2.07 Å, 

while the calculation done within the OPBE model results in dNb = 2.03 Å. For cluster geometry 

optimization a core double zeta, valence triple zeta, polarized basis set (TZP) [37] of Slater-type 

orbitals has been used. The positive charge of Nb13
+ cluster has been taken into account. 

The FDM scheme has previously been successfully applied to compute X-ray absorption near-edge 

spectra of metal nanoclusters, for example, small titanium [25] and copper [26,27] nanoclusters. The 

DFT approach as realized in ADF code, on the other hand, has been successfully used to study the 

atomic geometries and electronic properties of free copper [27,26] and titanium [38] nanoclusters.  

3.2.2.4 Results and discussion  

At the first step the Nb M4,5-edge XANES spectrum of bulk niobium was calculated to check the 

adequacy of the used theoretical approaches. The bulk niobium crystallizes in bcc structure with the 

lattice parameter a = 3.30 Å [39]. A comparison of the theoretical Nb M4,5-XANES spectrum of bulk 

niobium simulated on the basis of the full-potential finite difference method with the corresponding 

experimental EELS spectrum taken from Olszta et al. [40] is presented in Fig. 3.  

 

Fig. 3. Comparison of the M4,5-XANES spectrum of bulk niobium (bcc structure) 

calculated on the basis of the full-potential finite difference method (FDMNES code) 

with the corresponding experimental EELS spectrum from Olszta et al. [40]. 
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It can be seen that the calculated spectrum is in good agreement with the experimental one. Minor 

discrepancies between the experimental and theoretical spectra may be caused by the sample 

surface oxidation. An agreement between the theoretical and experimental spectra of bulk niobium 

supports the application of the finite difference method for the analysis of XANES of niobium 

nanoclusters. Initially, the icosahedral model of the Nb13 cluster structure was considered. The lattice 

parameter a = 3.30 Å of a bcc niobium crystal gives rise to an interatomic bulk distance of r = 2.86 Å 

(r = a/2· 3 ) which was used as initial guess of the distance between the "surface" atoms (dsurf-surf) of 

icosahedral Nb13. The distance between the central atom and the "surface" atoms (dcent-surf) of an 

icosahedron is generally related to            
 
 ⁄ √(    )            where φ is the so-called 

Fibonacci number 1.618. Using the interatomic bulk distance as initial guess for the distance of the 

surface atoms of the icosahedron (dsurf-surf = 2.86 Å) the distance between the central and "surface" 

atoms is equal to 2.72 Å.  

 

Fig. 4 Experimental M4,5-XANES spectrum of free Nb13
+ from Peredkov et al. [1] 

compared to the theoretical spectra (FDMNES and FEFF) calculated for the 

icosahedral model with an atomic distance between surface atoms equal to that of 

the crystalline bulk (2.86 Å). 

 

Fig. 4 compares the experimental M4,5-edge X-ray absorption spectrum of Nb13
+ (M4,5-edge) with the 

theoretical spectra calculated for the icosahedral structure of the 13-atomic cluster using the bulk 

atomic distance as initial guess for the "surface" atom distance. The displayed theoretical spectra are 
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computed on the basis of both full-multiple scattering theory within the muffin-tin approximation for 

the potential shape (FEFF 8.4 program) and full-potential finite difference method (FDMNES code).  

The spectra were simulated for the cases when both "surface" and central atoms were sequentially 

set as the absorbers. It can be seen from Fig. 4 that fine structures of the experimental and 

theoretical spectra contain features marked as A and B. However, maxima B of the theoretical 

spectra calculated on the basis of both FMS and FDM methods are shifted to the lower energy region 

as compared to maximum B of the experimental spectrum. The disagreement between the 

experimental and theoretical data (difference in the intensity of peak A and energy position of  

peak B) suggests for a refinement of the initially considered structural model of 13-atomic niobium 

cluster which is described in the following paragraph. 

  

Fig. 5 (a) Schematic representation of the icosahedral structure of the Nb13 cluster 

used for calculation of the M4,5-XANES spectra shown in Fig. 6. Labels 1-2-3-4-5 mark 

atoms laying in the plane used for calculations of a contour map of the potential of 

the niobium cluster (Fig. 7). (b) Scheme of the "amorphous" structure obtained by 

atomic geometry optimization based on density functional theory implemented in 

the ADF code (see text). 

 

To further improve the agreement between theory and experiment, the calculations of the  

Nb M4,5-XANES spectra have been carried out for the icosahedral structural model of Nb13 varying the 

interatomic distances (calculations have been done for dsurf-surf equal to 2.86 Å, 2.36 Å, 2.2 Å, 2.1 Å). A 

good agreement between experiment and theory is achieved when the internuclear distance 

between neighboring "surface" atoms is equal to dsurf-surf = 2.2 Å. For this surface atom separation a 

distance from the center atom to the surface atoms of dcent-surf = 2.09 Å results (Fig. 5a). This bond-

length reduction agrees with the general tendency of decreasing interatomic distances with 

decreasing nanoparticles size [41]. We suppose that the significant bond length reduction in Nb13 as 

compared to bulk niobium is not only due to coordination change but also due to change in chemical 

bonding from metallic (in macroscopic particles) to covalent one (in small clusters). Note that the 
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interatomic distance of molecular Nb2 is 2.08 Å [35,36], i.e. similar to the bond length between the 

central and surface atoms of the Nb13
+-icosahedron which results in the best agreement of the 

theoretical with the experimental XANES spectrum as shown in Fig. 6.  

 

Fig. 6 Experimental M4,5-edge XANES spectrum of free Nb13
+ from Peredkov et al. [1] 

with the corresponding theoretical spectra (FDMNES, FEFF) calculated for the 

icosahedral structure having a distance between the “surface” atoms of 2.2 Å. Note 

that the simulated FDMNES spectrum of the amorphous structure shows definitely 

less fine structure than the spectra of the icosahedrons. 

 

Fig. 6 shows theoretical XANES spectra simulated for the icosahedron of Nb13
+ with distances  

dsurf-surf = 2.2 Å and dcent-surf = 2.09 Å. The simulations have been done on the basis of the full multiple 

scattering theory within the muffin-tin approximation for the potential shape (FEFF 8.4 code) and the 

full-potential finite difference method (FDMNES code). For both types of calculations the "surface" 

and center "bulk" atom have been individually chosen as photon absorber. It can be seen that 

FDMNES calculations of XANES spectra are in slightly better agreement with the experiment as 

compared with FEFF 8.4 calculations, what can be explained by the presence of non-muffin-tin 

effects due to the surface contribution to the electronic structure of the cluster.  

Finally, the optimization of the atomic geometry of the Nb13
+ cluster was additionally performed 

based on the DFT implemented in the ADF code [32].As described above the icosahedral model was 

used as starting structure for the optimization. Without symmetry restrictions during the 
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optimization, an "amorphous" cluster is obtained. In other words, all atoms of the cluster become 

nonequivalent (Fig. 5b). Theoretical Nb M4,5-XANES spectra of the amorphous cluster structure have 

been calculated based on the full-potential finite difference method (FDMNES code) for all 

nonequivalent niobium positions of the obtained structure (every nonequivalent niobium atom was 

sequentially set up as an absorbing one). To get a final theoretical M4,5-edge inner-shell absorption 

curve, XANES spectra for all nonequivalent positions were summed up. The theoretical M4,5-edge 

XANES spectrum for the "amorphous" structure of Nb13
+ cluster is presented in Fig. 6. It can be seen 

that the calculated spectrum of the "amorphous" cluster shows much less fine structure than those 

of the icosahedron (experimental features marked as A and B are not reproduced in the theoretical 

spectrum of the "amorphous" structure). The inequivalent atoms of the amorphous structure gives 

rise to slightly different absorption spectra which superimpose to a featureless total spectrum. Thus 

the insufficient agreement between experiment and theory indicates that the "amorphous" structure 

is less likely. In other words, the measured spectral fine structure favors a high symmetry of the 13-

atomic niobium cluster which is formed under the chosen experimental conditions. The performed 

analysis allows for the conclusion that the icosahedron with the distance between the "surface" 

atoms of ~ 2.2 Å is the most preferable structure of the 13-atomic niobium cluster among the 

considered models. 

 

Fig. 7 Contour map of the potential of the 13-atomic icosahedral niobium cluster 

along the plane containing the central atom and four "surface" atoms. Darker areas 

correspond to weaker potential.  

 

The FDMNES code was also used to calculate a contour map of the potential of the 13-atomic 

icosahedral niobium cluster within one of the icosahedral symmetry planes containing the central 

atom and four "surface" atoms (the plane containing atoms marked as 1-2-3-4-5 in Fig. 5a). The 
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contour map of the potential of Nb13 is shown in Fig. 7. One can see that the muffin-tin 

approximation [29] is not valid for "surface" atoms of the Nb13 cluster. Within the muffin-tin 

approximation, the potential between atoms must be constant; thus, the potential along the line 

from the surface atoms to the outer region must be constant. From Fig. 7 it can be seen that this is 

not the case of Nb13 cluster, as the potential is changing significantly. Thus, full-potential methods like 

FDMNES seems to be most appropriate to simulate XANES spectra of small niobium nanoclusters. 

 

Fig. 8 Calculated 3d  4f and 3d  5p electronic transitions corresponding to the  

M4,5-XANES of central niobium atom of icosahedral structure of 13-atomic niobium 

cluster (distance between the "surface" atoms is 2.2 Å). The total M4,5-XANES 

spectrum calculated with the consideration of both Nb 3d  4f and Nb 3d  5p 

channels are also presented.  

 

According to dipole selection rules, the electronic transition corresponding to the Nb M4,5-XANES 

includes two Δl = ±1 channels: 3d  4f and 3d  5p. In the present work M4,5-XANES spectra for all 

considered structural models of niobium clusters have been calculated as a sum of two dipole 

allowed channels. The possibility of different transitions of 3d electrons by photon absorption in 

niobium has been discussed earlier [42]. As an example, Fig. 8 shows the calculations of two channels 

(d  f and d  p) corresponding to the M4,5-XANES of central niobium of icosahedral structure of  

13-atomic niobium cluster with 2.2 Å distance between the "surface" atoms. It can be seen that the 
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d  f transition contributes much more than the d  p transition to the Nb M4,5-XANES spectrum, 

which is similar to earlier results on bulk niobium [42]. 

3.4.2.5 Conclusions  

Theoretical analysis of the M4,5-edge X-ray absorption spectra of Nb13
+ clusters has been performed 

and compared with experimental results. The Nb M4,5-XANES spectra have been calculated on the 

basis of the full multiple scattering theory (FEFF 8.4 code) and the full-potential finite difference 

method (FDMNES code) for several structural models of the cluster. XANES analysis has shown that 

high-symmetrical icosahedral structure of the 13-atomic niobium cluster is more preferable than the 

thermodynamically more stable "amorphous" one. The best agreement of the theoretical M4,5-XANES 

with the experiment has been obtained for the icosahedral niobium clusters with the distances 

between the "surface" atoms of 2.2  0.1 Å. 
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4. SPIN AND ORBITAL MAGNETIC MOMENTS OF SMALL COBALT CLUSTERS 

 

We investigated the magnetic structure of small cobalt clusters Con
+ in close cooperation with  

S. Peredkov*, M. Neeb# and W. Eberhardt*(*Institut für Optik und Atomare Physik, Technische 

Universität Berlin, Germany, #Helmholtz Zentrum Berlin für Materialien und Energie, BESSY II, 

Germany). The experimental setup was located at the synchrotron facility BESSY II / HZB. 

Experiments were carried out by a team. The core members of this team were S. Peredkov, M. 

Tombers and me. Data evaluation was done by S. Peredkov and me. Preliminary results are included 

in the Diploma thesis of M. Tombers[1]. The spin and orbital magnetic moments of the small cobalt 

clusters Con
+ were published in 2011. The first draft was written by S. Peredkov and M. Neeb. The 

final draft after internal revision within the group was accepted by Physical Review Letters. 

PEREDKOV, S., NEEB, M., EBERHARDT, W., MEYER, J., TOMBERS, M., KAMPSCHULTE, H., NIEDNER-SCHATTEBURG, 

G., Spin and Orbital Magnetic Moments of Free Nanoparticles, Physical Review Letters 2011, 107, 

233401 

http://link.aps.org/doi/10.1103/PhysRevLett.107.233401 

 

4.1   Introduction 

Cobalt is one of the few elements which show a ferromagnetic order at room temperature. The spin 

and orbital magnetic moments of bulk cobalt are reduced compared to the atomic value. Especially, 

the orbital moment is almost completely quenched due to orbital hybridization, symmetry breaking, 

delocalization and the formation of a band structure. The evolution of the orbital and spin magnetic 

moments upon size reduction of the sample, i.e. the magnetic moment of nanoparticles, thin films, 

and clusters has been at the focus of numerous theoretical[2-16] and experimental [17-22] studies within 

the last years. One technique to experimentally access magnetic moments is x-ray magnetic circular 

dichroism[23-26] (XMCD) spectroscopy. Most important XMCD allows the determination of the spin 

and orbital contributions to the total magnetic moment even of dilute samples such as surfaces[27,28], 

thins films[29-33], deposited nanoparticles[34-41] or clusters[42-47] and adatoms[48-50]. Enhanced magnetic 

moments were found in low dimensional samples. This enhancement[42-44] can be explained by the 

http://link.aps.org/doi/10.1103/PhysRevLett.107.233401
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reduced coordination of surface atoms and more localized electronic states or in other words 

narrower bands. Particularly for clusters the ratio of surface to bulk atoms is strongly enhanced[51-53].  

The influence of the support on the magnetic properties can be significant for deposited clusters, i.e. 

leading to an enhancement[42-44,54] or quenching[55] of the magnetic moments depending on the 

individual combination of cluster and support material. This complex interaction makes predictions 

of the magnetic properties of new magnetic materials highly demanding. This predictability would be 

important for the design of new data storage materials. In case of nanostructures and especially in 

the case of clusters not only the material but also the geometrical structure of the cluster has to be 

considered[56,57]. The geometrical structure of clusters is closely related to their electronic structure 

and thus to the magnetic moment of the clusters. Therefore, knowledge about the magnetic 

structure of isolated clusters becomes more important. The complex system of cluster plus support 

has first to be divided into its individual parts before the complex interaction between cluster and 

support can be taken into account. 

The total magnetic moment of free transition metal clusters can be determined by Stern-Gerlach 

experiments[58-67]. Stern-Gerlach experiments of elements with magnetic ordering in the bulk 

revealed enhanced magnetic moments compared to the bulk phase. Clusters of elements having no 

magnetic order in the bulk even showed a magnetic moment once the clusters became small 

enough[63,68-70]. Spin and orbital magnetic moments are not accessible by Stern-Gerlach experiments. 

XMCD spectroscopy of free clusters enables us to experimentally determine spin and orbital 

magnetic moments[71-76].  

The magnetic moments of small cobalt clusters Con
+ will be discussed in the following chapter. The 

results have been published in 2011[71]. Note, that only mS,L,z., i.e. the projection onto the 

quantization axis, can be directly determined from the experimental x-ray absorption spectra 

(Chap. 2.4.4 and 3.2.3). The experimental values depend on the cluster temperature and on the 

magnetic field used to align the magnetic moments with respect to the external magnetic field. The 

experimental moments can be extrapolated to the intrinsic moments via a Langevin or Brillouin 

function which describe the field and temperature dependence of the magnetic moments of the 

clusters (Chap. 2.3 and 3.2.4). The coupling of the spin and orbital magnetic moments is a key issue. 

In our initial interpretation, we assumed decoupled spin and orbital magnetic moments. A 

controversy arose if this interpretation was valid[73,77]. The magnetic interaction energy of the 

moments with the external magnetic field has to exceed the spin orbit coupling for the spin and 

orbital moments to decouple. Otherwise, LS coupling prevails. Our initial interpretation of decoupled 

moments was proven wrong.  
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Chap. 4.1 gives the reevaluation of the experimental magnetic moments of Con
+ clusters. The effect 

of the different coupling schemes on the final intrinsic magnetic moments will be discussed (Fig. 4.3). 

The magnetic moments from the present work will be compared to calculated spin magnetic 

moments of neutral Con and singly positively charged Con
+ clusters (Chap. 4.3.1). Spin and total 

magnetic moments of the present work will be discussed in relation to total magnetic moments of 

neutral cobalt clusters Con from Stern-Gerlach experiments (Chap. 4.3.2). Recently, Lau et al.[74,78] 

published XMCD results of cobalt clusters Con
+. This allows us not only to compare results 

(Chap. 4.3.3) but also gauge the validity of the experimental approach of Total Ion Yield 

spectroscopy[71-74,79-81] (TIY) (Chap. 3.1.5). This chapter will be concluded by the publication in 

"Physical Review Letters"[71]. 

 

4.2  Coupling of angular moments 

The by XMCD spectroscopy experimentally accessible magnetic moments are the projections of the 

magnetic moments onto a quantization axis (Chap. 2.4.4 and 3.2.3). These measured moments are 

dependent on the experimental conditions at which the spectra are recorded. The alignment of 

magnetic moments depend on two parameters, i.e. the external magnetic field B and the cluster 

temperature T. The stronger the external magnetic field is the better is the alignment. Thermal 

fluctuations oppose the alignment of magnetic moments and thus high temperatures are 

unfavorable for the experiments (Fig. 4.1). 

 

Figure 4.1 Influence of the magnetic field and temperature on the alignment of 

magnetic moments. A lower temperature leads to a better alignment due to reduced 

thermal fluctuations. A high external magnetic field is advantageous. 

 

The intrinsic magnetic moments can be calculated from the experimental magnetic moments. The 

projection of a magnetic moment at a given temperature T and external magnetic field B follows a 

Langevin / Brillouin function[82-84] (Chap. 2.3 and 3.2.4). In our case, it is important to know the 
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interaction between angular moments and external magnetic field (Fig. 4.2a). If LS coupling prevails, 

the total angular moment will align to the external field. Therefore, the total angular moment has to 

be corrected according to Langevin / Brillouin. If the magnetic field is strong enough, it will be able to 

decouple spin and orbital angular momentum. In that case both moments have to be scaled 

individually (Fig. 4.2b). We assumed decoupled moments at our experimental conditions and 

subsequently scaled both contributions separately[71]. A controversy about the (de)coupling of spin 

and orbital magnetic moment surfaced after Lau et al. published a data set on iron clusters 

(Tcluster < 15 K and B = 5 T)[73]. They assumed LS coupling and subsequently the alignment of the total 

magnetic moment.  

 

           

Figure 4.2 coupling schemes for spin and orbital magnetic moments (the magnetic 

field axis coincides with the quantization axis z) (a) Spin and orbital magnetic 

moment couple to a total magnetic moment which aligns to the external magnetic 

field. (b) The external magnetic field is strong enough to overcome the spin orbit 

coupling and decouples mS and mL. Spin and orbital magnetic moment align 

individually to the external magnetic field. 

 

Since then, several discussions led to the conclusion that the spin orbit coupling exceeds the 

interaction with the magnetic field, i.e. LS coupling is present at the experimental conditions of both 

experiments (T < 20 K, B = 5 or 7 T)[77]. Thus, our initial evaluation was proven wrong. Reevaluation of 

our experimental data with assumed LS coupling revealed that there are only minor changes in the 

spin magnetic moment (Fig. 4.3a/b). The orbital magnetic moment changes quite significantly. Due to 

its lower magnitude, it is harder to align (Fig. 4.2b). The ratio of mL,z / mL is much smaller than that of 

mS,z / mS. The orbital moment is scaled more than the spin magnetic moment (Fig. 4.4). The magnetic 

moments plotted in Fig. 4.3a are given in Tab. 4.1. The individually scaled values plotted in Fig. 4.3b 

are given in Chap. 4.5. 

 

a b 
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Figure 4.3 Experimental spin mS,z (blue open circles) and orbital mL,z (red open circles) 

magnetic moments of small Con
+ clusters in comparison with intrinsic magnetic 

moments after (a) assumed LS coupling and scaling of the total magnetic moment 

and (b) decoupled spin and orbital magnetic moments and individual scaling of spin 

and orbital magnetic moment. The shaded areas indicate the change in spin and 

orbital magnetic moment due to Langevin correction (blue (red) filled circles = spin 

(orbital) magnetic moments after scaling). Errors of the scaled magnetic moments 

are omitted for clarity. (bulk values taken from Ref. [29]) 

 

 

Figure 4.4 ratio of orbital to spin magnetic mL / mS moment of Con
+ clusters (filled 

black circles). The mL / mS ratio (open grey circles) after individual scaling of the spin 

and orbital magnetic moment is larger than for scaling of mJ. (bulk values were taken 

from Ref. [29]) 

a b 
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Table 4.1 Experimental orbital mL,z and spin mS,z and intrinsic orbital mL, spin mS and 

total mJ magnetic moments of small cobalt clusters Con
+ with assumed LS coupling 

 

 Experimental magnetic moments 

/ µB/atom 

Magnetic moments 

/ µB/atom 

 mL,z mS,z mL mS mJ 

Co8
+ 0.60  0.08 2.3  0.25 0.71  0.10 2.7  0.30 3.4  0.40 

Co9
+ 0.52  0.07 1.7  0.20 0.63  0.09 2.05  0.25 2.7  0.30 

Co10
+ 0.50  0.07 2.15  0.20 0.59  0.08 2.25  0.25 2.8  0.30 

Co11
+ 0.47  0.04 1.7  0.15 0.55  0.08 2.0  0.20 2.55  0.30 

Co12
+ 0.47  0.05 2.15  0.20 0.53  0.05 2.45  0.20 3.0  0.30 

Co13
+

 0.37  0.06 1.7  0.20 0.41  0.06 2.0  0.20 2.4  0.30 

Co14
+ 0.60  0.08 2.0  0.15 0.67  0.07 2.2  0.20  2.9 0.25 

Co15
+ 0.47  0.04 2.2  0.15 0.52  0.09 2.4  0.20 2.95  0.30 

Co16
+ 0.36  0.04 2.2  0.20 0.40  0.04 2.4  0.20 2.8 0.30  

Co17
+ 0.38  0.04 2.1  0.20 0.42  0.04 2.3  0.20 2.7  0.25 

Co19
+ 0.54  0.07 2.3  0.30 0.58  0.06 2.5  0.30 3.1  0.40 

Co22
+ 0.50  0.07 1.8  0.25 0.56  0.08 2.0 0.30 2.6  0.35 

 

4.3   Comparison of experimental magnetic moments by XMCD with:  

4.3.1 Theoretical data 

Numerous theoretical studies on the spin magnetic moment of neutral cobalt clusters Con have been 

published within the last years. They either employ a tight binding method[10,85,86] or density 

functional theory (DFT)[9,15,16,57,87-92]. The values oscillate around a spin magnetic moment of 

2 µB/atom for clusters containing more than seven atoms per cluster (Fig. 4.5a). Only the spin 

magnetic moments of Rodriguez-Lopez et al.[10] deviate from the general trend. They are closer to 

2.4 - 2.5 µB/atom. In general, the agreement between theory and experiment is reasonably well. 

However, no single theoretical series agrees with the experimental results over the whole 

investigated size range. They either agree with the cluster sizes representing local minima within the 

experimental data, i.e. Co9
+, Co11

+, Co13
+and Co22

+ or in case of the data of Rodriquez-Lopez et al. 

agree with the higher spin magnetic moments of for example Co8
+, Co12

+ or Co16
+. Values for Co2 - Co7 

are included to indicate possible trends towards smaller cluster sizes. Deviations between the 

individual theoretical works seem to be even larger for clusters with less than ten atoms per clusters 

than for larger cluster sizes. This might be due to the enhanced influence of the cluster geometry on 

the electronic / magnetic structure. 
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Figure 4.5 Comparison between the spin magnetic moments of Con
+ clusters (filled 

blue circles) of the present work with theoretical data of (a) neutral cobalt clusters 

Con
[9,10,15,16,57,85-89,92] and (b) cationic cobalt clusters Con

+[15,16,91,92] (The spin magnetic 

moment of the lowest energy isomer was taken from the references in case of 

several structural isomers for one cluster size, if not indicated otherwise.) 

The theoretical values for the spin magnetic moments of neutral cobalt clusters 

match reasonably well with the experimental results, but no theoretical series agrees 

with the experiment over the whole investigated size range. The spin magnetic 

moments of Rodriguez-Lopez et al.[10] are slightly larger than the general trend of the 

theoretical values for Con. Spin magnetic moments calculated by Martinez et al.[91] 

for cationic cobalt clusters Con
+ are smaller than the experimental values except for 

Co9
+, Co11

+ and Co13
+ which represent minima within the experimental series. The 

data of Martinez et al. mostly reproduces the trend of the data for neutral cobalt 

clusters Con. 

 

Fewer theoretical studies of singly positively charged cobalt clusters Con
+[15,16,91,92] have been 

published (Fig. 4.5b). All are based on DFT methods. Gutsev et al.[15] only investigated Co12
+ and Co13

+. 

Their value for Co12
+ is lower than for Co13

+ which does not agree with the experiment in which Co13
+ 

has the smaller spin magnetic moment. The value for Co13
+, however, agrees with the experimental 

one. Interestingly, the optimized structure is not based on an icosahedral motif, like for Co12
+, but on 

a hexagonal bilayer (HBL). Martinez et al.[91] investigated cationic cobalt clusters Con
+ in a size range 

overlapping with our investigated size range, i.e. 7  n  20. Comparable to the results on neutral 

cobalt clusters, their theoretical spin magnetic moments oscillate around 2 µB/atom and thus are in 

general too low compared to our results except for Co9
+, Co11

+ and Co13
+. Their spin magnetic 

a 

b 
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moments agree well with the experimental spin magnetic moments for these cluster sizes. Results 

from Perez et al.[92] and Guzman-Ramirez et al.[16] for smaller cluster sizes than we investigated are 

included for comparison.  

4.3.2 XMCD experiments 

Spin and orbital magnetic moments of singly positively charged cobalt clusters Con
+ have been 

published by Lau et al.[74,78]. Lau et al. employ a different experimental approach than we do. A gas 

aggregation cluster ion source developed by B. von Issendorff is used for the cluster generation. They 

employ a linear quadruple ion trap located within the homogenous field of a superconducting 

solenoid (B = 5 T). The mass detection is done by time of flight mass spectrometry[73,74,78,93,94]. For 

further details of the experimental setup see Chap. 6.2.2.  

 

Figure 4.6 Comparison between experimental values for cobalt clusters Con
+ from the 

present work and from Lau et al.[74,78] for the (a) spin (this work filled blue circles; 

Lau et al. filled grey squares) and orbital (this work red open circles; Lau et al. open 

grey squares) magnetic moments and (b) ratio of orbital to spin magnetic moment 

mL / mS (this work green filled circles; Lau et al. filled grey squares). The magnetic 

moments agree well with each other. The mL / mS ratios agree even better between 

both experiments than mS and mL. Thus, indicating the validity of the experimental 

approach of determining spin and orbital magnetic moments of size selected clusters 

in the gas phase. And especially the recording of XMCD spectra by means of Total Ion 

Yield spectroscopy. 

 

a 

b 
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The orbital magnetic moments from both experiments agree with each other within the 

uncertainties of both experiments (Fig. 4.6a). The spin magnetic moments deviate more from each 

other, but still almost agree within the experimental uncertainties. The spin magnetic moments of 

the present experiment are in general lower than those published by Lau et al.. The only exception is 

Co8
+. However, both data series show almost similar trends. A comparison of the ratio of the orbital 

to spin magnetic moment mL / mS is given in Fig. 4.6b. If the mL / mS is compared the choice of the 

number of 3d holes nh, which is needed to calculate a magnetic moment, does not matter as nh is 

eliminated from the equation. Additionally, the normalization to the isotropic x-ray absorption 

intensity cancels out (Chap. 2.4.4 and 3.2.3). Thus, a comparison of the mL / mS ratio is more reliable 

as th mL / mS ratio contains fewer uncertainties due to data processing and evaluation. The ratios 

agree well with each other. Larger deviations only occur for Co8
+, Co14

+ and Co15
+. In the case of Co8

+, 

the ratio obtained by us is lower than the one found by Lau et al.. The situation is reversed for Co14
+ 

and Co15
+

. 

4.3.3 Stern-Gerlach experiments 

 

Figure 4.7 Spin and orbital magnetic moment of Con
+ clusters compared to total 

magnetic moments found by Stern-Gerlach experiments for neutral cobalt clusters 

Con
[61,64,66,67]. The data of de Heer et al.[66,67] and Knickelbein et al.[61] agree with our 

spin magnetic moments for Con
+ clusters. The magnetic moments found by 

Bloomfield et al.[64] are larger than the ones found by de Heer et al. and 

Knickelbein et al.. They agree better with the total magnetic moments found by us 

for the ionic Con
+ clusters. However, the magnetic moments of Bloomfield et al. 

already exceed the moments found by us for clusters with less than eighteen atoms 

per cluster. 

 

The total magnetic moments of transition metal clusters can be determined by Stern-Gerlach 

experiments (Chap. 2.3.2.1). Several experiments were performed on cobalt clusters[58,61,64,66,67]. One 

has to keep in mind that Stern-Gerlach experiments are conducted with neutral clusters Con. If we 
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compare the spin and total magnetic moment from our XMCD experiments to results from Stern-

Gerlach experiments, we find that the spin magnetic moments agree with the total magnetic 

moments found by the groups of de Heer[66,67] and Knickelbein[61]. The magnetic moments found by 

Bloomfield et al.[64] are larger and agree better with the total magnetic moment found in our XMCD 

experiments (Fig. 4.7) for clusters with less than eighteen atoms per cluster. 

A further discussion of this topic can be found in the publication attached to this chapter as 

supplement (Chap. 4.5) and in Chap. 5.5 in comparison with the findings on iron and nickel clusters.  
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4.5.0 Abstract 

The determination of spin and orbital magnetic moments from the free atom to the bulk phase is an 

intriguing challenge for nanoscience, in particular, since most magnetic recording materials are based 

on nanostructures. We present temperature-dependent X-ray magnetic circular dichroism 

measurements of free Co clusters (N = 8 - 22) from which the intrinsic spin and orbital magnetic 

moments of non-interacting magnetic nanoparticles have been deduced. An exceptionally strong 

enhancement of the orbital moment is verified for free magnetic clusters which is 4 - 6 times larger 

than the bulk value. Our temperature-dependent measurements reveal that the spin orientation 

along the external magnetic field is nearly saturated at 20 K and 7 T, while the orbital orientation is 

clearly not. 

4.5.1 Letter / Content 

Free transition metal atoms possess large spin and orbi                                      ’  

rules. Bulk formation, on the other hand, causes a substantial attenuation of the spin (mS) and orbital 

(mL) moments. The latter can even be completely quenched in macroscopic systems, as shown by  

X-ray magnetic circular dichroism (XMCD) measurements on ferromagnetic bulk samples [1, 2]. Thus, 

one of the main concerns of magnetism is to understand how magnetic properties change when 

going from the electronic structure of a single atom to the bulk, i.e., when orbital hybridization, 

geometry, symmetry breaking, electron delocalization, and band formation come into play. Mass-

selected clusters are most suitable objects to follow the evolution of magnetism as a function of size. 

Total magnetic moments (mtot) of free mass-selected clusters have been determined by ingenious 
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Stern-Gerlach experiments [3-5]. However, spin and orbital magnetic moments of free magnetic 

particles like molecular magnets and clusters are experimentally unknown due to a lack of magneto 

sensitive experiments for probing an extremely dilute target density of some attomoles /cm3. Since 

the orbital moments are influenced more strongly by orbital hybridization and electron 

delocalization, it is important to quantify them and to study their size and temperature dependence. 

Do mS and mL reveal the same size dependence, or do they vary independently? On which length 

scale does the orbital momentum get quenched, and when does the spin moment converge to the 

bulk value? Is there a monotonic size evolution, or do mS and mL exhibit a non-scalable size 

dependence? Do mS and mL exhibit the same temperature dependence? Considerable efforts have 

been invested for the calculation of spin and orbital magnetic moments of free clusters which still 

await experimental data for comparison and code refinement [6-8]. Large orbital moments are 

expected to cause a large magnetic anisotropy and thus might play a crucial role in the inherent 

orientation of magnetic moments along a preferred spatial coordinate of the cluster, an important 

prerequisite for being used as magnetic data storage material. 

Atomic islands, wires, and nanoparticles as well as supported clusters have been explored by XMCD 

in order to determine size-dependent information and to study the dependence of magnetic 

moments and anisotropy on dimensionality [9-14]. Common to all these measurements is that the 

explored particles are in contact with a support material. Extrinsic effects on the magnetic properties 

are inevitably due to modifications of geometry, electronic structure, charge transfer, and 

hybridization with the support. Thus, the determination of the intrinsic moments of free magnetic 

particles is extremely important for both experiment and theory, as the data elucidate the influence 

of the support on the magnetic properties of application-relevant deposited clusters and, on the 

other hand, as the measured moments can be used as reference data for highly sophisticated 

calculations. 
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Fig. 1 (color online). (a) Circularly polarized x-ray absorption spectra of Co12
+ at the  

L-    .                       w                          (σ-) is shown by open 

circles and a dotted li   (    ),      w                          (σ+) by filled dots and a 

full line (black). The relative orientation of polarization, light propagation (k), and 

magnetic field (B) is shown in the cartoon. The integration of the sum of both 

absorption curves is shown as a dashed line (C) which is used for calculation of the 

magnetic moments according to the magneto-optical sum rules. (b) The XMCD 

spectrum (σ+ - σ-) of Co12
+ after subtracting the L-edge-jump intensity. A and B 

correspond to the area of the L3 and L2 dichroic intensity, respectively. The 

integration of the dichroic intensity is shown as a dashed line (A + B). Note that the 

large absolute value of (A + B) exhibits a strong orbital moment. (c) L-edge XMCD 

spectrum of Fe12
+ measured under the same conditions 
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Here we present XMCD data on free "ferromagnetic" nanoparticles which have been used to extract 

the intrinsic spin and orbital magnetic moments of small CoN cluster ions as a function of the number 

of atoms N = 8 - 22. Note that CoN clusters are expected to possess orbital moments that are higher 

than those of other itinerant ferromagnetic elements like Fe and Ni [7]. The total magnetic moment 

mtot, which is given by the vector sum of mS and mL, is compared with the magnetic moments as 

obtained from prior Stern-Gerlach experiments [5, 15, 16]. Interestingly, our data are systematically 

higher than those of Refs. [5, 15] but are close to the magnetic moments of Ref. [16]. We might be 

able to solve this apparent mismatch by using the different temperature dependence of spin and 

orbital moments as will be explained in the following. 

In order to record XMCD spectra of free mass-selected clusters, a Fourier transform ion cyclotron 

resonance mass spectrometer has been combined with a soft-X-ray synchrotron beam line at BESSY. 

The experimental setup has been described in detail in Ref. [17] and Fig. S1 [18]. Fig. 1.a shows  

L-edge absorption curves of Co12
+ which have been taken at a buffer-gas equilibrated cluster 

temperature of 20 K using right- and left-handed circular polarization of the x-ray light. The L3 and L2 

edges are clearly resolved. The XMCD signal ∫(     ) at the L3 edge is very prominent, while it is 

much smaller at the L2 edge [Fig. 1(b)].  

Magneto-optical sum rules [19-21] have been used to extract the measured projection of the spin 

and orbital magnetic moments   
( ) and   

( ) [22]. The quantization axis z is defined by the direction 

of the applied magnetic trapping field. For a quantitative determination of spin and orbital magnetic 

moments, we used Eq. 1 and Eq. 2 of the paper of Chen et al. [21]. Rewriting the formula of Ref. [21] 

by replacing A and B for the corresponding integrated XMCD signal ∫(     ) of the L3 and L2 edge, 

respectively, and C for the integral of the sum of the two helicity-dependent absorption curves 

∫(     ) we obtain  

   
( )   

 (   )

  
    (1) 

   
( )   

 (    )

 
        (2) 

  
( ) and   

( ) are given per atom in units of µB; nh represents the number of 3d holes which has 

been set equal to the bulk value, nh = 2.5 [21]. We use the bulk value instead of the atomic value 

(nh = 3) in order to take an intra-atomic charge redistribution 4s ⟶ 3d into account. This enables 

bonding between two adjacent Co atoms [23], as otherwise the 4sσg bond is compensated by an 

antibonding 4sσu orbital. Tz corresponds to the expectation value of the spin magnetic dipole 

operator for the spin quantization axis oriented along z [21, 24], which defines the asymmetry of the 

intra-atomic spin distribution. It is nonzero in anisotropic bonding environments due to the different 
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number of spins in the unit cell along different crystallographic directions, but it vanishes when an 

angular average is performed [25, 26]. According to theory, the absolute value of 7Tz for systems 

with low dimensionality such as surfaces and deposited clusters can range up to 20 % of the spin 

magnetic moment [24, 27]. In our study we are dealing with freely rotating particles which are not 

fixed in space. As Tz is a strongly directional value, we have good reasons to assume that Tz, which 

can adopt values of different sign, averages to a minimum value close to zero. 

Applying the above sum rules, the analysis reveals that the measured orbital moments   
( )

 at 20 K 

and B = 7 T are clearly enhanced (2 - 4 times) with respect to the bulk [21], while the measured spin 

moments   
( ) of the clusters (N = 8 - 22) are less strongly enhanced (< 1.4 times) as summarized in 

Tab. S2 [18]. Figure 1(c) exemplarily demonstrates that the enhancement of the orbital moment is 

not just seen for Co clusters but also for small Fe clusters [28]. The XMCD signal (A + B) is clearly 

larger than that of bulk iron, which almost vanishes [21]. The measured orbital moment   
( )
  

amounts to 0.25 µB/atom compared to the bulk value of 0.085 µB/atom [21]. According to the 

classical Langevin equation, which applies for single domain particles, the magnetization of small 

magnetic particles is expected to scale inversely with the temperature at a given B field [29-31]. 

Indeed, the measured moments     
( ) show a striking temperature dependence as typical for 

superparamagnetic particles (Fig. 2). Our 7 T strong magnetic field substantially exceeds the Paschen-

Back limit for atoms 1 T, and therefore orbital and spin angular momentum can be expected to 

decouple. This can be quantitatively rationalized by the relatively weak spin-orbit interaction energy 

of the itinerant 3d metals. The magnetic energy of Co11
+ is 1 - 2 meV /atom at a field strength of 7 T. 

This energy compares with the spin-orbit splitting of a few meV for the bulk as well as the magnetic 

anisotropy energy as calculated for the atoms of a Co monolayer [32, 33]. Based on these estimates 

and our observation of a change in the ratio   
( )   

( )⁄  with temperature, we apply the classical 

Langevin equation to fit the temperature dependence of spin and orbital moments separately. 

According to the Langevin function, the intrinsic magnetic orbital and spin moments    and    per 

atom in units of µB are given by 

     
( )( )      [    (

        

   
)  

   

        
] (3) 

    
( )  are the temperature-dependent projected orbital and spin magnetic moments per atom in 

units of µB and N denotes the number of atoms in the cluster. As shown in Fig. 2, a least-squares fit 

has been used to fit the data   
( )( )  and   

( )( ) with the above Langevin functions using the 

intrinsic moments    and     as fitting parameters. No hints for freezing of the magnetization into a 

blocked state is observed down to 20 K in agreement with measurements on Co wires [9]. Moreover, 
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Fig. 2 clearly shows that at 20 K the spin moment is much closer to its saturation limit than the 

smaller orbital moment. It is obvious that lower temperatures are necessary to saturate the orbital 

moment due to its smaller magnetic energy. In other words, the alignment of the orbital moment 

along the external field is weaker than the alignment of the larger spin moment. From this we 

conclude that spin and orbital moments are decoupled and interact separately with the external field 

analogous to the Paschen-Back effect in atoms [34].  

 

Fig. 2 (color online). Measured spin and orbital magnetic moments (    
( )
) versus 

temperature of Co11
+. The line through the measured moments is a Langevin fit using 

B = 7 T. 

 

Upon scaling   
( ) ( ) and   

( ) to the saturation limit at T = 0 K, the measured moments 

    
( )(     )  need to be corrected by 15 % and 70 %, respectively, to determine the intrinsic 

moments    and    . The corrections become larger the smaller the moments are, as the alignment 

along the magnetic field direction is thermally less stable. The Langevin-scaled intrinsic spin and 

orbital moments of the CoN clusters are plotted in Fig. 3. The moments develop in a non-scalable 

manner from one cluster size to the next. Seemingly, the spin moment fluctuates more with cluster 

size N than the orbital moment. A convergence towards the bulk magnetic moments is not obvious 

up to clusters containing 22 atoms. The intrinsic spin moments of the clusters are in the range 

   = 2 - 2.7 µB per atom, while the orbital moments amount to    = 0.6 - 1 µB per atom. Thus the 

intrinsic orbital moments of the clusters are 4 - 6 times larger than the value of the solid, and the spin 

moments are enhanced by a factor of 1 - 2. Also, the intrinsic orbital moments of free clusters are 

enlarged with respect to small atomic islands formed on a crystalline platinum surface [35] as shown 

in Fig. 3. 
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Fig. 3 (color online). Magnetic moments as revealed from XMCD spectra using 

magneto-optical sum rule analysis. Filled symbols show the intrinsic spin (  , blue) 

and orbital magnetic moments (  , red) of the clusters after Langevin scaling of the 

measured moments (  
( )    

( )) recorded at 20 K and 7 T. The error bar corresponds 

to the standard deviation from repeated measurements at 778 eV (cf. Fig. S1 [18]). 

Moments of Co bulk [21] (dotted line) and small atomic islands [35] (green full line) 

are indicated. Additionally, the corresponding moments of the atom (Co1 
4F; Co1

+ 3F) 

and dimer (Co2 
5
) are displayed. 

 

The intrinsic orbital moment of a pentagonal bipyramid with a d-band filling of 2.5 (Co7) has been 

calculated to be 0.7 µB/atom for magnetization along the equatorial C2 axis [6] which comes close to 

our measured orbital moments. The orbital moment of the dimer    = 1 µB/atom, as approximated 

from Hund's rule for the ground state configuration 5
 [23, 36-38], is also similar to    of the 

clusters. However, the orbital moment of the atom (4F [37],    = 3 µB) is distinctly larger, which 

suggests a sudden drop of    from the atom to the dimer. Towards larger clusters,    further 

diminishes but rather smoothly. The moment of Co13
+ represents a local minimum which might hint 

at a highly symmetric structure (Ih) of this cluster. The intrinsic spin moments of the clusters are 

somewhat higher than the calculated ones, which are in the range    = 1.9 - 2.1 µB/atom for Co2-20 

[8], while they are smaller than this of the neutral atom (3 µB) [39]. Moreover, the XMCD 

measurements show that the ratio     ⁄  of the clusters, which is independent of nh, is 3 - 4 times 

higher than that of the solid (    ⁄  = 0.1). 
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Fig. 4 (color online) Total magnetic moments of CoN
+ clusters as determined by XMCD 

(filled dots) in comparison with Stern-Gerlach results (open symbols) taken from Ref. 

[5, 15, 16]. The spin moments as revealed from XMCD are also shown (filled 

triangles) [The transition from fully coupled to decoupled moments changes 

gradually with the strength of the magnetic field. This affects the Langevin scaling of 

the measured moments which is indicated by the shaded region of the total 

moment. The boundaries for total coupling and decoupling are shown by the lower 

line (dotted) and upper line (bold). The intrinsic orbital moment (not shown) drops 

by 30 % - 40 % when coupled moments are considered while the spin moment hardly 

ever changes]. 

 

In Fig. 4, we compare the total magnetic moments            as revealed from our XMCD 

measurements with the results from earlier Stern-Gerlach experiments [5, 15, 16]. In these earlier 

experiments, the spatial deflection of neutral clusters in an inhomogeneous magnetic field is used as 

a measure of the total magnetic moment of the clusters. As the Stern-Gerlach data are analyzed by 

the Langevin model [5, 15, 16], the published data can directly be compared to the sum of our scaled 

moments. Two of the Stern-Gerlach series [5,15] show very similar results with magnetic moments 

ranging between 2 and 2.5 µB per atom, while another series exhibits much higher moments 

between 3 and 4 µB per atom [16]. Remarkably, the lower Stern-Gerlach data agree with the 

measured spin moments rather than with the sum of the spin and orbital moment. We therefore 

conclude that the magnetic moments of Refs. [5, 15] represent basically the spin moment, while the 

contribution of the orbital magnetic moment is relatively reduced. This might be explained as 

follows: The data of Xu et al. [15] and Knickelbein [5] have been measured with a magnetic field of 

1.2 T and 2 T, respectively. It is likely that under these field strengths spin and orbital moments 

interact rather independently with the external B field similar to our experiment. As established by 
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our temperature-dependent measurements (Fig. 2), the orbital moment is less aligned along the 

magnetic field direction than the larger spin moment. For example, the orbital contribution   
( )

 to 

the measured total magnetic moment is less than 15 % at 1 T and 40 K. The individual temperature 

dependence of spin and orbital moments must be compensated for by different scaling factors in 

order to deduce the intrinsic moments. Note that the weaker orbital moment must be scaled more 

than the larger spin moment (cf. Fig. S3 [18]). In our XMCD experiments, the measured moments are 

scaled individually according to separate Langevin fits of spin and orbital moments. In Stern-Gerlach 

experiments, however, such an individual scaling is not possible.  

The data of Payne et al. [16] have been measured with a considerably lower magnetic field  

(0.2 - 0.3 T). Under these conditions, spin and orbital moments are most likely coupled by spin-orbit 

interaction and interact as a total moment with the external magnetic field. In this case, Langevin 

scaling of the total moment becomes appropriate. This might explain the rather good agreement of 

the temperature-scaled data of Payne et al. [16] with the sum of    and    as determined from our 

high-field XMCD measurements in which the uncoupled moments are scaled separately before 

summing up. 

In summary, the present data demonstrate the importance of quantifying spin and orbital moments 

as a function of temperature in order to analyze the intrinsic magnetic properties of free 

ferromagnetic particles. A clear Langevin-type temperature dependence has been established for 

small Co clusters revealing a different temperature scaling of spin and orbital moments under high 

magnetic field conditions. The data demonstrate that the intrinsic orbital moments of small Co 

clusters are strongly enlarged by a factor of 4 - 6 in comparison to the bulk. The decomposition of the 

total moments into spin and orbital moments and their different temperature dependence might 

help to clarify diverging results of former Stern-Gerlach experiments. The analysis of spin and orbital 

magnetic moments of free clusters bears high potential for future investigation of application-

relevant magnetic storage particles such as magnetic building block clusters, molecular magnets, and 

magnetic biomolecules. 
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4.5.3 Supplementary Material 

4.5.3.1 S.1 Experimental setup 

The experimental setup has been described in detail in Ref. [1]. A Fourier-Transform-Ion-Cyclotron-

Resonance (FT-ICR) mass spectrometer has been combined with a soft-X-ray undulator beamline at 

BESSY II (UE52-PGM). A Penning-like ICR cell serves both as an ion trap and a mass analyzer. A pulsed 

laser vaporization source is used for production of a Co-cluster ion beam. The strong (7 T) axial-

symmetric magnetic field of the FT-ICR is used for radial confinement of the cluster ions. Axially the 

cluster ions are trapped by electric fields of ICR trap. The axial magnetic field is not only used for 

trapping but also for alignment of the magnetic moments. The magnetic field of the superconducting 

solenoid is directed parallel to the incoming photon beam for maximum XMCD intensity. Moreover, 

the ICR cell has been modified in order to cool it down cryogenically. This cooling device enables 

thermalization of the trapped clusters through multiple collisions with a pulsed inert buffer gas  

(e.g. He, p ≈  ∙10−6 mbar for a few seconds) resulting in cluster temperatures as low as 18 K. In order 

to record XMCD spectra circularly polarized X-ray radiation (photon flux ≈ 5∙1011 s−1, polarization 

degree 90 %) has been used which is provided by the UE52-PGM undulator beamline of the BESSY 

storage ring. Photon helicity-dependent L-edge absorption spectra of trapped Co-cluster ions have 

been recorded. Core-electron transitions are induced in the stored cluster ions by the absorption of 

an  

X-ray photon. Subsequent internal relaxation produces multiply-ionized mother ions and fragment 

ions which are individually recorded in the FT-ICR-detection mode. The total fragment signal intensity 

is proportional to the X-ray absorption probability. The spectra are normalized to the mother cluster 

intensity and photon flux. We assume that a variation of the trapped cluster density after each refill 

is the main source of error. This density variation is caused by pulse-to-pulse fluctuations cluster 

beam. Repeated measurements at the energy of the L3-peak maximum were done several times 

during recording of X-ray absorption spectra (XAS). The two standard deviation (± 2σ) from the 

repeated measurements is considered as the experimental error of XAS spectra.   
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4.5.3.2 S.2 Magnetic moments of CoN clusters 

Table I. Magnetic moments of CoN clusters:   
( ) and   

( ) are the measured orbital 

and spin magnetic moments calculated with Eq. 1 and Eq. 2 in assumption Tz = 0 and 

nh = 2.5.    and    are the corresponding separately Langevin scaled intrinsic 

moments.      corresponds to the total magnetic moments.  

Co-bulk (hcp):    = 0.15 µB/atom;    = 1.62 µB/atom Ref. [2] 

 

Cluster size Measured moment Intrinsic moment 

CoN T = 20 K, B = 7 T  

   
( )

   
( )

            

8 0.6 ± 0.08 2.3 ± 0.25 1.0 2.7 3.7 

9 0.52 ±0.07 1.7 ± 0.2 0.95 2.1 3.1 

10 0.5 ±0.07 1.9 ± 0.2 0.9 2.1 3.2 

11 0.47 ±0.07 1.7 ± 0.15 0.8 2.0 2.8 

12 0.47 ± 0.07 2.15 ± 0.2 0.78 2.5 3.3 

13 0.37 ± 0.05 1.7 ± 0.2 0.65 2.0 2.7 

14 0.6 ± 0.06 2.0 ± 0.15 0.85 2.3 3.2 

15 0.47 ± 0.08 2.2 ± 0.15 0.7 2.45 3.2 

16 0.36 ± 0.04 2.2 ± 0.2 0.6 2.4 3.0 

17 0.38 ± 0.04 2.1 ± 0.2 0.6 2.3 2.9 

19 0.54 ± 0.06 2.3 ± 0.3 0.75 2.5 3.3 

22 (T = 30 K) 0.5 ± 0.07 1.8 ± 0.25 0.7 2.2 2.9 
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4.5.3.3 S.3 Langevin scaling factors 

 

Fig. S3. Langevin-scaling of spin and orbital moment in case of decoupled moments. 

Note that the temperature scaling factor is larger for the smaller orbital moment 

than the spin moment. The XMCD measurements have been carried out at 7 T (full 

line). The corresponding date points of Co11
+ are shown as open circles. For example, 

at 1 T (broken lines) the scaling disparity would become very prominent. This 

disparity also changes with temperature 

 

____________________ 
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5. SPIN AND ORBITAL MAGNETIC MOMENTS OF SMALL CLUSTERS OF THE 

FERROMAGNETIC 3D ELEMENTS 

 

Experiments with nickel clusters were carried out in cooperation with S. Peredkov*, M. Neeb# and 

W. Eberhardt* and in the case of iron clusters additionally with the group of W. Wurth§ / M. Martins§ 

(*Institut für Optik und Atomare Physik, Technische Universität Berlin, Berlin, Germany; #Helmholtz 

Zentrum Berlin für Materialien und Energie, Berlin, Germany; §Institut für Experimentalphysik, 

Universität Hamburg, Hamburg, Germany). The experimental setup was located at the synchrotron 

BESSY II / HZB. All spectra were recorded at the undulator beamline UE52-PGM. Experiments were 

carried out during allocated beamtimes by a team which core members were Matthias Tombers, 

Sergey Peredkov and me. The experiments on iron clusters were also evaluated by .S. Palutke who 

joined the experiments on iron clusters 

 

5.1   Introduction 

Nearly all of the thirty transition metal atoms have a net spin magnetic moment[1], but only four 

elementary metals show a ferromagnetic ordering at room temperature, i.e. iron, cobalt, nickel and 

gadolinium. The magnetic moments of the 3d ferromagnets iron, cobalt and nickel is almost entirely 

due to the spin of the 3d electrons[2]. The orbital magnetic moment is nearly completely quenched in 

the bulk materials. 

The difficulty in understanding the magnetism of the 3d ferromagnets lies in their "split 

personality"[2], i.e. the duality between the localized behavior and the delocalized (itinerant) behavior 

of the electrons. "This duality forms the core of the many body problem and forms the essence of 

magnetism"[2]. The band width of the 3d band is about 3 eV whereas the s-p band width is about 

10 eV due to the delocalized nature of the s and p electrons. Historically, nickel and cobalt were 

called strong ferromagnets because their majority bands are fully occupied. Iron was in turn called a 

weak ferromagnet. The exchange splitting of the valence band is of the order of a few electronvolts 

for 3d transition metals. The exchange splitting is the largest for iron (2.2 eV[2]) and the smallest for 

nickel (0.6 eV[2]). The order for iron, cobalt and nickel according to the exchange splitting is the same 

as if ordering the three elements according to the spin magnetic moment.  
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Figure 5.1 Local magnetic moments of isolated 3d atoms (open squares connected by 

dashed line), ferromagnetic (filled squares connected by solid line) and 

antiferromagnetic (open diamonds connected by dotted line) 3d bulk metals. The 

magnetism of the atom includes only the moments due to the 3d electrons. For the 

bulk metals the experimental spin moments are shown.[1] 

 

The reduction of dimensions from 3D (bulk samples) to thin films (2D), chains (1D) and atoms (0D) 

led to the discovery of new phenomena[1] and spurned a rapid increase in the storage capabilities of 

hard drives[3]. However, understanding the new finite size effects is challenging. Some effects can be 

rationalized by the enhanced surface to bulk ratio in finite sized systems[1,4]. However, the more 

complex the new systems become the more parameters have to be considered. This means, that e.g. 

for a deposited nanoparticle not only the elemental composition but also shape and interaction with 

the surface material and the surface site become important. Thus, we try to reduce the number of 

parameters by first studying the isolated cluster without any interaction with an environment[5,6]. 

This approach allows us to access the intrinsic magnetic moments without any influences exerted by 

a supporting material.  

The spin and orbital magnetic moments of small nickel Nin
+ (Chap. 5.2) and iron Fen

+ (Chap. 5.3) 

clusters will be discussed in the course of this chapter. The found spin and orbital magnetic moments 

will be compared to theory on neutral cluster and when possible also to theory on the cationic 

clusters. A comparison to spin and orbital magnetic moments from a different XCMD experiment 

published by Lau et al.[7-9] will be given for both metals. The chapter will be concluded by a paper 

draft on the spin and orbital magnetic moments of small Fen
+, Con

+ and Nin
+ clusters (Chap. 5.5). A 

detailed comparison of the total magnetic moments by XMCD spectroscopy to prior Stern-Gerlach 

experiments is included in the paper draft. A key issue of the paper draft is a discussion about the 

relation of the orbital and spin magnetic moments of the clusters to the bulk and atomic values in 

terms of scaling laws, i.e. if the magnetic moments follow interpolations between the bulk and 

atomic values. 
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5.2   Nickel 

5.2.1 Spin and orbital magnetic moment of small nickel clusters 

The spin and orbital magnetic moments of small nickel clusters Nin
+ (7 ≤ n ≤ 18) are shown in 

Fig. 5.2a. The magnetic moments were extracted by sum rule analysis from the respective XMCD 

spectra. The number of 3d holes used to calculate the magnetic moments was set to nh = 1.45[10,11] 

which is the respective bulk value. All spectra were recorded under comparable experimental 

conditions with a cluster temperature of Tcluster = 20 K and an external magnetic field of B = 7 T. The 

numerical values of the experimental and intrinsic magnetic moments are given in Tab. 5.1. The 

orbital magnetic moments show maxima for Ni12
+ and Ni15

+ (Fig. 5.2a).  

  

Figure 5.2 (a) Experimental (open circles) and intrinsic (filled circles) spin (blue) and 

orbital (red) magnetic moments of small nickel clusters Nin
+ (7 ≤ n ≤ 18). The total 

magnetic moments are corrected for field and temperature effects according to 

Langevin[9,12-14] and the intrinsic spin and orbital magnetic moments calculated with 

the help of the mL / mS ratio. (b) Ratio of orbital to spin magnetic moment mL / mS. 

The values fluctuate around a ratio of 0.2 except for Ni7
+, Ni8

+ and Ni12
+. The dashed 

lines indicate the respective bulk value for Ni (fcc)[15,16]. 

 

The remaining cluster sizes show little variation of the orbital magnetic moment. However, for all 

investigated cluster sizes the orbital magnetic moments are enhanced by a factor of 3 - 5 compared 

to the value of 0.06 µB/atom for bulk nickel (fcc)[15,16]. If compared to the orbital moment of the free 

Ni atom of 3 µB, the orbital magnetic moments of the clusters only amount to 8 - 15 % of the atomic 

value. The spin magnetic moments show more pronounced fluctuations than the orbital magnetic 

moments. The lowest spin magnetic moments were found for Ni8
+ and Ni14

+. Ni14
+ represents a 

a b 
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minimum within the investigated size range. As for the orbital magnetic moments, the spin magnetic 

moments are larger than the bulk value of 0.6 µB/atom[15,16], but only by a factor 2 - 3. The spin 

magnetic moments are quenched compared to the atomic value of 2 µB by 25 - 50 %. This is far less 

than for the orbital magnetic moment. The ratio of orbital to spin magnetic moment mL / mS in the 

investigated size range fluctuates around a value of 0.2 (Fig. 5.2b). This is twice the bulk value of 

mL / mS = 0.1. Ni7
+, Ni8

+ and Ni12
+ show a higher mL / mS ratio of about 0.35. A detailed discussion 

about this topic can be found in the paper draft attached as supplement to this chapter (Chap. 5.5). 

Table 5.1 Experimental orbital mL,z and spin mS,z and intrinsic orbital mL, spin mS and 

total mJ magnetic moments of small nickel clusters Nin
+ with assumed LS coupling 

 

 Experimental magnetic moments 

/ µB/atom 

Magnetic moments 

/ µB/atom 

 mL,z mS,z mL mS mJ 

Ni7
+ 0.27  0.04 0.75  0.10 0.43  0.06 1.2  0.20 1.6  0.25 

Ni8
+ 0.31  0.05 0.90  0.15 0.42  0.06 1.3  0.20 1.7  0.25 

Ni9
+ 0.26  0.04 1.35  0.20 0.33  0.05 1.7  0.25 2.1  0.30 

Ni10
+ 0.24  0.04 1.2 0.20 0.31  0.05 1.6  0.25 1.9  0.30 

Ni11
+ 0.23  0.04 1.2  0.20 0.29  0.04 1.5  0.20 1.8  0.25 

Ni12
+ 0.34  0.05 1.0  0.15 0.43  0.06 1.2  0.20 1.7  0.25 

Ni13
+ 0.23  0.04 1.0  0.15 0.29  0.04 1.3  0.20 1.6  0.20 

Ni14
+ 0.19  0.03 0.80  0.10 0.23  0.04 1.0  0.15 1.3  0.20 

Ni15
+ 0.30  0.05 1.4  0.20 0.35  0.05 1.6  0.25 2.0  0.30  

Ni16
+ 0.21  0.03 1.25  0.20 0.25  0.04 1.5  0.20 1.7  0.25 

Ni17
+ 0.24  0.04 1.5  0.20 0.27  0.04 1.7  0.25 2.0  0.30 

5.2.2 Comparison of experimental data with: 

5.2.2.1 Theoretical data 

Several theoretical studies on the spin magnetic moments of small nickel clusters have been 

published within the last years[14,17-25]. The studies focus on the spin magnetic moments of neutral 

clusters and either use a tight binding approach[14,17-19] or a DFT method[20-25]. Within the last years, a 

few studies include the spin magnetic moments of singly positively charged clusters Nin
+[20,21,25]. The 

theoretical spin magnetic moments of neutral nickel clusters mostly fluctuates between  

0.7 - 1 µB/atom for clusters Nin with n > 7 (Fig. 5.3a). The spin magnetic moments of Reddy et al.[14] 

fall below the general trend. The majority of the theoretical mS values are lower than the 

experimental mS values of the present work. The spin magnetic moments of Aguilera-Granja et al.[17] 

lie above the other data series, i.e. closer to a value of 1.2 µB/atom for clusters smaller than Ni20. 
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Their values agree reasonably well with our experimentally determined ones for cationic clusters. For 

Ni7
+ and Ni8

+ the calculated moments by Aguilera-Granja et al.[17] are too large. The spin magnetic 

moments of these two cluster sizes agree well with several other theoretical studies (Fig. 5.3a). 

However, the calculated moments for the smaller sizes fluctuate much more than for clusters with 

more than eight atoms per cluster.  

 

Figure 5.3 Comparison between the spin magnetic moments of Nin
+ clusters (filled 

blue triangles) of the present work with theoretical data of (a) neutral nickel clusters 

Nin
[14,17-23,25] and (b) cationic clusters Nin

+[20,21,25]. Only one theoretical data series 

agrees with the spin magnetic moments of the present work, i.e. the one of Aguilera-

Granja et al.[17]. The exceptions are Ni7
+ and Ni8

+ which do not agree with the values 

of Aguilera-Granja et al. but with the several of the other studies. The only 

agreement with theoretical data of Nin
+ clusters can be found for Ni7

+. The calculated 

spin magnetic moments are too low for all other cluster sizes studied by us. 

Theoretical data on nickel clusters with fewer atoms per cluster than we studied are 

included for the sake of completeness. (The spin magnetic moment of the lowest 

energy isomer was taken from the references in case of several structural isomers for 

one cluster size, if not indicated otherwise). 

 

All published studies of cationic nickel clusters are based on DFT methods. Gutsev et al.[20] only 

studied Ni12
0/+ and Ni13

0/+. Surprisingly, a cluster structure based on an icosahedral geometry is only 

assigned for Ni13
+ as lowest energy isomer. The spin magnetic moment for Ni12

+ (0.75 µB/atom) and 

Ni13
+ (0.69 µB/atom) are far lower than the experimentally found mS values (Fig. 5.3b) Gutsev et al. 

a 

b 
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claim that the cluster structure and consequently also the theoretical spin magnetic moment strongly 

depend on the chosen DFT method[20]. Guzman-Ramirez et al[21] only calculated a spin magnetic 

moment for Ni7
+. The theoretical value agrees with the experimental one. They assigned a capped 

octahedron as structure for Ni7
+. Song et al.[25] calculated spin magnetic moments for cationic nickel 

clusters Nin
+ with n  30. They found that the structures of the neutral and singly positively charged 

clusters are almost identical with the neutral ones with the exceptions of Ni5
+ and Ni28

+[25]. If we 

compare the spin magnetic moments found by Song et al.[25] to our experimentally obtained spin 

magnetic moments, the agreement is not good. The theoretical values are too low over the whole 

size range investigated by us. The only cluster size for which the theory by Song et al.[25] and our 

experiment agrees is Ni7
+ (Fig. 5.3b). Interestingly, the two available theoretical values for Ni12

+ and 

Ni13
+ agree and both calculated spin magnetic moments for Ni7

+ agree with each other too. 

Guirado-Lopéz et al.[26] published a study in which they calculated orbital magnetic moments for 

small neutral nickel clusters. Icosahedral structure motifs were assumed for Ni13 and Ni19. For the 

smaller clusters a geometry optimization was done[14,26,27]. The orbital magnetic moments found by 

Guirado-Lopéz et al. agree for Ni7 and Ni13 with the experimentally determined moments for Ni7
+ and 

Ni13
+ (Fig. 5.4). The orbital magnetic moments for Ni8 and Ni9 are lower compared to the mL values of 

the present work. We did not measure Ni19
+ but the theoretically determined value fits within the 

general trend determined by the orbital magnetic moments of Ni16
+ and Ni17

+.  

 

Figure 5.4 Comparison between orbital magnetic moments for Nin
+ (filled red 

triangles) of the present work and theory on neutral Nin (open circles) clusters. The 

theoretically determined orbital magnetic moments by Guirado-Lopéz et al.[26] do 

agree for Ni7
+ and Ni13

+ but not for Ni8
+ and Ni9

+. (For the theoretical data: The 

magnetization direction is a principal Cn symmetry axis z)[26] 
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5.2.2.2 XMCD experiments 

Lau et al.[7,8] recently published spin and orbital magnetic moments for small nickel clusters  

Ni10
+ - Ni15

+ obtained by XMCD spectroscopy. Their experimental setup uses a different cluster ion 

source, ion trap and mass spectrometer but the detection technique is also TIY[8,9,28,29]. The good 

agreement between both data sets is a proof of the applicability of TIY as detection technique for the 

recording of XA and XMCD spectra. The spin as well as orbital magnetic moments agree with each 

other within the uncertainties of both experiments (Fig. 5.5a). If the mL / mS ratio is compared to 

exclude effects due to the number of 3d holes used in the sum rule analysis and the subtraction of 

the background stemming from direct photoionization, the agreement is also within the 

experimental uncertainties for most of the investigated cluster sizes. Ni10
+ is an exception. The 

mL / mS ratio found by Lau et al. is about twice of the ratio found by us (Fig. 5.5b). Both experiments 

find an enhanced mL / mS ratio for Ni12
+ compared to the other investigated cluster sizes. 

 

Figure 5.5 Comparison between experimental values for nickel clusters Nin
+ from the 

present work and from Lau et al.[7,8] for the (a) spin (this work, filled blue triangles; 

Lau et al., filled grey squares) and orbital (this work, open red triangles; Lau et al., 

open grey squares) magnetic moments and (b) ratio of orbital to spin magnetic 

moment mL / mS (this work, filled green triangles; Lau et al., filled grey squares) 

The spin and orbital magnetic moments of both experiments agree well with each 

other. Also, the ratio of mL / mS is in good agreement for both experiments. Ni10
+ is 

an exception for which mL / mS found by Lau et al. is about twice the ratio found by 

us. 

 

 

a 

b 
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5.2.2.3 Stern-Gerlach experiments 

A detailed comparison of the total magnetic moments of the present work to the total magnetic 

moments from Stern-Gerlach experiments will be given in the paper draft in the supplement of this 

chapter (see Chap. 5.5). 

 

5.3   Iron clusters 

5.3.1 Spin and orbital magnetic moment of small iron clusters 

The magnetic moments were extracted by sum rule analysis from the respective XMCD spectra. The 

number of holes in the 3d shell used to calculate the magnetic moments was set to nh = 3.4[30,31]. All 

XMCD spectra were recorded under comparable experimental conditions with a cluster temperature 

of Tcluster = 20 K and an external magnetic field of B = 7 T. The experimental and the intrinsic magnetic 

moments are given in Tab. 5.2. The spin magnetic moments show a minimum for Fe13
+ (Fig. 5.6a). 

  

Figure 5.6 (a) Experimental (open circles) and intrinsic (filled circles) spin (blue) and 

orbital (red) magnetic moments of small iron clusters Fen
+ (7 ≤ n ≤ 18). The total 

magnetic moments are corrected for field and temperature effects according to 

Langevin[9,12-14] and the intrinsic spin and orbital magnetic moments calculated with 

the help of the mL / mS ratio. (b) ratio of orbital to spin magnetic moment mL / mS. 

The mL / mS ratios show strong fluctuations with size although within a small 

numerical range compared to cobalt (Fig. 4.4) and nickel (Fig. 5.2b) clusters. The 

dashed lines indicate the respective bulk values for bulk Fe (bcc)[32]. 

 

a b 
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The spin and orbital magnetic moments for small iron clusters Fen
+ (7 ≤ n ≤ 18) are shown in Fig. 5.6a. 

If the spin and orbital magnetic moments are compared to the bulk values, both contributions are 

enhanced. If, however, they are compared to the atomic values, the spin and especially the orbital 

magnetic moments are quenched. The orbital magnetic moment of the investigated cluster sizes only 

amounts to 6 - 20% of the atomic value. The highest orbital magnetic moment was found for Fe14
+

. 

The mL / mS ratio shows no trend. The values are enhanced compared to the bulk value of 0.042[32] 

and show strong fluctuations in the investigated size range (Fig. 5.6b). A detailed discussion about 

this topic can be found in the paper draft attached as supplement to this chapter (Chap. 5.5) 

 

Table 5.2 Experimental orbital mL,z and spin mS,z and intrinsic orbital mL, spin mS and 

total mJ magnetic moments of small iron clusters Fen
+ with assumed LS coupling 

 

 Experimental magnetic moments 

/ µB/atom 

Magnetic moments 

/ µB/atom 

 mL,z mS,z mL mS mJ 

Fe7
+ 0.13  0.02 2.4  0.35 0.16  0.02 3.0  0.45 3.2  0.50 

Fe8
+ 0.22  0.03 2.6  0.40 0.26  0.04 3.1  0.50 3.4  0.50 

Fe9
+ 0.22  0.03 3.0  0.45 0.25  0.04 3.5  0.50 3.7  0.55 

Fe10
+ 0.13  0.02 2.5  0.40 0.15  0.02 2.9  0.40 3.0  0.45 

Fe11
+ 0.16  0.025 2.4  0.35 0.18  0.03 2.7  0.40 2.9  0.40 

Fe12
+

 0.30  0.045 2.4  0.35 0.34  0.05 2.7  0.40 3.0  0.45 

Fe13
+ 0.28  0.04 1.9  0.30 0.32  0.05 2.1  0.30 2.5  0.35 

Fe14
+ 0.41  0.06 2.6  0.40 0.45  0.07 2.8  0.40 3.3  0.50 

Fe15
+ 0.14  0.02 2.4  0.35 0.16  0.02 2.7  0.40 2.8  0.40 

Fe16
+ 0.23  0.035 2.1  0.30 0.26  0.04 2.3  0.35 2.6  0.40 

Fe18
+ 0.11  0.02 3.0  0.40 0.12  0.02 3.2  0.50 3.3  0.50 

 

5.3.2 Comparison of experimental data with: 

5.3.2.1 Theoretical data 

Numerous theoretical studies have been published on the spin magnetic moment of small neutral 

iron clusters Fen
[18-21,33-40]. The majority of the theoretical works is based on DFT methods. Only 

Andriotis et al.[18] and Guevara et al.[19] use a tight binding approach. The general agreement between 

the theoretical data and the spin magnetic moments of Fen
+ clusters of the present work is quite 

good (Fig. 5.7a). Larger deviations appear for Fe13
+ which shows an exceptionally low spin magnetic 

moment. This low spin magnetic moment is not reproduced by all theoretical works. However, one 

has to keep in mind the different charge state of the clusters. The theoretical spin magnetic moments 
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for clusters with more than ten atoms per clusters tend to be higher than the experimentally 

determined moments. 

 

Figure 5.7 Comparison between the spin magnetic moments of cationic Fen
+ clusters 

(filled blue diamonds) of the present work with theoretical data of (a) neutral iron 

clusters Fen
[18,19,21,34-39] and (b) cationic clusters Fen

+[21,36,40,41]. The general agreement 

between theory and experiment for neutral as well as for cationic iron clusters is 

good. Deviations occur for individual cluster sizes, e.g. Fe13
+ and Fe16

+. Theoretical 

data on iron clusters with fewer atoms per cluster than we studied are included for 

the sake of completeness. (The spin magnetic moment of the lowest energy isomer 

was taken from the references in case of several structural isomers for one cluster 

size, if not indicated otherwise; theoretical values taken from Ref. [40]: Fig. 6, data 

series denoted GGA+SOC+Ueff (U = 3; J = 0.5)). 

 

The recently published XMCD results of Fen
+ clusters by Lau et al.[9] triggered several theoretical 

works on singly positively charged iron clusters Fen
+[20,21,36,40-42] (Fig. 5.7b). The works of Wu et al.[42] 

and Alvardo-Leyva et al.[41] focus on the low spin magnetic moment of Fe13
+. Both groups assume an 

icosahedral structure with one central iron atom located within the icosahedron. Alvardo-

Leyva et al.[41] follow the initial interpretation of Lau et al.[9] of an antiferromagnetic alignment of the 

central iron atom to the outer twelve iron atoms. Wu et al.[42], on the other hand, found a 

ferromagnetic alignment of all iron atoms. A promotion electrons into the minority 3d shell reduces 

the spin magnetic moment of the central iron atom. This in turn reduces the average magnetic 

moment per iron in Fe13
+. Although, the presumed origin of the low magnetic moment differs, both 

a 

b 
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groups still find the same value for the average spin magnetic moment per atom of 2.69 µB/atom. 

This mS value is still higher than the spin magnetic moment determined by us of 2.1 µB/atom 

(Fig. 5.7b). The calculated spin magnetic moments of Yuan et al.[40] for Fen
+ (2  n  20) show a 

reasonable agreement between theory and experiment. Yuan et al. tested several theoretical 

approaches for the calculation of the spin and orbital magnetic moments. Thus, the one showing the 

best agreement with the experimental results is shown in Fig. 5.7 and Fig. 5.8. The largest deviations 

occur for Fe13
+ and Fe16

+. Guzman-Ramirez et al.[21] found a pentagonal bipyramidal structure with a 

spin magnetic moment of 3 µB/atom for Fe7
+ which agrees well with the present experiment.  

The study published by Yuan et al.[40] on Fen
+ (2 ≤ n ≤ 20) clusters includes besides the spin magnetic 

moments also the orbital magnetic moments. The agreement between the present experimental 

results and the moments found by Yuan et al.[40] is reasonably well for clusters Fen
+ ≤ Fe11

+ (Fig. 5.8). 

The experimental orbital magnetic moments for Fe12
+ - Fe14

+ far exceed the calculated ones. The 

agreement is better for Fe15
+ and Fe18

+.  

 

Figure 5.8 Comparison between orbital magnetic moments for Fen
+ (filled red 

diamonds) of the present work and theoretical orbital magnetic moments of cationic 

Fen
+ (filled squares) clusters. The theoretically determined orbital magnetic moments 

by Yuan et al.[40] do agree reasonably well for the Fe7
+- Fe11

+, Fe15
+ and Fe18

+ with the 

present experiment. (Theoretical values taken from Ref. [40]: Fig. 7, data series 

denoted GGA+SOC+Ueff (U = 3; J = 0.5)) 

 

5.3.2.2 XMCD Experiments 

If we compare our found spin and orbital magnetic moments to those published by Lau et al.[7-9], the 

agreement is good (Fig. 5.9a). However, the spin magnetic moments of the present work are lower 

for iron clusters Fen
+ with n > 10. We have only for Fe9

+ found a higher spin magnetic moment than 

Lau et al.. The agreement of the orbital magnetic moments is within the uncertainties of both 

experiments. The agreement of the mL / mS ratio is worse than for cobalt and nickel (Fig. 4.6b and 

Fig. 5.5b). This might be due to the generally lower spin magnetic moment found by us. Fe9
+ shows 
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the least agreement between both experiments. Neither spin nor orbital magnetic moments agree 

which each other for this cluster size. Especially both trends are reversed for Fe9
+, i.e. we have found 

a higher spin and a lower orbital magnetic moment than Lau et al. which leads to a large deviation of 

the mL / mS ratio. However, both data series show the minimum in the spin magnetic moment for 

Fe13
+. 

 

Figure 5.9 Comparison between experimental values for iron clusters Fen
+ from the 

present work and from Lau et al.[7-9] for the (a) spin (this work, filled blue diamonds; 

Lau et al., filled grey squares) and orbital (this work, open red diamonds; Lau et al., 

open grey squares) magnetic moments and (b) ratio of orbital to spin magnetic 

moment mL / mS (this work filled, green diamonds; Lau et al., filled grey squares). 

The spin and orbital magnetic moments of both experiments agree well with each 

other, i.e. mostly within the error range of both experiments. The spin magnetic 

moments of the present work are lower than the ones found by Lau et al. for clusters 

with more ten atoms per cluster. The ratio of mL / mS shows a worse agreement than 

for nickel and cobalt (Fig. 4.6a and Fig. 5.4a). 

 

5.3.2.3 Stern-Gerlach experiments 

A detailed comparison of the total magnetic moments of the present work to the total magnetic 

moments from Stern-Gerlach experiments will be given in the paper draft in the supplement of this 

chapter (see Chap. 5.5). 

 

a 

b 
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The following manuscript is intended for publication in the" Journal of Chemical Physics". Our results 

on the spin and orbital magnetic moments of small clusters of the ferromagnetic 3d metals iron, 

cobalt and nickel are presented. The manuscript was drafted by me with feedback form Prof. 

Niedner-Schatteburg and Matthias Tombers. Experiments were carried out by a team as detailed in 

the introduction to this chapter. All experiments were done in collaboration with the group of  
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W. Eberhardt (TU Berlin / HZB). The experiments on iron clusters were additionally done in 

collaboration with the group of W. Wurth (University of Hamburg)  
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5.5.0 Abstract 

We present size dependent spin and orbital magnetic moments of cobalt (Con
+, 8 ≤ n ≤ 22), iron  

(Fen
+, 7 ≤ n ≤ 17) and nickel cluster (Nin

+, 7 ≤ n ≤ 17) cations. X-ray magnetic circular dichroism 

(XMCD) spectroscopy has been applied to isolated clusters in the gas phase. The spin and orbital 

magnetic moments are enhanced compared to the corresponding bulk values for all three 

investigated materials. However, if compared to the atomic value, both contributions are quenched 

in the investigated clusters. We discuss the application of scaling laws to the size dependent 

evolution of the spin and orbital magnetic moment per atom in the investigated size range. Both spin 

and orbit each follow a scaling law, however not the same one.  
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5.5.1 Introduction 

The discussion of magnetic phenomena in homogeneous samples of bulk materials focuses on the 

dominating exchange coupling of pseudo spins which localize at atomic centers. The concomitant 

orbital angular momenta of individual electrons quench in the bulk due to orbital hybridization and 

symmetry reduction. Some orbital angular momenta remain exempt. This gave rise to the adjustable 

bulk g-factors, and of e.g. 4 - 10 % (Tab. 1) corrections to the spin only g-factor (2.0) in the case of 

ferromagnetic 3d bulk metals. In the free atoms or ions of those metals, however, the spin and 

orbital momenta possess values of equal magnitude, e.g. the orbital momentum of a free nickel atom 

even exceeds its spin momentum. A change in system size obviously induces a change in the 

electronic structure and along in the magnetic properties.  

The evolution of magnetism with sample size and its application has been at the scientific focus for 

some time[43,44]. Size selected clusters became favorable objects to follow such evolution[45-47], and 

suitable gas phase isolation experiments aim at the determination of intrinsic magnetic moments 

without the interference of either a supporting surface or of any other environment[48]. Stern-Gerlach 

experiments serve to determine the total magnetic moments of isolated transition metal clusters in 

the gas phase, e.g. shown by de Heer et al.[49] and others[50-53]. These experiments revealed enhanced 

magnetic moments compared to the bulk attributed to an enhanced contribution of the orbital 

magnetic moment. However, Stern-Gerlach experiments conceptually lack the capability to separate 

the magnetic moment into its spin and orbital contributions. Moreover, the ab initio description of 

the orbital magnetic moment is still a challenge, despite the ongoing progress in the field. The 

problems arise from the highly correlated nature of the magnetic materials.  

X-ray magnetic circular dichroism (XMCD) spectroscopy has proven instrumental to elucidate the spin 

and orbital contributions to total magnetic moments of bulk samples [32,54,55]. Recently, it became 

feasible to conduct XMCD spectroscopy of highly diluted samples in the gas phase [5,9]. An 

enhancement of the orbital moment was expected in isolated clusters because enhanced orbital 

moments were found in low-dimensional samples, e.g. thin films [56,57], nano structures[58,59], 

deposited clusters[46,60-62] or adatoms[63,64]. However, both gas phase experiments revealed that the 

orbital magnetic moment is considerably quenched for small clusters compared to the atomic values. 

The orbital magnetic moment in free clusters was found to be significantly enhanced compared to 

the solid. The differences between the spin magnetic moments of the clusters and the bulk or atomic 

values are less pronounced.  
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Table 1: magnetic moments of the atom, cluster and bulk for iron, cobalt and nickel 

in comparison with spin orbit coupling constants (SOC) for the atom / ion and  

g-factors for the bulk 

 

 Magnetic moment 

[µB/atom] 

Landé  

g-factor g' factor§ g-factor 

SOC* 

constant 

 orbit spin total    [cm-1] 

Fe1 
a 

5D  [Ar]4s23d6 2 4 6 1.50   -104i 

Fe1
+ a 

6D  [Ar]4s13d6 2 5 7 1.71   -86j 

Fen
+ b 0.24 2.82 3.07 1.85  2.18  

Fe (bcc, bulk)c 0.083 1.98 2.063  1.92e 2.09h  

Co1 
4F  [Ar]4s23d7

 3 3 6 1.33   -181k 

Co1
+ 

3F  [Ar]4s03d8 3 2 5 1.40   -238l 

Con
+ 0.55 2.28 2.83 1.68  2.49  

Co (hcp, bulk)c 0.158 1.55 2.25  1.84f 2.25h  

Ni1   
3F  [Ar]4s23d8 3 2 5 1.25   -333m 

Ni1
+  

2D  [Ar]4s03d9 2 1 3 1.33   -603j 

Nin
+ 0.33 1.42 1.75 1.68  2.49  

Ni (fcc, bulk)d 0.06 0.6 0.66  1.84g 2.18h  

 
a magnetic moments for atoms and cations calc. according to Hund's rules 
b average moments of the measured size range of Fen

+, Con
+ & Nin

+, this work 
c magnetic moments from Ref. [32]  
d magnetic moments from Ref. [15,16] 
§ magnetomechanical ratio g': e Ref. [65]; f Ref. [66], g Ref. [67];  
h taken from Ref. [49] 
*spin orbit coupling (SOC) constants extracted by Landé interval rule form 

experimental values: i Ref. [68,69]; j Ref. [69,70]; k Ref. [69,71], l Ref. [69,72];  
m Ref. [69,73] 

relationship between the different g-factors and g' is given in the Appendix. 

 

A question arising when investigating cluster properties is the following: Does every atom count as in 

the so called "non-scalable" size regime, or will a trend be followed from the bulk to the atomic 

value. Various cluster properties follow a scaling law which interpolates between the bulk and the 

atomic value (Tab. 1). Once, the "non-scalable" size regime is reached individual "every atom counts" 

fluctuations are superimposed onto the general trend. Therefore, we investigated if the spin and 



5. Spin and orbital magnetic moments of small clusters of the ferromagnetic 3d metals 

144 

orbital magnetic moments follow a scaling law. We found that the general trend of the spin and 

orbital magnetic moments each follow a different scaling law which was not to be expected. 

Superimposed on this scaling law are non-scalable fluctuations. Implications of this behavior will be 

discussed in the final section 

5.5.2 Experimental methods 

The experimental set up consists of a modified Fourier Transform - Ion Cyclotron Resonance -

 mass spectrometer (FT-ICR; Apex IV Bruker Daltonics) which was coupled to a soft x-ray undulator 

beamline at the Helmholtz Zentrum Berlin / BEESY II. A detailed description of the experimental set 

up has been given elsewhere [5,6]. In brief, the modifications include the possibility to cryogenically 

cool the ICR cell down to 20 K. Furthermore, the mass spectrometer was equipped with a laser 

vaporization source[74,75]. We produce transition metal clusters by focusing a pulsed laser (Nd:YAG, 

532 nm, 20 Hz) onto the target material which is ablated into a short transverse helium gas pulse to 

yield clusters. A homebuilt piezo electric valve provides the gas pulse[76]. Mono isotopic target 

materials were used in the case of iron (Oak Ridge National Laboratory, Fe-56, 99.93%) and nickel 

(Oak Ridge National Laboratory, Ni-58, 99.61%) in order to avoid dilution of the signal intensity due 

to isotopic distribution. The cluster ion beam is transferred into the ICR cell which serves as ion trap 

as well as mass analyzer. A cluster size is selected, isolated and cooled down via helium buffer gas to 

the desired temperature (T ≤ 20 K). The superconducting magnet (B = 7 T) of the FT-ICR aligns the 

magnetic moments of the cluster ions. X-ray absorption spectra were measured in Total Ion Yield, i.e. 

the trapped cluster ions are exposed to the x-ray beam and the subsequent fragmentation is 

measured. By recording mass spectra in dependence of photon energy the whole absorption 

spectrum could be measured. L edge XMCD spectra were recorded by measuring XAS for both 

helicities (polarization degree: 90 % @ UE52-PGM). The fragmentation intensities of appearing 

fragments were added up and then normalized to the photon flux of the x-ray beam and to the 

parent intensities. As an example the L-edge absorption spectra for both photon polarizations of Ni7
+ 

are shown Fig. 1. Dichroic effects are visible at both the L2 and the L3 edge which are clearly resolved 

from each other. The spectrum was recorded at a cluster temperature of 20 K. XMCD spectra were 

measured for cobalt, iron and nickel cluster cations in the size range from seven to twenty atoms per 

cluster.  
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Figure 1 Polarization dependent x-ray absorption spectra for Ni12
+ at the L2,3 edge. 

The spectra were recorded with negative (open symbols) and positive (filled symbols) 

circular photon polarization with the propagation direction of the x-ray beam parallel 

to the magnetic field axis. Shaded areas indicate the x-ray magnetic circular 

dichroism (XMCD) effects for the L2 and L3 edge. Spin and orbital magnetic moments 

are extracted following the procedure outlined by Chen et al.[32]. 

 

The projections of the clusters' spin and orbital magnetic moments upon the quantization axis are 

extracted from the spectra by magneto optical sum rule analysis [32,77,78]. The z axis, as quantization 

axis, coincides with the magnetic field axis of the ICR magnet. The field axis is collinear with the 

propagation direction of the x-ray beam. We obtain the numerical values of the z components of 

spin- and orbital moments, mS,z and mL,z
[32] in units of µB, using Eq. (1) and (2). 

       
 (   )

  
     (1)

       
 (    )

 
        (2) 

The parameters A and B represent the integrated dichroic effects (σ+ - σ-) at the L2 and L3 absorption 

edges of the experimental spectra (Fig. 1). C is the sum of spectra of both polarizations (σ+ + σ-) which 

is corrected for non-resonant background absorption[32]. The application of bulk nh values is discussed 

elsewere[41]. Calculated moments are given. We set the number of 3d holes to the bulk values with 

nh = 1.45[10,11] for nickel and nh = 3.4[30,79] for iron following the earlier interpretation for cobalt 

clusters with nh being 2.5[32]. The second term in Eq. (2), Tz, treats a possible anisotropy in the spin 

distribution of the investigated sample, and it corresponds to a spin asymmetry along the 

quantization axis. It can contribute up to 20 % to the spin magnetic moment in a highly anisotropic 
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medium[80]. It averages out by an angular average [31]. In our experiment the cluster ions are rotating 

freely in the ion trap with their moments aligned to the external magnetic field and not locked to the 

cluster frame. Thus, we may neglect Tz in our analysis. Finally, we incorporate a 10 % correction for 

incomplete circular polarization at the beamline. 

Small clusters are single domain particles[2,81] which can be considered to behave 

superparamagnetic[12,82,83]. Magnetic moments rotate independent of the cluster frame when the 

thermal rotational energy exceeds the magnetic crystalline anisotropy energy. Moments lock to the 

cluster frame below a critical blocking temperature. We found no evidence for a locked moment 

behavior in our experiment. Therefore, the projection of the magnetic moments upon a quantization 

axis follows a Langevin function in dependence of temperature and magnetic field strength [12-14,51]. 

Thus, the projection of the magnetic moments onto the quantization axis is a function of cluster 

temperature and applied magnetic field, i.e. intrinsic spin mS and orbital magnetic moments mL can 

be calculated if the cluster temperature and the applied magnetic field strength are known. In the 

present case of 3d metal clusters, the experimental conditions (Tcluster = 20 K and Bexternal = 7 T) 

correspond to the weak field limit (Zeeman limit). This implies that Russel-Saunders (LS) coupling 

prevails, and it is the total magnetic moment which aligns to the external magnetic field[9]. The 

intrinsic spin and orbital magnetic moments, mS and mL, can be calculated from the experimental z 

components of spin and orbital moments, mS,z and mL,z , by Langevin correction. 

5.5.3 Results and discussion  

5.5.3.1 Magnetic moments of cobalt clusters 

The results for cobalt clusters will be addressed briefly as they are discussed in detail elsewhere[5]. 

Experimental spin and orbital magnetic moments were corrected for the degree of photon 

polarization and Langevin corrected for temperature and magnetic field. In the investigated size 

range (Con
+, 8 ≤ n ≤ 22), the orbital moments vary between 0.4 - 0.9 µB per atom (Fig. 2). The orbital 

moment is quenched compared to the atomic value of 3 µB. However, it is enhanced compared to the 

bulk value (mL (Co, hcp) = 0.153 µB
[32]). The orbital moment increases by a factor of 2 - 4 for small 

clusters. This confirms theoretical predictions that the orbital magnetic moment in small clusters will 

be larger than the bulk value. Because of the particles' finite size and reduced coordination number 

at the surface, the 3d electrons are more localized and therefore still retain an orbital moment[84]. 

The spin magnetic moment is increased by approximately 1 µB per atom compared to the solid. If we 

compare our spin magnetic moments to those of Lau et al.[8], we find that our spin magnetic 

moments are systematically higher but show the same general trend (Fig. S2). The orbital magnetic 
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moments differ slightly but are of the same order (Fig. S2) and show no notable deviations from each 

other.  

The total magnetic moments differ slightly from prior Stern-Gerlach experiments [49,85-88]. However, 

already the results of Stern-Gerlach experiments differ significantly between each other. The present 

experimental results fall between the differing Stern-Gerlach series. The magnetic moments deduced 

from the XMCD experiments are larger than the moments from de Heer et al.[49,85,88] and 

Knickelbein et al.[87] but lower than those of Bloomfield et al. [86].One has to remember that the 

investigated clusters in Stern-Gerlach and the present XMCD experiments have a different charge 

state. While the XMCD experiments are conducted on singly positively charged cluster cations, Stern-

Gerlach experiments investigate the neutral cluster.  

The extra hole in the cationic cluster due to the positive charge will not alter the electronic, i.e. the 

magnetic structure, significantly considering the total number of 3d electrons for Con
+ with n ≥ 8 

(number of electrons ≥ 72). Going from the neutral species to the mono cation the spin magnetic 

moment of the whole cluster is expected to change by 1 µB, i.e. by the spin magnetic moment of the 

removed electron. Gutsev et al.[20] calculated the spin magnetic moment for Co13 for both charge 

states. They calculated a spin magnetic moment of 27 µB (2.08 µB/atom) for the neutral cluster. The 

value for the cationic cluster Co13
+ of 26 µB (2 µB/atom) agrees with our experimental result of 

2 ± 0.2 µB/atom. While Co13 retains its geometric structure upon change of the charge state, the 

geometric structure for Co12 alters when removing an electron. The neutral cluster shows the same 

motif as Co13 (hexagonal bilayer) and a spin magnetic moment of 24 µB (2 µB/atom). An icosahedral 

structural motif yielded the most stable conformation for Co12
+ with a spin magnetic moment of 

21 µB (1.75 µB/atom). Our experimental value of 2.4 ± 0.2 µB/atom for Co12
+ is slightly higher than the 

theoretically predicted moments by Gutsev et al.[20]. Martinez et al.[89,90] recently calculated spin 

magnetic moments for positively charged cobalt clusters Con
+ ranging from Co2

+ - Co20
+. Their spin 

magnetic moments oscillate around 2 µB/atom for clusters with n > 7. Thus, their values are in 

general lower than the spin magnetic moments found by us. 
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Figure 2 Spin (filled symbols) and orbital (open symbols) magnetic moments of iron 

Fen
+ (diamonds), cobalt Con

+ (circles) and nickel Nin
+ (triangles) cluster cations. 

Dashed lines indicate the number of 3d holes used in the calculations of the spin and 

orbital magnetic moments.  

 

5.5.3.2 Magnetic moments of iron clusters 

Spin and orbital magnetic moments of small iron cluster cations Fen
+ were measured under the same 

experimental conditions as the moments of the cobalt cluster cations. The clusters were cooled 

down to 20 K via collisional in the magnetic field of a 7 Tesla superconducting solenoid. Extracted 

spin and orbital magnetic moments are scaled to the saturation limit. We investigated iron cluster 

cations Fen
+ in the size range from 7 ≤ n ≤ 17 atoms per cluster. Spin as well as orbital magnetic 

moments are enhanced compared to the bulk value (Fe, bcc) of 1.98 µB/atom for mS
[32] and 

0.083 µB/atom for mL
[32]. The orbital values range from 0.45 ± 0.07 - 0.12 ± 0.02 µB/atom (Fig. 2), 

which corresponds to a relative increase of about 1.5 to 4 times compared to the bulk values. This 

increase is less pronounced for the spin magnetic moment (about 1.5 times) with values ranging from 

2.1 ± 0.3 µB/atom for Fe13
+ to 3.5 ± 0.5 µB/atom for Fe9

+. Spin as well as orbital magnetic moment are 

quenched when compared to the atom (Fe1, [Ar]4s23d6, 5D) or to the cation (Fe1
+, [Ar]4s13d6,6D).  

If we compare our magnetic moments with those reported by Lau et al.[9], we find that the values for 

the orbital magnetic moment are of the same order and general trend with the exception of Fe14
+ and 
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Fe9
+ (Fig. S2). We obtained a higher value (0.45 ± 0.07 µB/atom) than Lau et al. (0.14 µB/atom) for 

Fe14
+ while they measured a higher value for Fe9

+ (0.6 µB/atom) than us (0.25 ± 0.04 µB/atom).  

As for small iron clusters, the spin moment seemingly fluctuates more than the orbital moment. One 

should bear in mind the different order of magnitude of both contributions. Fe13
+ presents a local 

minimum in the measured series with its spin magnetic moment being only 2.1 ± 0.3 µB/atom. We 

find a local maximum at Fe9
+ (ms = 3.4±0.5 µB/atom) (Fig. 2) while the previous study finds a local 

minimum (2.7 µB/atom) [9], the deviation falling almost within the range of combined uncertainties 

Our experimental spin magnetic moments for Fen
+ clusters are in general lower (by up to 10 %) than 

the previously reported ones. 

The total magnetic moments of the cluster cations compare well with prior Stern-Gerlach 

experiments [49,85,91] of neutral clusters for sizes n ≥ 13 (Fig. 3a). The magnetic moments deduced 

from the present experiments are about 2 µB/atom lower than the values obtained by 

Knickelbein et al.[91] which are approximately 5 µB/atom for n = 10 - 12. The size dependence of the 

total magnetic moments from Stern-Gerlach experiments shows a local minimum at Fe13 which 

corresponds to the local minimum of the spin magnetic moments at Fe13
+ found in XMCD 

experiments[9]. Lau et al.[9] argued that this reduced moment is due to an antiferromagnetic coupling 

of the central Fe atom to the outer twelve iron atoms, if an icosahedral structure is assumed. 

Recently, theoretical studies on cationic iron Fen
+ clusters in the size range from 7 ≤ n ≤ 20[36,40] with a 

focus on Fe13
+[20,41,42] have been published. Theory agrees well with both data sets within error bars 

and supports the exceptionally low spin magnetic moment found for Fe13
+ despite an ongoing 

controversy of its origin[41,42]. Guzman-Ramirez et al.[21] published a value for Fe7
+ (pentagonal 

bipyramid) of 3.14 µB/atom which is lower than the two published values by Yuan et al.[40] and 

Gutsev et al.[36] but closest to the experimental value of 3.0 ± 0.45 µB/atom found by us.  

5.5.3.3 Magnetic moments of nickel clusters 

The magnetic moments of small nickel clusters fluctuate with the cluster size as was to be expected 

in the investigated size regime. The orbital magnetic moments of small nickel cluster cations 

(7 ≤ Nin
+ ≤ 17) are enhanced compared to the solid (Ni (fcc), 0.06 µB/atom[15,16]) as they range from 

0.25 - 0.43 µB/atom. However, compared to the atomic value Ni1 of mL = 3 µB (or the cationic value 

Ni1
+ = 2 µB) the orbital moments of the clusters are quenched to about 8 - 10 % of the atomic value 

(12 - 20 % of the cationic) (Fig. 2). Theory predicts an orbital magnetic moment of an icosahedral Ni13 

cluster of 0.24 µB/atom[92] or 0.32 µB/atom[26] and 0.26 µB/atom[26] for an fcc-like structure. This 

compares well with our result of 0.29 ± 0.04 µB/atom. For Ni7 the calculated value of 0.39 µB/atom[26] 

compares well to the experimental value of 0.43 ± 0.06 µB/atom. The agreement between theory and 
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experiment is worse for Ni8 and Ni9 with theoretical values of 0.22 µB/atom[26] and 0.25 µB/atom[26] 

compared to 0.42 ± 0.06 µB/atom for Ni8
+ and 0.33 ± 0.06 µB/atom for Ni9

+ from the current XMCD 

experiments. The most prominent increase in the orbital moment can be seen for Ni12
+ which is 

enhanced compared to the neighboring cluster sizes (Fig. 2). The orbital magnetic moment for  

Ni10
+ - Ni15

+ obtained by Lau et al.[8] are comparable to ours. Slight deviations occur for Ni15
+ but 

otherwise the values range within the error bars of both experiments (Fig. S2) 

 

 

a 

b 
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Figure 3 Total Magnetic moments (filled circles) determined by XMCD experiments in 

comparison with Stern-Gerlach results (open symbols).(a) Fen
+, (b) Con

+, (c) Nin
+ 

Shaded areas indicate the spin (solid, blue) and orbital (hatched, red) magnetic 

moments. Dashed lines display the magnetic moments of the respective bulk 

material (Fe & Co Ref. [32], Ni Ref. [15,16]). The magnetic moments of the free atom 

and cation were calculated according to Hund's rules. Stern-Gerlach results were 

taken from Ref. [49,85,91] for Fen , from Ref. [49,85-88] for Con and from  

Ref. [49,51-53] for Nin. For Ref. [85] the magnetic moments for the assigned high spin 

states are plotted and for Ref. [86] the experimental series denoted E2 is plotted. 

The Stern-Gerlach experiments investigated a wide cluster size range of up to several 

hundred atoms per clusters. The magnetic moment does not smoothly approach the 

bulk value with increasing cluster size but shows an oscillatory behavior. These 

oscillations are due to electronic and / or geometric shell closures and are 

superimposed onto the general trend. Our narrow size range does not allow us to 

detect these oscillations. 

 

The size dependence of the spin magnetic moment is much more pronounced than for the orbital 

magnetic moment. Experimental spin magnetic moments range from 1.0 ± 0.15 µB/atom for Ni14
+ to 

1.7 ± 0.25 µB/atom for Ni9
+ and Ni17

+. If one compares the mS data to the spin magnetic moment of 

the free atom the moments are quenched (Ni, [Ar]4s23d8, 3F). There is a nearly degenerate 

configuration for Ni, i.e. [Ar]4s13d9. This configuration is assumed for bulk nickel, giving rise to one 

single d-hole and a theoretical spin moment of 1 µB/atom. The spin magnetic moment is enhanced 

compared to the solid (Ni (fcc), 0.6 µB/atom[15,16]). The size dependence of the spin magnetic moment 

reveals a local minimum at Ni14
+. This agrees qualitatively with a local minimum of the prior Stern-

c 
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Gerlach experiments in the range of n = 13 - 14 [51,53,91] (Fig. 3c). The spin magnetic moments of both 

XMCD experiments agree within combined uncertainties (Fig. S2). 

The total magnetic moments of the neutral clusters and cluster cations of cobalt and iron follow the 

same general trends, i.e. they show pronounced minima for the same cluster sizes, e.g. for 

Fe13
+[9,85,91].The absolute values of the total magnetic moments for cobalt and iron are comparable to 

the values from the Stern-Gerlach experiments. The total magnetic moment of the cationic nickel 

clusters are higher throughout the measured series but still of the same order. The general trend for 

the total magnetic moment for cationic nickel clusters, which is dominated by the trend of the spin 

moment, is the same. However, the whole series deduced from our XMCD experiments seems to be 

shifted by one atom to larger towards larger clusters compared to Stern-Gerlach experiments[51-53]. 

Gutsev et al.[20] calculated the spin magnetic moment for Ni12
0/+ and Ni13

0/+. Ni12 and Ni12
+ possess 

similar structures which are not based on an icosahedral like structure. The calculated spin magnetic 

moment for the neutral cluster is 8 µB (0.67 µB/atom) and 9 µB (0.75 µB/atom) for the cationic cluster. 

However, both values are far below the experimental value of 1.2 ± 0.2 µB/atom. Gutsev et al.[20] 

found for the neutral Ni13 cluster a magnetic spin moment of 10 µB (0.77 µB/atom) and for the 

corresponding cationic cluster Ni13
+ two almost degenerate lowest energy isomers with 0.69 µB/atom 

and 0.85 µB/atom. As for Ni12
+

, the calculated moments are significantly smaller than the 

experimental spin magnetic moment of 1.3 ± 0.2 µB/atom for Ni13
+. Spin magnetic moments for 

cationic nickel Nin
+ clusters with n  30 have been investigated by Song et al.[25]. However, the 

theoretically found spin magnetic moments are about 0.3 µB/atom too low. The values found by 

Song et al. increase for smaller clusters and the value for Ni7
+ agrees with the experimentally found 

value of 1.2 µB/atom. Also, the value found by Guzman-Ramirez et al.[21] for Ni7
+ (capped octahedron) 

agrees with the experimentally found spin magnetic moment. 

5.5.3.4 Scaling laws of the spin and orbital contributions to magnetic moments of Fen
+, Con

+ and 

 Nin
+ clusters?  

Within the investigated size range, the obtained spin and orbital moments vary little. The values of 

the total magnetic moments fall within range of those of previous investigations.  

Nevertheless, it pays to re-approach the data once more from a broad perspective. If clusters indeed 

interface between atom and bulk, and if they truly bridge the gap in-between, one would expect a 

scaling of their properties by size. This scaling should interpolate explicitly between bulk and atom 

and it should follow predictable trends when scaling from bulk to cluster size (n  100 - 1000) 

throughout the scalable size regime. Reducing sizes further, one anticipates strongly size dependent 

and non-monotonous jumps in cluster features (as predicted and observed often before), which has 
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led to the coinage of the term of a "non-scalable" size regime[93,94]. Note, however, that this term is 

misleading in so far as the scalability of properties is not obsolete. Instead, "magic cluster size" 

related variations superimpose onto the prevailing scaling laws. (see Tab. 2 for various common 

scaling laws). In the present case of magnetic moments and their individual contributions, 

conceivable scaling laws would read as follows: 

  ( )    ( )  
  ( )   ( )

    (3) 

      and n denotes the cluster size, and the scaling power    
 

 
  

 

 
    would imply the 

cases of a scaling correction of "per cluster diameter" (or "per cluster radius"), "per surface area of 

the cluster" or "per cluster volume" the particular cluster magnetic moments. The given values of 

bulk magnetic moments and atomic magnetic moments,   ( ) and   ( ) for       are taken as 

asymptotic boundaries. The resulting scaling laws serve to interpolate in between these two limits. 

Note, that the magnetic moments   ( ) and   ( ) refer to intensive values, i.e. the magnetic 

moments are normalized "per atom". 

Table 2 Various cluster properties and scaling laws - n refers to the number of 

particles or atoms per molecule or cluster 

 

cluster property  proportional to 

surface tension of a spherical droplet γ 1/R2 = n-1/2 

ratio of surface to bulk atoms in a spherical particle NS / NV 1/R = n-1/3 

binding energy/atom (cohesive energy) [95-97] εcoh   n-1/3 

ionization potential [98,99] IP   n-1/3 

electron affinity [98,100] Ea   n-1/3 

resonance frequency of a spherical metal cluster [101-103] ωr 1/R3 = n-1 

autoionization resonance energy of Hg clusters [104-106] δn   n-1 

average energy level spacing [107] Δ    n-1 

magnetic dipolar interaction [108] Emag   n-1 

cluster polarizabilities[103] αN R3  n 

 

In the data of the present study, there is an explicit lack of cluster size dependency throughout the 

size range covered (n = 7 - 22). Inspection of the data compiled in Tab. 1, however, suggests an 

analysis of the size dependence of normalized moments (per atom) for trends and conceivable 

scaling laws. Figs. 4a and 4b visualize an attempt to do so for spin and orbital magnetic moments, 

respectively. The x-axes of diagrams are chosen as     ⁄ . A data set that would scale by     ⁄  

(   
 

 
, "per diameter") would resemble a straight line. Note, that data following alternative scaling 

laws would reveal nonlinear curves between the same asymptotes as is indicated in Fig. 4a, b (by 



5. Spin and orbital magnetic moments of small clusters of the ferromagnetic 3d metals 

154 

dashed lines) for the case of      ("per cluster volume"). It is gratifying to realize that the 

recorded cluster data of spin magnetic moments (open data points in Fig. 4a) come close to the 

conceived scaling law in the three cases, i.e. of Fen
+ (blue diamonds), Con

+ (green circles) and Nin
+ (red 

triangles). In particular, the scaling "per diameter" (   
 

 
) reproduces the experimental data on 

spin contributions much better than the alternative scaling "per cluster volume" (    ). One may 

easily imagine the intermediate case of scaling "per surface area" (   
 

 
), and it is obviously not 

suitable either. 

   

Figure 4 Spin (left) and orbital (right) magnetic moments of size selected clusters in 

comparison to conceivable trends that would interpolate between bulk metals and 

neutral atoms. Note, that the recorded spin moments seem to follow an     ⁄  trend 

while orbital moments largely agree with an     trend. 

 

There are remarkably different findings in the cases of the orbital magnetic moments (Fig. 4b) of Fen
+ 

(blue diamonds), Con
+ (green circles) and Nin

+ (red triangles). The cluster values are found to range in 

general close to the quenched asymptotic bulk values. For sure, they are not explained by a "per 

diameter" scaling (dashed lines in Fig. 4b). To our own surprise, however, we find a reasonable 

agreement with a possible "per cluster volume" scaling law (    ). Spin and orbital magnetic 

moments are distinctly different for sure. Inspection of orbital moments in some more detail reveals 

a b 



5.5 Supplement - Draft- J. Chemical Physics, 2014, in preparation 

155 

that experimental data for Fen
+ and Nin

+ fit - within their scatter and uncertainties - nicely to the 

depicted     scaling (solid blue and red lines). The experimental data on the orbital moments of 

Con
+, however, are systematically larger by about 20 % than the scaling prediction (solid green line). 

Element specific subtleties as such are to be expected. A detailed reasoning, however, remains to 

future high level theoretical modelling. 

Spin moments The spin magnetic moments follow the well-known trend of 

    ⁄   (              )⁄ , like e.g. the ionization potential or the electron affinity (Tab. 2). The 

general trend is superimposed by individual structures, e.g. the low spin magnetic moment of Fe13
+ or 

fluctuations introduced by the geometrical structure (Fig. 4a, b). The surface to volume ratio in a 

spherical particle is directly related to this scaling law 

 (              )⁄  (                           ) (             )⁄ . We conclude from this 

scaling law that the average spin magnetic moment per atom seems to follow the surface area of the 

cluster (normalized to the cluster volume). In a first try of an explanation we can follow the 

argumentation of the enhanced spin magnetic moment at surface and of thin films.  

The reduced coordination number at surfaces leads to a stronger localization of the electron wave 

function and thus to a narrower band width which in turn leads to a higher density of states at 

surface atoms[1,83,84]. This leads to an enhanced spin magnetic moment at surfaces. As our 

measurement averages over all coordination sites (surface and volume), enhanced spin moments at 

surface sites will lead to an enhancement with respect to the bulk of the average spin magnetic 

moment per atom in clusters. This leads to a scaling by 1 over area per volume which appears as 

    ⁄  - as observed. This might explain why the surface area is important but we find few individual 

size effects within our error bars. These individual size effects should be superimposed onto the 

scaling law. If the investigated size range was to be extended to larger clusters, the trend of 

 (              )⁄  should be become more pronounced. 

Orbital moments The orbital magnetic moment is even more sensitive to the coordination 

environment than the spin magnetic moment. It is conceivable that the orbital moment is closely 

related to the delocalization of the electrons within the cluster, .i.e. the forming of a band structure. 

The hybridization of orbitals and thus the delocalization of electrons leads to a quenching of the 

orbital moment. Surface layers show an enhanced orbital moment compared to the bulk phase[57]. 

This is attributed to the fact that atoms have a lower coordination number than bulk atoms and the 

3d states are more localized than in the solid[54,109,110]. Hence, surface atoms retain more angular 

orbital momentum than their bulk counterparts. Following this line of thought, the orbital moment 

should follow the ratio of surface atoms-to-bulk atoms. However, we find a seemingly different 

scaling of about    . It might follow that the general geometry of the clusters influences the orbital 
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moment more strongly than the spin magnetic moment, i.e. the coordination environment, number 

of nearest neighbors and bond lengths, etc.. Exceptionally high or low orbital magnetic moments 

may appear for certain cluster geometries which have an open structure (high orbital magnetic 

moment) or a high symmetry (small orbital magnetic moment). In the case of the orbital magnetic 

moment, one might see a significant change if the geometrical motif changes e.g. from icosahedral to 

bulk like. Our present experiments do not cover a size range which would allow for a conclusive 

explanation of the observed trend. Currently we are left with tentative suggestions. 

Validity of scaling laws It is a general question of concern whether a continuous scaling of magnetic 

cluster properties amongst atomic and bulk values is to be expected in the first place. Discontinuous 

(phase) transitions are well conceivable. At least, we are able to phrase a "robust" finding of the 

present study without stating any scaling: Spin and orbit contributions of iron, cobalt and nickel 

clusters comprising 10 - 20 atoms are closer to bulk than to atomic values. The relative quenching of 

orbital moments in cluster is higher than that of the spin moments. A final interpretation of the 

found scaling laws is still pending and will need support form theory. Especially in the case of the 

orbital magnetic moment as it seems to correlate with the electronic structure of the cluster. Our 

findings raise conceptual questions that cannot be solved by the present findings on their own. It is 

mandatory to achieve an appropriate in depth modelling of the prevailing electronic couplings in 

order to unravel the reasoning for the observed scalings / magnitudes. 

5.5.4 Summary and outlook 

We have investigated the spin and orbital magnetic moments of small iron, cobalt and nickel clusters. 

The magnetic moments are enhanced with respect to the values of the bulk material, but quenched 

with respect to the atomic values. However, we find that the orbital and spin magnetic moments 

follow different scaling laws, if we interpolate between the atomic and bulk values. The spin follows a 

"per diameter" asymptote while the orbital magnetic moment follows a "per volume" scaling law. In 

order to confirm the postulated scaling laws for spin and orbital magnetic moments, we need to 

extend our data set towards clusters with more "atom-like" character (n << 10) and clusters with 

more bulk-like character (n >> 20). If we compare our data for the total magnetic moments to the 

results obtained from Stern-Gerlach experiments, one would expect the total magnetic moments 

from both experiments to agree with each other. However, the spin magnetic moments obtained 

from XMCD experiments agree better with the Stern-Gerlach data than our total magnetic moments. 

Note, that different Stern-Gerlach series of the same transition metal clusters deviate significantly 

from each other. However, different XMCD results agree well within the error range of both 

experiments (Fig. S2) and give the same qualitative results, thus validating the experimental 

approach and the reliability of the results.  
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5.5.6 Appendix 

The magnetomechanical ratio g' can be deduced from gyromagnetic experiments by the Einstein-de 

Haas effect[111] (rotation induced by change of the magnetization). g' differs from the g factor 

determined by Ferromagnetic resonance (FMR) experiments. The definition of g' includes Jtot and 

thus a contribution of the orbital angular momentum Jorbit (L). The definition of g, on the other hand, 

only includes the spin angular momentum Jspin (= S)[112,113]. The value of the free electron, i.e. the spin 

only value, is equal to two for g and g'. However, the deviation due to the orbital angular momentum 

results in g > 2 and g' < 2.  
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The references for the manuscript are included in the general reference list of this chapter 

(Chap. 5.5). 
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5.5.9 Supplementary material 

5.5.9.1 S.1 Application of scaling laws  

   

Figure S1 Spin (left) and orbital (right) magnetic moments of size selected clusters in 

comparison to conceivable trends that would interpolate between bulk metals and 

cationic atoms. Note, that these trends do agree much less with the recorded XMCD 

data as the trends depicted in Fig. 4a and 4b, where neutral atoms serve as reference 

points instead. 

  

a b 
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5.5.9.2 S.2 Comparison of spin and orbital magnetic moments  

Fig. S2 gives a direct comparison of the spin and orbital magnetic moments of free clusters. The data 

sets are from two independent experiments. Both experiments use XMCD spectroscopy to access the 

spin and orbital magnetic moments.  

 
 

Figure S2 Comparison of spin and orbital magnetic moments for Fen
+ (top), Con

+ 

(middle) and Nin
+ (bottom) clusters from this study and data obtained by Lau et al.[7-9] 

(squares in all three panels). The orbital magnetic moments are represented by open 

and the spin magnetic moments by filled symbols. The found magnetic moments 

agree well with each other within the error bars of both experiments. Our spin 

magnetic moments are systematically lower for iron and cobalt clusters but are of 

the same order. Overall the results found by the two experiments agree well with 

each other.  
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5.5.9.3 S.3 Numerical values of spin and orbital magnetic moments  

Table S3a Comparison of experimental and theoretical spin magnetic moments in µB/atom 

 

 Exp.a Theo.b Exp.c   Exp.a Exp.d   Exp.a Exp.d 

Fe7
+ 3.0 ± 0.45 3.29 3.1 ± 0.45      Ni7

+ 1.2 ± 0.20  

Fe8
+ 3.1 ± 0.50 3.13 3.2 ± 0.45  Co8

+ 2.7 ± 0.30 2.2 ± 0.10  Ni8
+ 1.3 ± 0.20  

Fe9
+ 3.5 ± 0.50 3.00 2.8 ± 0.40  Co9

+ 2.0 ± 0.25 2.0 ± 0.10  Ni9
+ 1.7 ± 0.25  

Fe10
+ 2.9 ± 0.40 2.90 3.4 ± 0.45  Co10

+ 2.25 ± 0.25 2.5 ± 0.10  Ni10
+ 1.6 ± 0.20 1.2 ± 0.10 

Fe11
+ 2.7 ± 0.40 2.82 3.3 ± 0.40  Co11

+ 2.0 ± 0.20 2.4 ± 0.15  Ni11
+ 1.5 ± 0.20 1.4 ± 0.15 

Fe12
+ 2.7 ± 0.40 3.08 3.4 ± 0.50  Co12

+ 2.4 ± 0.20 2.7 ± 0.20  Ni12
+ 1.2 ± 0.20 1.05 ± 0.20 

Fe13
+ 2.1 ± 0.30 2.69 2.45 ± 0.40  Co13

+ 2.0 ± 0.20 2.5 ± 0.20  Ni13
+ 1.3 ± 0.20 1.3 ± 0.15 

Fe14
+ 2.8 ± 0.40 3.07 3.5 ± 0.50  Co14

+ 2.2 ± 0.20 2.6 ± 0.20  Ni14
+ 1.0 ± 0.15 1.15 ± 0.15 

Fe15
+ 2.7 ± 0.40 3.13 3.7 ± 0.50  Co15

+ 2.4 ± 0.20 2.5 ± 0.15  Ni15
+ 1.6 ± 0.25 1.25 ± 0.15 

Fe16
+ 2.3 ± 0.35 3.19 3.7 ± 0.50  Co16

+ 2.4 ± 0.20   Ni16
+ 1.5 ± 0.20  

     Co17
+ 2.3 ± 0.20   Ni17

+ 1.7 ± 0.25  

Fe18
+ 3.2 ± 0.50 3.17 3.5 ± 0.50         

     Co19
+ 2.5 ± 0.30      

     Co22
+ 2.0 ± 0.30      

 
a this work; b see Ref. [36]; c see Ref. [9]; d see Ref. [7,8]  
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Table S3b Comparison of experimental orbital magnetic moments in µB/atom 

 

 Expa Expb   Expa Expd   Expa Expd 

Fe7
+ 0.16 ± 0.02 0.30 ± 0.35      Ni7

+ 0.43 ± 0.06  

Fe8
+ 0.26 ± 0.04 0.28 ± 0.35  Co8

+ 0.71 ± 0.10 0.87 ± 0.035  Ni8
+ 0.42 ± 0.06  

Fe9
+ 0.25 ± 0.04 0.60 ± 0.35  Co9

+ 0.63 ± 0.09 0.49 ± 0.03  Ni9
+ 0.33 ± 0.05  

Fe10
+ 0.15 ± 0.02 0.21 ± 0.35  Co10

+ 0.59 ± 0.08 0.61 ± 0.03  Ni10
+ 0.31 ± 0.05 0.40 ± 0.04 

Fe11
+ 0.18 ± 0.03 0.29 ± 0.35  Co11

+ 0.55 ± 0.08 0.69 ± 0.04  Ni11
+ 0.29 ± 0.04 0.30 ± 0.06 

Fe12
+ 0.34 ± 0.05 0.09 ± 0.35  Co12

+ 0.53 ± 0.05 0.67 ± 0.05  Ni12
+ 0.43 ± 0.06 0.41 ± 0.08 

Fe13
+ 0.32 ± 0.05 0.20 ± 0.25  Co13

+ 0.41 ± 0.06 0.60 ± 0.03  Ni13
+ 0.29 ± 0.04 0.32 ± 0.06 

Fe14
+ 0.45 ± 0.07 0.14 ± 0.35  Co14

+ 0.67 ± 0.07 0.53 ± 0.04  Ni14
+ 0.23 ± 0.04 0.29 ± 0.04 

Fe15
+ 0.16 ± 0.02 0.19 ± 0.40  Co15

+ 0.52 ± 0.09 0.38 ± 0.04  Ni15
+ 0.35 ± 0.05 0.20 ± 0.025 

Fe16
+ 0.26 ± 0.04 0.13 ± 0.40  Co16

+ 0.40 ± 0.04   Ni16
+ 0.25 ± 0.04  

    Co17
+ 0.42 ± 0.04   Ni17

+ 0.27 ± 0.04  

Fe18
+ 0.12 ± 0.02 0.13 ± 0.35         

    Co19
+ 0.58 ± 0.06      

    Co22
+ 0.56 ± 0.08      

 
a this work; b see Ref. [9]; d see Ref. [7,8] 
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6. SINGLE MOLECULE MAGNETS 

 

Experiments on Single Molecule Magnets (SMMs) were carried out in collaboration with the group of 

T. Lau (Helmholtz Zentrum Berlin für Materialien und Energie (HZB), Berlin, Germany). We used the 

experimental setup called NanoClusterTrap which is operated by the group of T. Lau (Chap. 6.2.2) 

together with an electrospray ionization (ESI) source. Our group provided the ESI source. The 

beamtime team consisted of M. Tombers, A. Ławicki, V. Zaimundo-Bayer and myself. All XA and 

XMCD spectra were recorded at the soft x-ray undulator beamline UE52-PGM at BESSY II/HZB. The 

SMMs were synthesized in the group of A. Powell (Karlsruher Institute of Technology, Karlsruhe, 

Germany) in the framework of the Collaborative Research Center TRR88/3MET.  

6.1   Introduction 

Magnetism is a bulk property linked to the 3D lattice structure of the respective metal or alloy. The 

quest for new magnetic materials and magnetic phenomena led to reduced dimensionalities of the 

samples. The reduced dimension or finite size of thin films (2D) or nanoparticles or clusters (1D) 

resulted in new quantum phenomena due to confinement effects[1-4]. The ultimate reduction of 

dimensionality would be a single atom / molecule (0D) as a magnetic entity, i.e. the complete 

localization of the magnetic moment on one ferromagnetic core without any influence due to 

packing effects[1]. In this case, the intramolecular forces dominate the magnetic behavior as the 

intermolecular or long range interactions are negligible. The unique magnetic features of SMMs 

make them possible candidates for applications in physics, magneto-chemsitry, bioloy, biomedicine, 

and material sciences[5-8] and recently as bits in quantum computing[8-12]. 

The most important physical property identifying a molecule as an SMM[5,13] is a slow relaxation of 

the magnetization at low temperatures[14-16] and the occurrence of a hysteresis loop upon reversal of 

the magnetization[14,16,17]. "Under these conditions a single molecule becomes like a tiny magnet, in 

the sense that if magnetized by an applied field it retains the magnetization for days"[16]. The 

archetypical SMM is the Mn12-ac ([Mn12O12(CH3COO)16(H2O)4] complex[18] (Fig. 6.1). 
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Figure 6.1 [Mn12O12] unit of a Mn12 SMM. The inner MnIV atoms (light blue) and the 

outer MnIII atoms (dark blue) couple antiferromangetically. Thus, Mn12 has got a 

ferromagnetic ground state with S = 10.[5,18-20] 

 

An SMM behavior is not dependent on the size of the magnetic core, i.e. the number of atoms 

involved, but centers on two ground state properties: 

 a large ground state spin moment S  

 a uniaxial/easy axis (Ising-type) anisotropy (Fig. 6.2) 

 

 

Figure 6.2 Energy of an Ising (easy) axis type magnet as a function of the angle Θ of 

the magnetization from the easy axis[15]. The orientations of the magnetization at 

Θ = 2/π and Θ = -2/π are equal in energy and represent the energy minimum. 

 

The large ground state spin gives rise to the magnetic moment and thus it is favorable to couple as 

many spins as possible. The easy axis (Ising-type) anisotropy leads to a double well ground state 

(Fig. 6.2). The blocking temperature is defined as the temperature needed to overcome the barrier 

which separates the two spin orientations. The higher the blocking temperature is, the longer is the 

relaxation time of the system due to thermal excitations. Additionally, relaxation of the 
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magnetization due to tunneling was found for SMMs. This quantum effect is evident in the hysteresis 

loops as distinct steps in the curve[14-16,21,22]. The origin of the anisotropy can be complex due to the 

anisotropies' tensorial nature. The anisotropy can stem from a single atom and / or from the spatial 

orientation of individual paramagnetic building blocks. Despite continuing efforts of synthetic 

chemists, Mn12-ac still is one of the SMMs showing the highest blocking temperature. Therefore, a lot 

of studies focus on the archetypical SMM family of Mn12
[5,13,20,23-33]. Additionally, a second group of 

iron based molecules, e.g. Fe8
[34-38] and Fe4

[25,39,40] have gained a lot of attention because of their high 

ground states spins and blocking temperatures. The design of SMMs is more and more driven by a 

rational approach but serendipity still plays a major role in the discovery of new SMMs[15].  

The combination of 3d transition metals, which have got a high spin moment in the ground state, and 

the high anisotropy of lanthanides has attracted a lot of attention[22,41-46]. The present chapter 

focusses on a [Fe4Ln2] complex based on a wheel structure[47] (Fig. 6.5a). The complex contains two 

FeIII (hs) - FeIII (hs) (hs = high spin) units in which the Fe atoms couple ferromagnetically to each other. 

The coupling of the two units to each other is mediated via the lanthanide ions. The coupling 

depends on the lanthanide present and can either be antiferromagnetic (Lu)[47] or ferromagnetic (Er, 

Dy, Tb, Gd, Ho)[47,48].  

XMCD spectroscopy of SMMs has been established during the last decade[20,25,33,34,49-59]. The element 

sensitivity of the technique allows the determination of the individual contributions of several 

elements and also gives direct experimental access to the coupling scheme within the SMMs[49-51,60]. 

So far, XMCD experiments have either been conducted on solid (crystal or powder samples) or 

deposited molecules. The intermolecular interactions within a solid SMM are far weaker than the 

intramolecular interactions but they still might influence the spectrum. In the case of deposited 

Mn12-ac, it is known that the SMM behavior is lost upon deposition due to the interactions with the 

support[20,25,61]. In the investigation of SMMs, a next step is the recording of XMCD spectra of truly 

isolated SMMs in the gas phase. Gasphase XMCD[62-67] and XA[68] spectra of ions and small clusters 

have recently been reported. In the following, the first polarization dependent gas phase XA spectra 

for [Fe4Ln2] based SMMs will be presented after a short introduction into the experimental methods. 
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6.2   Experimental methods 

6.2.1 Electrospray Ionization (ESI) 

6.2.1.1 ESI process 

Electrospray Ionization (ESI) is one of the most frequently used ionization methods in modern mass 

spectrometry applications[69-72]. ESI is an atmospheric pressure ionization (API) method, i.e. the 

analyte ions are produced at atmospheric pressure and then are transferred into the UHV region of 

the mass spectrometer[71,73-76] by a suitable interface. John Fenn titled his Nobel lecture "Wings for 

Molecular Elephants"[77]. The title highlights the fact that ESI is one of the softest ionization 

techniques available. The ESI technique has been extensively reviewed within the last years, e.g. in 

Refs. [70,71,78-82]. Initially developed for biomolecular applications[83-86], ESI has become an 

important tool in the characterization of metal organic and coordination complexes[43,87-93]. 

The analyte is dissolved in a volatile solvent, e.g. acetonitrile or methanol. Then the solution is 

sprayed through a needle. A nebulizing gas (in our case nitrogen) is concentrically following around 

the spray needle (Fig. 6.3). The gas flow reduces the surface tension of the solvent, allows higher 

flow rates, provides more stable spray conditions and smaller droplets[73,94-97]. However, analyte ions 

are not created during the spray process. They have already to be present in the solution. An electric 

field gradient of 3 - 6 kV between the spray needle and the entrance to the mass spectrometer is 

applied. The electric field gradient causes a charge separation in the solution and the forming of a 

cone from which the droplets are released[98,99]. The individual droplets are driven apart by their 

Coulomb repulsion. Each droplet carries excess charges. As soon as the Rayleigh limit[100] is reached, 

which is due to the shrinking of the droplet by evaporation of solvent molecules, the droplet will 

disintegrate into smaller droplets because the Coulomb repulsion exceeds the surface tension. This 

process is called Coulomb fission or Coulomb explosion. Recent work, however, has shown that the 

droplets do not explode but eject smaller droplets[101-104]. This droplet jet fission starts at a 

macroscopic scale and takes place several times until the droplet reaches a state in which it 

resembles a large cluster or microdroplet. The free ion is released from this micro droplet. The final 

process of the ion release is controversially discussed in the literature[101,102,105] and two models exist: 

 Ion evaporation model (IEM)[106,107] 

The desolvated ion is produced by a direct evaporation of the ion form the surface of the 

highly charged microdoplet[108]. 
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 Charge residue model (CRM)[109-111] 

The model assumes that at the end of the fission cascade the droplet is so small that it only 

contains one analyte ion. The remaining solvent molecules successively evaporate and a 

complete desolvation is reached in the end.  

6.2.1.2 ESI source 

 

Figure 6.3 Scheme of the Bruker ApolloTM I ESI source [112]. All major components are 

indicated. Voltages applied to individual elements are written in blue. The sample is 

sprayed through a needle held at ground. The electric field gradient is provided by a 

bias to the endplate. The hexapole can be used as an ion trap. In the present work, it 

was only used as an ion guide by keeping trap/extract at a constant voltage. Standard 

values used during the experiment are given in Tab. 6.1. (Sk = Skimmer) 

 

In the present work, we used a Bruker-APOLLOTM I ESI source (Fig. 6.3). After the ESI process, the free 

analyte ions are transferred into the high vacuum region of the mass spectrometer through a glass 

capillary (diameter 0.5 mm, length 20 cm). Heated nitrogen gas is flowing around the entrance of the 

glass capillary to evaporate the solvent molecules off the droplets. The glass capillary is the vacuum 

interface of the ESI source. A second differential pumping stage is created by a skimmer within the 

ESI source. The ions are then transferred by a hexapole ion guide into a hexpole ion trap. In the 

present work, we did not use the trapping function of the hexapole but only used the hexapole as 

guide, i.e. the ApolloTM I as a continuous ion source. A typical set of ESI parameters used by us is 

given in Tab. 6.1.  
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Table 6.1 Typical set of ESI parameters used during the experiments presented later 

in the chapter. Individual elements to which the voltages are applied are indicated in 

Fig. 6.3. 

 

parameter  

drying gas (N2) T / °C 180 

 p / psi 30 

nebulizing gas (N2) p / psi 22 

 endplate / V -5.300 

 capillary / V -6.500 

 CapExit / V 90 

 Sk1 / V 50 

 Sk2 / V 16 

hexapole RF / MHz 5.3 

 amplitude / V 600 

 bias / V 6.8 

 trap/extract / V -0.5 

6.2.2 ClusterNanoTrap 

The ESI source was attached to the NanoClusterTrap[64-66,113,114] experimental endstation operated by 

the group of Tobias Lau (Fig. 6.4). The instruments design is optimized for the recording of XA[68,115] 

and XMCD[64-67] spectra of free ions and clusters in the gas phase. 

Ions leaving the ESI source are injected into a hexapole ion guide which can be operated between 

0.5 - 2 MHz. The length of the rods was adjusted to account for the different source geometry of the 

ESI source compared to gas aggregation source which is usually attached to the NanoClusterTrap. 

The hexapole ion guide is followed by a quadrupole mass filter (Extrel, GP-203D) with an m/z range 

of 4000 m/z. A set of electrostatic lenses is used to subsequently focus the ion beam into a 

quadrupole bending unit. The ion beam is bent by 90° onto the x-ray beam axis. The lenses are 

horizontally cut in half in order to compensate for the Lorentz' Force exerted by the stray field of the 

5 T superconducting solenoid once the magnetic field is switched on. After the ion beam is bended by 

90°, a quadrupole ion guide transfers the ions into the linear quadruple ion trap located within the 

field of a superconducting 5 T magnet (Fig. 6.4). 
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Figure 6.4 NanoClusterTrap setup[113] 

The setup was designed and built by the groups of Tobias Lau and 

Bernd von Issendorff. The magnet is provided by Akira Terasaki. The drawing shows 

the major building blocks of the instrument, i.e. ion guides, the linear quadrupole ion 

trap and the time of flight mass spectrometer. A cluster source is not attached in this 

drawing.  

 

The trap is surrounded by cooling shields, one cooled by liquid nitrogen and the other by liquid 

helium. Helium buffer gas which is cooled by heat exchange is added to the trap. It is used to force 

the ions on axis and to cool the trapped ions down to the desired temperatrue. The trap electrodes 

are actively coupled to the helium reservoir. Nevertheless, the RF of the ion trap heats up the stored 

ions. The cluster temperature is higher than the reading of the temperature sensor located at the 

side electrodes of the ion trap. A temperature reading of 5 K at the side electrodes translates into a 

cluster temperature of approximately 12 ± 3 K[113]. An additional dipole RF field tuned to the 

cyclotron frequency of He+ is applied to the trap's electrodes to eject He+ ions from the trap. During 

the admittance of the x-ray beam into the trap, He atoms are ionized by direct photoionization. This 

process has a low cross section but the high number of He atoms present in the trap compensates for 

the low cross section. The high density of He+ ions is problematic because it can suppress the cluster 

signal and spark discharges[113,114]. 

A modified reflectron time of flight (ToF) mass spectrometer is used for the recording of the Total Ion 

Yield (TIY) spectra. If monoenergetic ions are accelerated by an electric field, the electric energy is 

transformed into kinetic energy. All ions have the same kinetic energy. In a field-free region, the ions 

disperse according to their mass-to-charge ratio. The standard[116-118] reflectron ToF mass 

spectrometer was modified by Bernd von Issendorff with three einzel-lenses located within the first 



6. Single Molecule Magnets 

170 

drift region of the flight tube. This modification became necessary because the first part of the drift 

region is located within the inhomogeneous field of the magnet. The einzel-lenses can be used to 

correct perturbations of the ion trajectories caused by the magnetic field. A GaAsP diode is used to 

record the incident photon flux during the experiment. The NanoClusterTrap was attached to the 

UE52-PGM beamline at the synchrotron BESSY II/HZB. 

 

6.3   [Fe4Ln2] Single Molecule Magnets 

A new cyclic coordination complex with an [Fe4Ln2] core was synthesized in the group of A. Powell. Its 

structure is based on the so called ferric wheel[119,120].  

   

Figure 6.5 (a) molecular structure of [Fe4Ln2] ([FeIII
4LnIII

2(Htea)4(piv)6(N3)4]; 

teaH3 = triethanolamine; pivH = pivalic acid), hydrogens are omitted for clarity  

(b) Fe4Ln2 core of the wheel highlighting the planar arrangement of the metal ions. 

(Ln = light green, Fe = orange, O = red, N = purple, C = grey)[19,47,48] 

 

The central ring is built up by two [FeIII
2(N3)2(piv)3)]

+ dimers which are bridge by two lanthanide 

centers (Fig. 6.5). The iron dimers consist of two FeIII (hs) ions. Each lanthanide cation has an octa 

coordination geometry provided by two nitrogen atoms and six oxygen atoms. The coordination 

geometry can best be described as distorted square antiprismatic[47]. The nitrogen atoms are 

provided by the triethanolamine molecules which form the bridges to the Fe ions. The Fe ions are 

octahedrally coordinated in a cis N2O4 geometry[47]. The complex has been synthesized in several 

compositions by exchanging the lanthanide ion (Ln = Er, Lu, Gd, Tb, Dy, Ho) and investigating the 

resulting changes of the magnetic properties. The Fe-Fe coupling in the two dimers is ferromagnetic. 

b 

a 
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However, the coupling of the dimers across the lanthanide bridge to each other depends on the 

lanthanide ion present in the complex[47,48]. We had access to the [Fe4Gd2] (Gd = 4f7 5d1 6s2) and 

[Fe4Tb2] (Tb = [Xe] 4f9 6s2) complex. The coupling across the lanthanide is ferromagnetic for both 

lanthanides according to the group of A. Powell[48].  

6.3.1 X-ray absorption spectra of [Fe4Tb2]+ and [Fe4Gd2]+ 

We recorded the x-ray absorption spectrum of [Fe4Tb2]
+ with horizontally polarized light at the iron 

L2,3 edge. The spectrum was taken at room temperature and without external magnetic field 

(Fig. 6.7). The spectrum shows two energetically separated transitions which are the L3 and L2 edges. 

The splitting of the edges of about 10 eV corresponds to the spin orbit splitting of the 2p1/2 and 2p3/2 

levels. The iron ions are in an octahedral coordination geometry with four oxygen and two nitrogen 

atoms coordinated to each iron ion (Fig. 6.5a and inset Fig. 6.6).  

 
Figure 6.6 XA spectrum of [Fe4Tb2]

+ recorded at the iron L2,3 edge with horizontally 

polarized x-rays at room temperature and without magnetic field (energy resolution 

approx. 250 meV). The splitting of the L2 and L3 edges into two peaks is due to a 

multiplett splitting. The shape of the edges is typical for a distorted octahedral 

coordination of an FeIII hs state[33,39,40]. The inset shows the cis-N2O4 coordination 

environment of the iron ions[19,47,48] (Fe = orange, O = red, N = purple).  

 

The FeIII atoms are in the high spin state[47]. The FeIII in a Oh symmetry has an 6A1 ground state with no 

first-order spin orbit splitting[33]. Therefore, the crystal field splitting 10 Dq[121] is responsible for the 

overall shape of the spectrum[33]. The spectrum of [Fe4Tb2]
+ shows a two-peak shape which is 

characteristic for FeIII high spin complexes[33,39,40]. The splitting of the peaks is about 1.7 eV. In 
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octahedral FeIII (hs) complexes with Fe-O and / or Fe-N coordinating ligands 10 Dq is known to be 

about 2 eV[33,122-124]. The spectrum of the SMM Fe4
[40], which contains four FeIII high spin atoms, is 

given as comparison (Fig. 6.7). The spectral shapes of both spectra are identical thus confirming the 

presence of FeIII (hs) ions also in the cationic complex [Fe4Tb2]
+ after the ESI process. 

 

  

Figure 6.7 Comparison between the average XA spectra of the thick film and of the 

monolayer deposit of Fe4 recorded at T = 4.5 K and with an induction of 5 T [40] (taken 

from the suppl. material of Ref. [40]) The FeIII high spin centers in the SMM Fe4 are in 

a distorted octahedral coordination sphere (see inset; Fe = orange, oxygen = red) 

(Fe4 = [Fe4(L)2(dpm)6]; H3L = 11-(acetythio)-2,2-bis(hodroxymethylun)undecan-1-ol, 

Hdpm = dipivalonylmethane) 

 

We were able to record polarization dependent XA spectra for [Fe4Gd2]
+ and [Fe4Tb2]

+ at the iron  

L2,3 edges. The spectra of both complexes show the spectral shape typical for high spin FeIII ions 

(Fig. 6.8). The spectra were recoded with a trap temperature of less than 6 K. The ion temperature 

after thermalization with pre-cooled He buffer gas can be estimated to be 12 - 15 K[113]. The magnetic 

field was set to 5 T. The spectral features for both complexes are located at the same energies. Thus, 

confirming that the lanthanide ion has no significant influence on the coordination geometry of the 

iron atoms.  
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Figure 6.8 Polarization dependent XA spectra of (a) [Fe4Gd2]
+ and (b) [Fe4Tb2]

+
 

The spectral shapes for both complexes are identical. A small dichroic effect is visible 

at the L3 edge but none at the L2 edge. Each pair of spectra was normalized to the 

highest absorption intensity, i.e. the absorption intensity at the L3 edge recorded 

with negative circularly polarized photons . 

 

A small dichroic effect is visible in both spectra at the L3 edge but none at the L2 edge. The dichroic 

effect for the Tb containing complex is larger than for the Gd one (Fig. 6.9). This might be an 

indication that the [Fe4Tb2] is indeed the stronger SMM as proposed by the group of A. Powell[48]. 

They also proposed a ferromagnetic coupling of the two Fe2-units. Their proposed model is based on 

results from a combination of Mössbauer spectroscopy, SQUID and HF-EPR measurements. We can 

neither confirm nor contradict their assumptions. We need more reliable experimental conditions, 

than we had during recording the shown spectra (unstable x-ray beam), to be able to evaluate the 

XMCD spectrum by sum rule analysis. We also need to know the coupling scheme of the Fe2 units to 

the lanthanide ions for a complete evaluation of the magnetic moments within the complex. The 

coupling of the iron centers to the lanthanide ions could not be assigned because experiments at the 

lanthanide M4,5 edge (3d  4f) were not possible at the time.  

a 

b 
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Figure 6.9 Normalized XMCD spectra of [Fe4Gd2]
+ and [Fe4Tb2]

+ at the iron L2,3 edge. 

Both complexes only show a small dichroic effect at the L3 edge at approximately 

710 eV. The dichroic effect is larger for [Fe4Tb2]
+ than for [Fe4Gd2]

+.  
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7. SUMMARY & OUTLOOK 

 

Spin and orbital magnetic moments of small isolated iron Fen
+ (7 ≤ n ≤ 18), cobalt Con

+ (8 ≤ n ≤ 22) 

and nickel (7 ≤ n ≤ 17) clusters were presented in this thesis. The magnetic moments were 

experimentally determined by x-ray magnetic circular dichroism (XMCD) spectroscopy. Extending our 

work done on small clusters, first gas phase x-ray absorption spectra (XAS) and XMCD experiments 

were carried out on Single Molecule Magnets (SMMs). 

An experimental scheme had to be devised to record XA spectra of isolated clusters in the gas phase. 

A Fourier Transform - Ion Cyclotron Resonance (FT-ICR) mass spectrometer was used as means of 

detection. The commercially available instrument (Apex IV, Bruker Daltonics) had been modified to 

accommodate a laser vaporization source set 90° off axis with respect to the magnetic field axis 

which coincides with the x-ray beam axis. Additionally, a cryo ICR cell had been installed to be able to 

cool the ICR cell and subsequently also the clusters down to 20 K. The cryo ICR cell was designed by 

H. Kampschulte and first test experiments were carried out by him[1]. The instrument was coupled to 

the soft x-ray undulator beamline UE52-PGM (Ehν < 1500 eV) at the synchrotron facility BESSY II at the 

Helmholtz Zentrum Berlin für Materialien und Energie (HZB), Berlin, Germany. Circularly polarized 

photons were available and the photon polarity could be switched allowing us to record XMCD 

spectra. An efficient cooling routine for the cluster ions had to be established prior to the recording 

of XMCD spectra. A pulse of helium was added as means to cool the clusters down. A series of 

experiments varying the amount of buffer gas was conducted to ensure a sufficient number of 

collisions with precooled helium gas to thermalize the cluster temperature to the helium buffer gas 

temperature. The amount of buffer gas was increased until the spectral shape of the XMCD spectrum 

did not change anymore. All spectra were recorded in Total Ion Yield (TIY) mode. The experimentally 

accessible magnetic moments are the projections onto the quantization axis which coincides with the 

magnetic field axis or in a classic picture the magnetization of the sample. Therefore, the 

experimental magnetic moments had to be corrected for insufficient alignment due to the finite 

external magnetic field and the cluster temperature of T > 0 K and the finite external magnetic field. 

This was achieved by Langevin correction of the experimental magnetic moments. The validity of this 

approach was proven by a series of temperature dependent experiments on Co11
+. 

The spin and orbital magnetic moments of small cobalt clusters Con
+ (8 ≤ n ≤ 22) found by us are 

enhanced compared to bulk Co (hcp). The orbital magnetic moments are enhanced by a  
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factor of 3 - 5. The spin moment is about 50 % higher in the clusters than in the bulk. When the 

cluster moments are compared to the atomic values (Co1 = 3F), both contributions are quenched in 

the investigated clusters, e.g. the orbital magnetic moment is only about 13 - 20 % of the atomic 

value. On the other hand, the spin magnetic moment retains most of its atomic value, i.e. 65 - 90 %. 

The enhancement of the magnetic moments in clusters relative to the bulk can be rationalized by the 

large surface to bulk ratio in clusters. Surface atoms have fewer nearest neighbors than bulk atoms 

and thus crystal field effects cannot quench the orbital angular moment to the same extend as in the 

bulk. Also, the spin magnetic moment is enhanced at surfaces and thin films due to the electrons 

more localized character.  

The spin and orbital magnetic moments mS and mL of the cobalt clusters in this thesis have been 

reevaluated with respect to a prior publication[2] to account for a discussion about the 

Langevin / Brillouin correction of the experimentally determined values mS,z and mL,z. The question 

adressed the coupling of angular moments. The discussion centered on the question if a magnetic 

field of 7 T is strong enough to overcome the spin orbit coupling and an individual alignment of mS,z 

and mL,z to the external magnetic field will result. If the spin orbit coupling is stronger than the 

interaction with the magnetic field, an alignment of the total angular momentum will be the case. 

This effects the Langevin correction in the way that either spin or orbital magnetic moments are 

individually scaled or the total moment is scaled. Then spin and orbital magnetic moments can be 

calculated from the scaled total magnetic moment due to the constant mL,z / mS,z = mL / mS ratio if 

mJ,z will be corrected. Our initial assumption of decoupled moments was proven wrong. The data was 

reevaluated by Langevin correction of the total magnetic moment. The changes after reevaluation 

are small for the spin magnetic moment. However, in the case of the orbital magnetic moment they 

are significant. The reevaluated moments are about 50% lower than the initially assumed ones. 

We extended our study of the magnetism of small clusters to the clusters of the two other 

ferromagnetic 3d transition metals iron and nickel. Small iron Fen
+ (7 ≤ n ≤ 18) and nickel  

Nin
+ (7 ≤ n ≤ 17) clusters also show enhanced orbital and spin magnetic moments with respect to the 

bulk materials. The orbital magnetic moments again are quenched to a few percent of the atomic 

value comparable to cobalt. The iron cluster series shows a minimum in the spin magnetic moment 

for Fe13
+. This minimum can be attributed to an antiferromagnetic coupling of the central iron atom 

within the icosahedron to the twelve outer Fe atoms. A second theoretical model assumes a 

ferromagnetic coupling of the central Fe atom to the remaining Fe atoms. However, a change in the 

electronic structure of the central iron atom, i.e. a different occupation of the 3d orbitals, leads to a 

reduced spin magnetic moment. Nickel clusters show a minimum in the spin magnetic moment for 

Ni14
+. This is somewhat surprising as the minimum is typically expected for a thirteen atomic cluster 
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for which a highly symmetrical icosahedral structure is usually assumed. This is the case for the Stern-

Gerlach experiments on neutral nickel clusters Nin. If the XMCD results are compared to those of 

Stern-Gerlach experiments, it becomes evident that the trend in the total magnetic moment reflects 

that of our measurements but for a displacement by one atom. The whole data series is shifted 

towards larger clusters by one atom in our nickel data with respect to the Stern-Gerlach experiments. 

Such a deviation cannot be found in the cases of iron or cobalt. Theory is of no help in the 

interpretation for nickel and cobalt up until now. There is only limited data available on the spin 

magnetic moments of cationic clusters which is generally about 0.5 µB/atom too low over the by us 

investigated size range. The available theory on neutral clusters shows a large spread. This does not 

allow us to draw any meaningful conclusions. Only in the case of iron the theory is more reliable as 

there is a general trend within theory. However, we can compare our data to the data recently 

published by Lau et al.[3-5]. The data sets of both experiments show a good agreement within the 

error bars of both experiments for most cluster sizes of three studied elements. This validates the 

approach of recording XMCD spectra by TIY and extracting spin and orbital magnetic moments for 

isolated clusters in the gas phase by sum rule analysis.  

Cluster properties often follow a general trend which can be visualized as an interpolation, i.e. a 

scaling law, between the atomic and the bulk values. Fluctuations due to individual cluster size 

effects are superimposed onto the general trend for small cluster sizes in the so called non-scalable 

size regime. The spin and orbital magnetic moment each follow such a scaling law but interestingly 

not the same. The spin magnetic moment follows the well-known trend of n-1/3 = 1/(cluster radius) 

(n = number of atoms per cluster, assumption of a spherical particle). This trend is related to the 

surface to volume ratio of a spherical particle. The orbital magnetic moment, on the other hand, 

follows an 1/n = 1/(cluster radius)3 = 1/(cluster volume). Is it still not known why both moments 

interpolate differently between the atom and bulk. We can just speculate as to why. The average 

spin magnetic moment per atom seems to follow the surface area of the cluster. The reduced 

coordination number at surfaces leads to a stronger localization of the electron wave function and 

thus to a narrower band width which in turn leads to a higher density of states. This leads to an 

enhanced magnetic moment at surfaces because of further accessible energy levels which can be 

filled and thus a larger imbalance of spin up and spin down holes. As we measure an averaged 

moment over all coordination sites, enhanced moments at surface sites will lead to an enhanced spin 

magnetic moment per atom compared to the bulk material. The spin magnetic moments of strong 

ferromagnets (filled majority band) are rather robust against changes of the surface topology[6]. The 

investigated iron, cobalt and nickel clusters all have filled majority bands. This might explain why the 

surface area is important but that there are few individual size effects within our error bars. If the 

investigated size range was to be extended to larger clusters, the trend of 1/(cluster radius) should 
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be become more pronounced as larger clusters develop a surface and a bulk-like core. However, the 

cluster geometry might still deviate from the bulk structure even for clusters containing a few 

hundred atoms per cluster. On the other hand, the orbital magnetic moment is much more sensitive 

to the coordination environment than the spin magnetic moment. Therefore, it might follow the 

general geometric structure of the clusters, i.e. the coordination environment, number of nearest 

neighbors and bond lengths, etc.. Exceptionally high or low orbital magnetic moments may appear 

for certain cluster geometries which have a high symmetry (small orbital magnetic moment) or an 

open or unsymmetrical structure (high orbital magnetic moment). In the case of the orbital magnetic 

moment, one might see a significant change if the geometrical motif changes e.g. from icosahedral to 

bulk like. Our experiments do not cover a size range which allows a final explanation of the observed 

trends. 

From a purely experimental point of view, it would be highly desirable to enhance the duty cycle of 

the experiment. The time needed to pump out the He gas, which is necessary to cool down the 

clusters, makes the experiment extremely slow in terms of recording speed of the XA spectra. A pre-

cooling of the clusters prior to injection into the ICR cell would result in a significantly faster 

experimental procedure. A comparable experimental setup to the Apex IV used in for the presented 

cluster experiments is currently being modified to pre-cool ions in a hexapole trap before transfer 

into the ICR cell[7].  

The element sensitivity allows the study of alloyed systems and the deduction of the contributions of 

the individual elements to the overall magnetic properties of the cluster. First experiments with 

cobalt + gold / rhodium composite systems [ConRh1]
+ and [ConAu1]

+ have been done[8]. The difference 

between the two heteroatoms is that rhodium is the heavier homologue of cobalt whereas gold is 

diamagnetic. Hence, both elements should exert a different influence on the magnetic structure of 

the cluster. These experiments are to be extended by adding further rhodium and gold atoms and by 

exchanging the cobalt by iron and nickel. Additionally, small cluster alloys with a maximum of four 

atoms per cluster of the elements iron, cobalt and nickel [FenComNil]
+ (n + m + l ≤ 4) are to be studied 

within the framework of the collaborative research center TRR88 / 3MET. The influence of an 

adsorbate or a support material on the magnetism of a system can be quite large. Thus, the study of 

these effects is of fundamental importance for future applications. In a first step, information about 

the electronic but also about the geometric structure can be gained by varying adsorbates from 

weakly binding nitrogen to strongly binding carbon monoxide. The different coordination strengths 

of the ligands allow an estimate about how easily the electronic and thus the magnetic structure of a 

certain cluster can be influenced by interactions with an environment.  
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Single Molecule Magnets are small magnetic entities which magnetism does not depend on any 

spatial arrangement, i.e. a 1D to 3D structure. The intramolecular forces dominate over the long 

range intermolecular interactions. Thus, each molecule (0D) is a magnet in itself. First experiments 

were done on isolated SMMs in the gas phase. Therefore, the NanoClusterTrap setup, operated by 

the group of T. Lau (HZB, Berlin, Germany), was equipped with an electrospray ionization source. 

First XA and XMCD spectra were recorded of SMMs [Fe4Ln2] (Ln = Gd, Tb)containing 3d transition 

metal atoms and lanthanide atoms, which were synthesized in the group of A. Powell (Karlsruher 

Institute of Technology (KIT), Karlsruhe, Germany). Polarization dependent XA spectra at the iron L2,3 

edge could be recorded. The spectra show the typical spectral shape of FeIII high spin ions. An 

evaluation of the spectra by sum rule analysis has not been possible yet. 

The next step in the investigation of SMMs by our group will be the recording of XMCD spectra of 

[Fe4Ln2] complexes which can be analyzed by sum rule analysis at the iron L2,3 edge. If the 

experimental moments shall be Langevin / Brillouin corrected, the coupling of the Fe and lanthanide 

ions needs to be known. Therefore, an XMCD spectrum at the lanthanide M4,5 edge has to be 

recorded of such quality that the coupling of the lanthanides to the iron can be deduced from the 

XMCD spectrum. The groups of A. Powell (KIT) and of H.-J. Krüger (University of Kaiserslautern, 

Kaiserslautern, Germany) synthesize and investigate magnetic molecules and spin cross over 

complexes in the framework of the collaborative research center TRR88/3MET. These systems will be 

at the focus of further investigations. Additionally to XMCD spectra at high and low temperatures, 

magnetization curves and temperature dependent experiments will be carried out to learn more 

about coupling schemes within heterogeneous system as well as blocking and cross over 

temperatures.  
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8. ZUSAMMENFASSUNG & AUSBLICK 

 

Diese Dissertation befasst sich mit spin- und bahnmagnetischen Momenten kleiner isolierter Eisen- 

Fen
+ (7 ≤ n ≤ 18), Cobalt- Con

+ (8 ≤ n ≤ 22) und Nickelcluster Nin
+ (7 ≤ n ≤ 17). Die magnetischen 

Momente wurden experimentell mittels Röntgenzirkulardichroismus (XMCD = X-ray mangetic circular 

dichroism) bestimmt. Erste Röntgenabsorptions- und XMCD-Spektren in der Gasphase isolierter 

Einzelmolekülmagnete (Single Molecule Magnets = SMMs) wurden als Ergänzung und Weiterführung 

der Experimente an isolierten Übergangsmetallclustern durchgeführt.  

Zunächst musste eine experimentelle Methodik zur Aufnahme von Röntgenabsorptionsspektren 

isolierter Cluster in der Gasphase mittels Massenspektrometrie etabliert werden. Zur Detektion der 

Cluster wurde ein Fourier Transform - Ionen Zyklotron Resonanz (FT-ICR) Massenspektrometer 

genutzt. Das kommerziell erworbene Gerät (Apex IV, Bruker Daltonic) wurde um eine 

Laserverdampfungsquelle ergänzt. Diese wurde um 90° versetzt zur Magnetfeldachse angebracht, 

welche mit der Ausbreitungsrichtung des Röntgenstrahls zusammenfällt. Weitergehend wurde eine 

Kryo-ICR Zelle installiert um die ICR Zelle, und damit auch die Cluster, auf bis zu 20 K zu kühlen. Der 

Aufbau wurde von H. Kampschulte im Rahmen seiner Promotion entwickelt und die Funktionalität 

mittels erster temperaturabhängiger Testexperimente überprüft[1]. Der experimentelle Aufbau wurde 

mit der Undulatorbeamline UE52-PGM am Synchrotron BESSY II (Helmholtz Zentrum Berlin für 

Materialien und Energie, Berlin, Deutschland) verbunden. Die Beamline liefert Röntgenstrahlung im 

sogenannten "weichröntgen" Bereich (Ehν < 1500 eV). Zirkular polarisierte Röntgenstrahlung ist an 

der UE52-PGM zugänglich und die Möglichkeit die Polarität der Photonen um zu kehren, erlaubt die 

Aufnahme von XMCD-Spektren. Jedoch musste vor der Aufnahme von XMCD-Spektren, eine 

effiziente Routine zur Kühlung der Cluster gefunden werden. Zur Thermalisierung der Cluster wurde 

ein Puls vorgekühltes Helium als Puffergas zugegeben. Um die Thermalisierung der Cluster auf die 

Temperatur des Heliumpuffergases sicherzustellen, d.h. eine genügende Anzahl von Kollisionen 

zwischen Clustern und Puffergas, wurde eine Reihe von Experimenten durchgeführt in denen die 

Gasmenge kontinuierlich erhöht wurde bis sich keine Änderungen mehr im XMCD-Spektrum 

ergaben. Alle Spektren wurden über die Fragmentationsintensitäten nach Absorption der 

Röntgenstrahlung gemessen, d.h. im sogenannten Total Ion Yield (TIY) Modus. Bei den experimentell 

erhaltenen magnetischen Momenten handelt sich um die Projektionen der intrinsischen Momente 

auf die Quantisierungsachse, welche mit der Magnetfeldachse zusammenfällt, oder um die 

Magnetisierung der Probe im klassischen Bild. Da die Momente unter den gegebenen 
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experimentellen Bedingungen von T > 0 K und endlichem Magnetfeld unvollständig ausgerichtet sind, 

müssen die intrinsischen Momente über eine Brillouin- oder Langevinkorrektur der gemessen Werte 

errechnet werden. Die Anwendbarkeit dieser Methodik wurde durch eine Reihe 

temperaturabhängiger Experimente an Co11
+ bestätigt. 

Die spin- und bahnmagnetische Momente kleiner Cobaltcluster Con
+ (8 ≤ n ≤ 22) sind im Vergleich 

zum Festkörper (Co = hcp) erhöht. Das Bahnmoment ist um einen Faktor von 3 - 5 verstärkt. Das 

Spinmoment ist jedoch nur um ca. 50 % im Vergleich zum Festkörper erhöht. Vergleicht man hingen 

die gemessen Werte der Cluster mit den atomaren Werten (Co1 = 3F), so stellt man fest, dass beide 

Anteile in den untersuchten Clustern verringert sind. Nur etwa 13 - 20 % des atomaren 

Orbitalmoments bleiben im Cluster erhalten. Im Gegensatz dazu, ergibt sich für das Spinmoment ein 

Anteil von circa 65 - 90 % des atomaren Wertes. Durch das größere Oberflächen-zu-Festkörper- 

Verhältnis lassen sich die erhöhten spin- und bahnmagnetischen Momente in Clustern im Vergleich 

zum Festkörper verstehen. Oberflächenatome weisen in der Regel eine geringere Koordinationszahl 

auf als Atome im Inneren des Festkörpers. Daher können Kristallfeld- und Ligandeneffekte das 

Bahnmoment an der Oberfläche nicht so effektiv aufheben wie im Inneren des Festkörpers. Die 

stärkere Lokalisation der Elektronen an der Oberfläche führt in einer komplexen Form ebenfalls zu 

einem erhöhten Spinmoment für Oberflächenatome.  

Im Vergleich zu bereits publizierten Werten[2], wurden die intrinsischen Spin und Bahnmomente 

kleiner Cobaltcluster, im Rahmen dieser Arbeit nochmals neu berechnet, d.h. die Langevinkorrektur 

der experimentellen Werte nochmals durchgeführt. Diese Neuevaluierung beruht auf einer 

Diskussion, ob die Wechselwirkung mit den externen Magnetfeld von B = 7 T stark genug ist, um die 

Spinbahnkopplung zu überwinden und Spin- und Bahnmoment zu entkoppeln. Die individuelle 

Ausrichtung der Spin- und Bahnmomente würde sich in einer unabhängigen Skalierung beider 

Momente wiederspiegeln. Überwiegt die Spinbahnkopplung richtet sich das totale magnetische 

Moment zum externen Magnetfeld aus und dieses wird dann mittels Langevin korrigiert. Die 

intrinsischen spin- und bahnmagnetischen Momente können mit Hilfe des konstant bleibenden 

Verhältnisses von Bahn- zu Spinmoment mL,z /mS,z = mL / mS berechnet werden. Die von uns 

ursprünglich angenommene Entkopplung der Momente stellte sich als falsch heraus. Daher wurde 

eine Neuevaluierung der Momente im Rahmen dieser Arbeit vorgenommen. Aufgrund der 

unterschiedlichen Größenordnung von Spin- und Bahnmoment, ergibt sich für das Spinmoment nur 

eine geringfügige Änderung. Dahingegen sind die neu skalierten Bahnmomente um circa 50 % 

niedriger als die ursprünglich angenommenen Werte. 

Die von uns durchgeführten Experimente wurden auf die Cluster der beiden verbleibenden 

ferromagnetischen 3d Übergangsmetalle Eisen und Nickel ausgedehnt. Kleine Eisencluster  
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Fen
+ (7 ≤ n ≤ 18) und Nickelcluster Nin

+ (7 ≤ n ≤ 17) zeigen ebenfalls erhöhte Spin- und Bahnmomente 

im Vergleich zum jeweiligen Festkörper. Die Bahnmomente der Cluster sind wie im Falle der 

Cobaltcluster auf circa 10 % Prozent der atomaren Werte gequencht. Die spinmagnetischen 

Momente der Eisencluster weisen ein Minimum bei Fe13
+ auf. Nimmt man eine ikosaedrische 

Struktur mit einem zentralen, inneren Fe-Atom an, so kann das verringerte Spinmoment durch eine 

antiferromagnetisch Kopplung des inneren Fe-Atoms zu den äußeren zwölf Fe-Atomen zustande 

kommen. Ein weiteres theoretisches Modell nimmt eine vollständige ferromagnetische Ordnung im 

Cluster an. Allerdings, ist das Spinmoment des zentralen Fe-Atoms auf Grund einer von den äußeren 

Atomen abweichenden elektronischen Struktur, d.h. Besetzungsänderung der 3d Zustände, stark 

verringert. Da von uns ein über alle Fe-Atome gemitteltes Spinmoment gemessen wird, ergibt sich so 

ein Minimum für das gemittelte spinmagnetische Moment pro Cluster. Für Nickelcluster finden wir 

ein Minimum für das spinmagnetische Moment bei Clustergröße Ni14
+. Dieser Fund überrascht 

insoweit, als allgemein ein Minimum im Spinmoment für einen Cluster mit dreizehn Atomen und der 

damit einhergehen Annahme einer hochsymmetrischen ikosaedrischen Struktur erwartet wird. Dies 

ist der Fall in Stern-Gerlach Experimenten, die an neutralen Nickelclustern durchgeführt wurden. 

Vergleicht man die Ergebnisse der Stern-Gerlach Experimente mit unseren Ergebnissen aus XMCD-

Experimenten, so ergibt sich ein vergleichbarerer Verlauf der magnetischen Momente als Funktion 

der Clustergröße. Jedoch ist die Kurve für unsere XMCD Experimente um ein Atom pro Cluster zu 

größeren Clustern im Vergleich zu den Stern-Gerlach Daten verschoben. Diese Abweichung der 

beiden Kurven von einander wurde weder für Cobalt noch für Eisen gefunden. Theoretische Daten 

stellen bisher keine Hilfe bei der Interpretation der Cobalt und Nickel Daten dar. Für kationische 

Cluster gibt es bisher nur eine geringe Anzahl an Studien und deren berechnete spinmagnetische 

Momente liegen im Allgemeinen circa 0,5 µB / Atom unter den experimentellen Daten im von uns 

untersuchten Größenbereich. Die theoretischen Studien für neutrale Cluster weisen eine enorm 

große Streuung der Werte auf und lassen daher keine aussagekräftigen Schlüsse zu. Einzig für Eisen 

ergibt sich ein genereller Trend innerhalb der berechneten Spinmomente. Jedoch ist es uns möglich 

unsere Daten mit den kürzlich veröffentlichten Daten aus XMCD Experimenten von Lau et al.[3-5] zu 

vergleichen. Der Vergleich beider Datensätze ergibt eine relativ gute Übereinstimmung beider 

Experimente innerhalb der Fehlerbalken für die meisten Clustergrößen. Diese Übereinstimmung kann 

als Bestätigung für den experimentellen Ansatz magnetische Momente isolierter Cluster in der 

Gasphase mittels "Total Ion Yield" Spektroskopie zu messen gewertet werden.  

Clustereigenschaften folgen häufig einen generellen Trend, der sich als Interpolation ("scaling law") 

zwischen dem atomaren und dem Festkörperwert darstellen lässt. Im Bereich kleiner Cluster, dem 

sogenannten nicht skalierbarem Größenbereich, sind diesem generellem Trend häufig Fluktuationen 

auf Grund von Clustergrößeneffekten überlagert. Sowohl das Spin- als auch das Bahnmoment folgen 
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einem solchen Trend, interessanterweise jedoch nicht dem Selben. Das Spinmoment folgt der 

allgemein bekannten n-1/3 = 1/(Clusterradius) Interpolation (n = Anzahl an Atomen pro Cluster, 

kugelsymmetrischer Cluster angenommen). Der Trend folgt der Anzahl von Oberflächen zu inneren 

Atomen in einem kugelsymmetrischen Teilchen. Das Bahnmoment dagegen folgt einer 

1/N = 1/(Clusterradius)3 = 1/(Clustervolumen) Interpolation. Bisher kann nur spekuliert werden, 

warum die beiden Beiträge zum magnetischen Moment einer unterschiedlichen Interpolation 

zwischen Atom und Festkörper folgen. Das über alle Atome im Cluster gemittelte Spinmoment 

scheint der geometrischen Oberfläche zu folgen. Die verringerte Anzahl nächster Nachbarn an der 

Oberfläche im Vergleich zum Festkörper, d.h. eine vom Festkörper abweichende 

Koordinationsgeometrie, führt zu einer stärkeren Lokalisierung der Elektronenwellenfunktion. Dies 

wiederum führt zu schmäleren Energiebändern und einer erhöhten Zustandsdichte am Fermi-Niveau 

und erlaubt daher die Besetzung weiterer Zustände und führt so zu einem erhöhten Spinmoment für 

Oberflächenatome, auf Grund einer verstärkten Ungleichbesetzung von "spin up" and "spin down" 

Zuständen. Da wir ein gemitteltes Moment über alle Atome im Cluster unabhängig von ihrer 

individuellen Koordinationsgeometrie messen, führen erhöhte Spinmomente für Oberflächenatome 

zu einem erhöhten Spinmoment pro Atom im Vergleich zum Festkörper. Einer Änderung der 

Oberflächentopologie hat einen relativ geringen Einfluss auf das Spinmoment für starke 

Ferromagnete, d.h. Ferromagnete mit vollständig gefülltem Majoritätsband[6]. Bei allen von uns 

untersuchten Clustern handelt es sich um starke Ferromagnete. Dies könnte eine mögliche Erklärung 

dafür sein, warum die geometrische Oberfläche einen Einfluss hat, wir aber im Rahmen unserer 

Fehlerbalken nur wenige Clustergrößeneffekte für das Spinmoment sehen. Eine Ausweitung des 

untersuchten Clustergrößenbereichs könnte Aufschluss darüber geben, ob das Spinmoment 

tatsächlich 1/(Clusterradius) folgt, da größere Cluster eine Oberfläche und einen festkörperähnlichen 

Kern ausbilden. Jedoch weicht die Clustergeometrie selbst für Clustermit mehreren hundert Atomen 

pro Cluster noch häufig von der Festkörperstruktur ab. Im Gegensatz zum Spinmoment reagiert das 

Bahnmoment sehr viel empfindlicher auf eine Änderung der Koordinationsgeometrie. Daher könnte 

man spekulieren, ob das Bahnmoment nicht stärker der geometrischen Struktur der Cluster, d.h. der 

Koordinationsumgebung, Anzahl nächster Nachbarn, Bindungslänge, etc., folgt. 

Clustergrößenabhängige Schwankungen im Bahnmoment könnten mit hochsymmetrischen (sehr 

kleines Bahnmoment) oder sehr offenen oder unsymmetrischen (großes Bahnmoment) 

Clusterstrukturen einhergehen. Das Bahnmoment könnte daher bei einer Änderung des 

grundlegenden Strukturmotives, z.B. von einer ikosaedrischen zur Festkörperstruktur, eine 

signifikante Änderung erfahren. Allerdings erlaubt der von uns untersuchte Größenbereich noch 

keine abschließende Bewertung der beiden Interpolationen. 
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Ausgehend von rein experimentellen Gesichtspunkten wäre es wünschenswert den "duty cycle" des 

Experiments zu erhöhen. Die benötigte Zeit um das zur Thermalisierung benötigte Helium wieder 

abzupumpen macht das Experiment sehr langsam bezogen auf die Aufnahmerate von 

Röntgenabsorptionsspektren. Eine Kühlung der Cluster in einer vorgelagerten Falle würde die 

Geschwindigkeit der Datenaufnahme stark erhöhen. Ein zu dem in dieser Arbeit verwendetem  

FT-ICR-MS vergleichbares Gerät wird zurzeit in Kaiserslautern mit einer solchen Vorkühlung 

ausgestattet. Die Ionen werden in einer Hexapolfalle gekühlt bevor sie in die ICR-Zelle transferiert 

werden[7]. Die Elementspezifizität der Röntgenabsorptionsspektroskopie erlaubt es heterogene 

Systeme zu untersuchen und weiterhin die Anteile der einzelnen Elemente zum Magnetismus des 

Gesamtsystems zu bestimmen. Erste Experimente an legierten Cobalt + Gold / Rhodium Systemen 

der Zusammensetzung [ConRh1]
+ und [ConAu1]

+ wurden bereits durchgeführt[8]. Die beiden 

verwendeten Heteroatome unterscheiden sich in ihrer elektronischen Struktur. Während Rhodium 

das schwerere Homologe des Cobalts ist, ist Gold diamagnetisch. Daher sollten die beiden Elemente 

einen unterschiedlichen Einfluss auf die magnetische Struktur der Cobaltcluster ausüben. Diese 

Experimente sollen ausgeweitet werden, in dem weitere Rhodium- und Goldatome pro Cluster 

legiert werden und weiterhin Cobalt durch Eisen und Nickel ersetzt wird. Im Rahmen des 

Sonderforschungsbereichs TRR88/3MET werden heterogene Cluster der ferromagnetischen 3d 

Metalle untersucht werden, mit maximal vier Atomen pro Cluster [FemConNil]
+ (m + n + l ≤ 4). Der 

Magnetismus eines Systems/Clusters kann durch Adsorbate oder Substrate stark beeinflusst werden 

und daher sind Studien zu diesen Effekten von großer Bedeutung in Bezug auf spätere technische 

Anwendungen. Informationen über die elektronische aber auch über die geometrische Struktur 

können durch Variation der Bindungsstärken etwaiger Liganden (N2 schwach gebunden bis CO stark 

gebunden) erhalten werden. Durch die Reaktion des Systems auf Liganden mit unterschiedlichen 

Bindungsstärken lässt sich abschätzen wie leicht ein System elektronisch beeinflussbar ist. 

Einzelmolekülmagnete sind magnetische Systeme deren Magnetismus nicht von einer räumlichen 

Anordnung der Moleküle abhängt, d.h. die langreichweitigen Wechselwirkung sind vernachlässigbar 

gegenüber den intramolekularen Wechselwirkungen und jedes Molekül kann als kleiner individueller 

Magnet angesehen werden. Wir haben erste Experimente an isolierten Einzelmolekülmagneten in 

der Gasphase durchgeführt. Eine Elektrosprayionisationsquelle (ESI) wurde an den NanoClusterTrap-

Aufbau, der von T. Lau (HZB, Berlin, Deutschland) betrieben wird, angebaut. Ein 

Einzelmolekülmagnet, welcher sowohl 3d als auch 4f Metalle enthielt [Fe4Ln2] (Ln = Gd, Tb), wurde in 

der Arbeitsgruppe von A. Powell (Karlsruher Institute of Technology, Karlsruhe, Deutschland) 

synthetisiert und uns zur Verfügung gestellt. Erste Röntgenabsorptions- und XMCD-Spektren konnten 

an der Eisen L2,3 Kante aufgenommen werden. Die Spektren zeigen die für FeIII high spin Ionen 
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typischen Absorptionsmuster. Eine Auswertung der Spektren mittels Summenanalyse ist jedoch auf 

Grund der Datenqualität nicht möglich.  

Die Experimente an [Fe4Ln2] werden fortgeführt werden um ein XMCD Spektrum in ausreichende 

Qualität zu erhalten, auf das die Summenanalyse an der Eisen L2,3 Kante angewendet werden kann. 

Sollen aus die intrinsischen magnetischen Momente mittels Langevin- oder Brillouinkorretur 

bestimmt werden, muss dazu allerdings die Kopplung der Eisenatome zu den Lanthanoidatomen 

bekannt sein. Dies ist durch ein XMCD Spektrum an der M4,5 Kante der Lanthanoide möglich. In den 

Gruppen von A. Powell (KIT) und H.-J. Krüger (Technische Universität Kaiserslautern, Kaiserslautern, 

Deutschland) werden im Rahmen des Sonderforschungsbereichs TRR88 / 3MET magnetische 

Moleküle und Spincrossover Komplexe synthetisiert und untersucht. Auf diesen Systemen wird der 

experimentelle Fokus der nächsten Strahlzeiten liegen. Neben XMCD-Spektren bei hohem 

Magnetfeld und tiefen Temperaturen, werden Magnetisierungskurven und temperaturabhängige 

Messungen durchgeführt werden. Aus diesen Experimenten lassen sich Informationen zu "Blocking"- 

und "Spincrossover"-Temperaturen ziehen sowie Informationen zu den Kopplungsstärken und  

-schemen innerhalb heterogener Systeme erhalten. 
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A.1  Theoretical Background 

A.1.1 Spectroscopic splitting factor g & magnetomechanical ratio g' 

The magnetic moment of an electron precesses around a magnetic field H with a given frequency ω, 

the so called Larmor frequency:  

       (Eq. A.1) 

with γ being the gyromagnetic ratio: 

  
    

   
  (Eq. A.2) 

q  charge 

g  spectroscopic splitting factor 

µ0  Bohr magneton 

me  electron mass 

 

 

Figure A.1 Precessing of a magnetic moment m around a magnetic field H. The 

precession direction is defined by the gyromagnetic moment, i.e. the electron charge 

q = -e. ω is independent of the angle θ enclosed by m and H[1]. 

 

The spectroscopic splitting factor g or g-factor is a material dependent factor which is deduced by 

ferromagnetic resonance experiments (FMR). The deviation from the spin only value of g = 2.0 due to 
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the orbital magnetic moment can be calculated according to Kittel's formula[1-3] for small orbital 

magnetic moments: 

   

 
 

  

  
  (Eq. A.3) 

mS  spin magnetic moment 

mL  orbital magnetic moment 

 

The definition of g used for FMR experiments is given by Eq. A.4 and includes on the spin 

contribution[2,4]. 

   
   

 

 

     
 (Eq. A.4) 

M  Magnetization 

J  angular momentum per unit volume 

me  electron mass 

e  elementary charge 

 

The Magnetomechanical ratio g', deduced from gyromagnetic experiments[2,4] (Einstein - de Haas 

effect[5-7]), is defined according to Kittel[2] as:  
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  (Eq. A.5) 

g ≠ g' in case that the angular magnetic moment is coupled to the lattice structure. Their relation is 

given by the following equation: 

  

 
 

     

          
 

 

   
 (Eq. A.6) 

One should remember that g > 2 and g' < 2. It is evident from Eq. A.4 that the magnetomechanical 

ratio g' corresponds to the Landé g-factors[6]. 
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A.2 Experimental methods - GAMBIT setup 

A.2.1 Total Ion Yield spectroscopy of isolated clusters 

Fig. A.2 to A.4 give an example of TIY spectroscopy. Mass spectra of Ni13
+ are presented. The mass 

spectra were recorded after exposure of the clusters to the x-ray beam. Each mass spectrum was 

recorded with a different photon energy of the x-ray. The energy range spans 3 eV with 852 eV being 

the energy of the L3 resonance. 

 

Figure A.2 Mass spectrum of Ni13
+ after irradiation with x-ray photons with a photon 

energy of 852 eV 

The photon energy was set to one electron volt below the resonance at the L3 edge. 

The inset marked in red shows the fragments Ni1
+, Ni2

+ and Ni3
+. The highest peak at 

m/z 72 is a noise peak. The shown spectrum is the sum of ten single mass spectra. 

The cluster temperature is about 20 K. 
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Figure A.3 Mass spectrum of Ni13
+ after irradiation with x-ray photons with a photon 

energy of 853 eV 

The photon energy was set to the resonance at the L3 edge. The inset marked in red 

shows the fragments Ni1
+, Ni2

+ and Ni3
+. The shown spectrum is the sum of ten single 

mass spectra. The cluster temperature is about 20 K. 

 

 

Figure A.4 Mass spectrum of Ni13
+ after irradiation with x-ray photons with a photon 

energy of 854 eV 

The photon energy was set to one electron volt above the resonance at the L3 edge. 

The inset marked in red shows the fragments Ni1
+, Ni2

+ and Ni3
+. The shown spectrum 

is the sum of ten single mass spectra. The cluster temperature is about 20 K. 
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A.2.2 Collisional cooling 

Fig. A.5 to A.9 show the normalized polarization dependent x-ray absorption spectra recorded to 

define the amount of helium buffer gas needed to cool down the cluster. The spectra are normalized 

by setting the highest XA intensity at the L3 edge to one. The inset shows the XMCD spectrum for the 

pair of polarization dependent XA spectra.  

(*) Experiments of isolated Co11
+ were not possible at the time of the experiment. A set of three 

clusters Co10
+, Co11

+ and Co12
+ was selected with Co11

+ as the most intense peak. 

Table A.1 Parameter set for buffer gas dependent experiments 

 

pmax 

ICR cell 

after pulse 

 

/ mbar 

p(#) 

Gerneral 

Valve 

 

/ bar 

opening 

time GV 

 

 

/ ms 

pump down 

delay 

 

 

/ s 

irradiation 

time 

 

 

/ s 

p 

ICR cell 

opening 

shutter 

/ mbar 

p 

ICR cell 

detection 

 

/ mbar 

1.7∙10-7 ≈ 1 1.7 6 8 -(§) 4.0∙10-9 

5.5∙10-7 ≈ 1 2.2 8 8 -(§) 1.9∙10-9 

8.9∙10-7 < 1 8.7 8 8 1.4∙10-8 2.4∙10-9 

9.3∙10-7 ≈ 0.6 8.3 8 8 7.5∙10-9 1.2∙10-9 

1.0∙10-6 ≈ 0.35 9.9 8 8 1.4∙10-8 2.0∙10-9 
(#) He backing pressure on the gas line 
(§) no values recorded 

 

pmax (ICR cell) after gas pulse maximum pressure reading after the pulse 

of helium buffer gas into the UHV region 

p (ICR cell) opening shutter pressure reading after pump down delay, i.e. 

at the opening of the shutter and 

admittance of the x-ray beam into the ICR 

cell 

p (ICR cell)  detection pressure reading after closing the shutter 

and at the detection time of the mass 

spectrum 

p (General Valve) backing pressure at the General Valve used 

to produce the pulse of helium buffer gas 

opening time GV time the General Valve (GV) opens to release 

gas 

pump down delay time needed to pump out the helium buffer 

gas 

irradiation time exposure time of the clusters to the x-ray 

beam 
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Figure A.5 Polarization dependent XAS of Co10
+, Co11

+ & Co12
+ at the L2,3 edge for a 

maximum helium buffer gas pressure in the UHV region of 1.7·10-7 mbar (µ- = solid 

symbols and µ+ = open symbols)  

The inset shows the XMCD spectrum calculated from the polarization dependent XA 

spectra. Blue areas indicate a negative dichroic effect and green areas a positive 

dichroic effect. 

 

 

Figure A.6 Polarization dependent XAS of Co10
+, Co11

+ & Co12
+ at the L2,3 edge for a 

maximum helium buffer gas pressure in the UHV region of 5.5·10-7 mbar (µ- = solid 

symbols and µ+ = open symbols) 

The inset shows the XMCD spectrum calculated from the polarization dependent XA 

spectra. Blue areas indicate a negative dichroic effect and green areas a positive 

dichroic effect. 
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Figure A.7 Polarization dependent XAS of Co11
+ at the L2,3 edge for a maximum 

helium buffer gas pressure in the UHV region of 8.9·10-7 mbar (µ- = solid symbols and 

µ+ = open symbols) 

The inset shows the XMCD spectrum calculated from the polarization dependent XA 

spectra. Blue areas indicate a negative dichroic effect and green areas a positive 

dichroic effect. 

 

 

Figure A.8 Polarization dependent XAS of Co11
+ at the L2,3 edge for a maximum 

helium buffer gas pressure in the UHV region of 9.3·10-7 mbar (µ- = solid symbols and 

µ+ = open symbols) 

The inset shows the XMCD spectrum calculated from the polarization dependent XA 

spectra. Blue areas indicate a negative dichroic effect and green areas a positive 

dichroic effect. 
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Figure A.9 Polarization dependent XAS of Co11
+ at the L2,3 edge for a maximum 

helium buffer gas pressure in the UHV region of 1·10-6 mbar (µ- = solid symbols and 

µ+ = open symbols) 

The inset shows the XMCD spectrum calculated from the polarization dependent XA 

spectra. Blue areas indicate a negative dichroic effect and the green areas indicate a 

positive dichroic effect. 

 

A.2.3. Scaling of the experimental magnetic moments 

The experimental spin and orbital magnetic moments of Co11
+ used for the confirmation of a 

Langevin-like behavior of the cluster magnetization are shown in Tab. A.2. 

Table A.2 Experimental spin and orbital magnetic moments of the temperature 

dependent experiments of Co11
+ 

 

TICR cell 

/ K 

Tcluster 

/ K 

mS,z 

/ µB/atom 

mL,z 

/ µB/atom 

mJ,z 

/ µB/atom 

20(*) 150  50 0.34  0.10 0.09  0.05 0.45  0.15 

88 80  1 0.75  0.08 0.19  0.05 0.84  0.13 

67 65  1 0.72  0.15 0.14  0.07 0.86  0.22 

50(+) 50  1 1.08  0.11 0.28  0.05 1.36  0.16 

43 40  1 1.30  0.07 0.26  0.04 1.56  0.11 

33 30  1 1.44  0.14 0.44  0.08 1.88  0.22 

20(+) 20  2 1.56  0.08 0.40  0.07 1.96  0.15 

19.5 18.5  5 1.81  0.15 0.47  0.08 2.28  0.22 

20 16  5 1.67  0.15 0.55  0.07 2.22  0.22 
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Fig. A.10 to A.18 show the normalized x-ray absorption spectra recorded to explicitly measure the 

temperature dependence of the XMCD effect for isolated clusters in the gas phase. The spectra are 

normalized by setting the highest XA intensity of a pair of polarization dependent XA spectra at the  

L3 edge to one. The inset shows the XMCD spectrum for the pair of XA spectra. Tab. A.3 gives the 

parameter set used for collisional cooling of the clusters.  

(*) Experiments of isolated Co11
+ were not possible at the time of the experiment. A set of three 

clusters Co10
+, Co11

+ and Co12
+ was instead selected with Co11

+ as the central peak. 

(#) Experiments of isolated Co11
+ were not possible at the time of the experiment. The isolation of only 

Co11
+ led to a strong reduction of the cluster intensity. [Co11H2]

+ had to be included in the 

experiments to ensure a sufficient parent cluster intensity. 

(+) Spin and orbital magnetic moments are extrapolated from the dichroic effect at the L3 edge. 

 

 

Figure A.10 Polarization dependent XAS of Co11
+ at the L2,3 edge with TICR cell = 20 K 

but without helium buffer gas (µ- = solid symbols and µ+ = open symbols)  

The cluster temperature is defined by the supersonic expansion in the source region 

and is estimated to be about 150 K. The inset shows the XMCD spectrum calculated 

from the polarization dependent XA spectra. Blue areas indicate a negative dichroic 

effect and the green areas indicate a positive dichroic effect. 
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Figure A.11 Polarization dependent XAS of Co11
+ at the L2,3 edge at TICR cell = 88 K  

(µ- = solid symbols and µ+ = open symbols)  

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The cluster temperature of this measurement was estimated to be 

approximately 80 K. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 

 

 

Figure A.12 Polarization dependent XAS of Co11
+ at the L2,3 edge with TICR cell = 67 K  

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 
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Figure A.13 Polarization dependent XAS of Co11
+ at the L3 edge with TICR cell = 50 K  

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 

 

 

Figure A.14 Polarization dependent XAS of Co11
+ at the L2,3 edge with TICR cell = 43 K  

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 
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Figure A.15 Polarization dependent XAS of Co11
+ at the L2,3 edge with TICR cell = 33 K  

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 

 

 

Figure A.16 Polarization dependent XAS of Co11
+ at the L3 edge with TICR cell = 20 K  

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 
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Figure A.17 Polarization dependent XAS of Co11
+ at the L2,3 edge with TICR cell = 19.5 K 

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The cluster temperature for this measurement was estimated to be 

approximately 18.5 K. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 

 

 

Figure A.18 Polarization dependent XAS of Co11
+ at the L2,3 edge with TICR cell = 20 K 

(µ- = solid symbols and µ+ = open symbols) 

The spectrum was recorded with helium buffer gas to thermalize the clusters to the 

cell temperature. The cluster temperature for this measurement was estimated to be 

approximately 16 K. The inset shows the XMCD spectrum calculated from the 

polarization dependent XA spectra. Blue areas indicate a negative dichroic effect and 

the green areas indicate a positive dichroic effect. 
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Table A.3 Parameter set used for collisional cooling in temperature dependent 

experiments for Co11
+ 

 

T 

cluster 

 

 

/ K 

p 

GV(#) 

 

 

/ bar 

opening 

time GV 

 

 

/ ms 

pump 

down 

delay 

 

/ s 

irradiation 

time  

 

 

/ s 

pmax 

ICR cell 

after 

pulse 

/ mbar 

p 

ICR cell 

opening 

shutter 

/ mbar 

p 

ICR cell 

detection 

 

/ mbar 

150 ± 50 - - - 4 no gas pulse 

80 ± 1 ≈ 0.5 8.8 8 8 ≈ 8∙10-7 1.1∙10-8 1.6∙10-9 

65 ± 1 ≈ 0.6 8.8 8 8 ≈ 8∙10-7 1.0∙10-8 1.5∙10-9 

50 ± 1 ≈ 0.6 8.8 8 8 8.4∙10-7 1.0∙10-8 1.3∙10-9 

40 ± 1 ≈ 0.5 9.9 8 8 9.0∙10-7 1.0∙10-8 1.0∙10-9 

30 ± 1 ≈ 0.5 9.9 8 8 9.5∙10-7 1.0∙10-8 2.0∙10-9 

20 ± 2 ≈ 0.6 8.8 8 8 9.8∙10-7 7.0∙10-9 1.5∙10-9 

18.5 ± 5 ≈ 0.6 8.3 8 8 9.3∙10-7 7.5∙10-9 1.2∙10-9 

16 ± 5 ≈ 0.35 9.9 8 8 1.0∙10-6 1.4∙10-8 2.0∙10-9 
(#) He backing pressure on the gas line 

 

Langevin and Brillouin correction for the total magnetic moment mJ,z for each of the nine 

temperature dependent experiments are given in Fig. A.20 and A.21. Fig. A.19 gives the Landé  

g-factors of the total magnetic moments used for the Brillouin correction of the total experimental 

magnetic moments mJ,z. Fig. A.22 and A.23 show the scaling of the spin magnetic moment and the 

curves for the orbital magnetic moment are given in Fig. A.24 and A.25. 

 

Figure A.19 Landé g-factors of the total magnetic moment mJ of the temperature 

dependent measurements of Co11
+. The g-factor of the spin magnetic moment, i.e. 

the electron, is given by the blue dotted line. The red dotted line gives the g-factor of 

the orbital magnetic moment. The dashed line gives the mean value and the shaded 

area indicates the standard deviation (σ (gJ) = 0.038) 
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Figure A.20 Langevin scaling of the experimental total magnetic moment mJ,z of 

individual temperature dependent experiments of Co11
+ 

The experimental total magnetic moments mJ,z (solid symbols) are scaled to the 

intrinsic magnetic moment mJ. 

 

 

Figure A.21 Brillouin scaling of the experimental total magnetic moment mJ,z of 

individual temperature dependent experiments of Co11
+ 

The experimental total magnetic moments mJ,z (solid symbols) are scaled to the 

intrinsic magnetic moment mJ. 
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Figure A.22 Langevin scaling of the experimental spin magnetic moment mS,z of 

individual temperature dependent experiments of Co11
+ 

The experimental spin magnetic moments mS,z (solid symbols) are scaled to the 

intrinsic spin magnetic moment mS. 

 

 

Figure A.23 Brillouin scaling of the experimental spin magnetic moment mS,z of 

individual temperature dependent experiments of Co11
+ 

The experimental spin magnetic moments mS,z (solid symbols) are scaled to the 

intrinsic spin magnetic moment mS. 
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Figure A.24 Langevin scaling of the experimental orbital magnetic moment mL,z of 

individual temperature dependent experiments of Co11
+ 

The experimental orbital magnetic moments mL,z (solid symbols) are scaled to the 

intrinsic orbital magnetic moment mL. 

 

 

Figure A.25 Brillouin scaling of the experimental orbital magnetic moment mL,z of 

individual temperature dependent experiments of Co11
+ 

The experimental orbital magnetic moments mL,z (solid symbols) are scaled to the 

intrinsic orbital magnetic moment mL. 
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The intrinsic magnetic moments after correction are given in Fig. A.26 - A.28. The intrinsic magnetic 

moments after Brillouin correction of mJ are displayed in Fig. A.26. The intrinsic moments after the 

individual scaling of mS,z and mL,z according to Langevin (Fig. A.27) or Brillouin (Fig. A.28) are also 

shown. The ratio of mL / mS after Brillouin scaling for both approaches is given in Fig. A.29. 

 

 

Figure A.26 Total magnetic moments mJ of Co11
+ after Brillouin scaling of mJ,z of the 

temperature dependent experiments  

The scaling of the total magnetic moment preserves the ratio of mL,z / mS,z. Thus, the 

ratio of mL,z / mJ,z and mS,z / mJ,z respectively are preserved too and the values for mS 

and mL can be calculated from mJ. 

The three dashed lines give the mean values of mS, mL and total mJ. The shaded area 

represents two times the standard deviation from the mean value (σ (mJ) = 0.240, 

σ (mS) = 0.168, σ (mL) = 0.098) 
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Figure A.27 Spin and orbital magnetic moments mS and mL of Co11
+ after Langevin 

scaling of mS,z and mL,z  of the temperature dependent experiments  

The total magnetic moments mJ are calculated as the sum of mS and mL. The three 

dashed lines give the mean values of mS, mL and mJ. The shaded area represents the 

standard deviation from the mean value (σ (mJ) = 0.172, σ (mS) = 0.141, 

σ (mL) = 0.080). 

 

 

Figure A.28 Spin and orbital magnetic moments mS and mL of Co11
+ after Brillouin 

scaling of mS,z and mL,z of the temperature dependent experiments  

The total magnetic moments mJ are calculated as the sum of mS and mL. The three 

dashed lines give the mean values of spin, orbital and total magnetic moment. The 

shaded area represents the standard deviation from the mean value (2σ, with 

σ (mJ) = 0.176, σ (mS) = 0.146, σ (mL) = 0.079). 
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Figure A.29 Ratio of orbital to spin magnetic moment mL / mS after Brillouin 

correction 

If mJ is scaled the mL / mS ratio is the same as the mL,z / mS,z ratio (solid symbols; the 

dotted line gives the mean value and the shaded area is two times the standard 

deviation, σ = 0.044). If spin and orbital magnetic moments are scaled independently 

the mL / mS ratio differs from the mL,z / mS,z ratio (open symbols; the dashed line gives 

the mean value and the shaded area is two times the standard deviation, σ = 0.050). 
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A.3 List of symbols 

A   vector potential 

A   integral dichroic effect at the L3 edge 

A   prefactor (= 2π2αfħω) 

a   lattice parameter 

a   electronic ground state 

B   magnetic induction, magnetic flux density; [B] = T 

B   integral dichroic effect at the L2 edge 

  

  
    magnetic field gradient 

B(y)   Brillouin function 

b   excited electronic state 

C   integral intensity of (µ+(E)+µ-(E)), corrected for direct photo ionization 

C   Curie constant 

Cm
(l) Racah's spherical tensor operators / normalized spherical harmonics 

operator 

c   orbital angular momentum quantum number of the core state  

c   velocity of light 

dNb   Nb-Nb distance 

10Dq   crystal field splitting an octahedral ligand field 

d   deflection 

Eanisotropy   anisotropy energy within a single domain particle 

 energy barrier between the two preferential orientations of the sample 

magnetization 

e   elementary charge 

f   final combined electron and photon state 

E   energy 

ΔE   average energy level spacing 

Ea   electron affinity 

EF   Fermi level 

Ehν   photon energy 

Ebin binding energy 

Ekin kinetic energy 

Emag magnetic dipolar interaction 
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eα,p
q coefficients (angular part of the transition matrix elements expressed by 

Racah's spherical tensor operators) 

Fcf   Centrifugal force 

FL   Lorentz Force 

fC   cyclotron frequency 

g   g-factor, spectroscopic splitting factor 

g   Landé g-factor 

g'   magnetomechanical ratio 

gL   Landé g-factor of the orbital angular momentum 

gS   Landé g-factor of the spin angular momentum 

gJ   Landé g-factor of the total angular momentum 

H   magnetic field strength; [H] = m/A 

Ĥint   interaction Hamiltonian for resonant x-ray absorption 

h   Planck's constant 

ħ   Planck's constant / 2π 

Ires   resonance intensity 

i   combined initial electron and photon state 

J   angular moment per unit volume 

J   total angular moment; J = L + S 

Jz   projection of J on the quantization axis z 

J   exchange energy per atom 

Jexch   exchange energy between 3d electrons 

j+ / j-   spin orbit split states (j+/- = l ± s) 

K   absorption edge corresponding to an excitation from the 1s state 

k   wave vector 

kB   Boltzmann constant 

l (L)   (total) orbital angular momentum quantum number 

l   orbital angular momentum quantum number of the final state 

IP   ionization potential 

L   orbital angular momentum  

Lz   projection of L on the quantization axis z 

L(y)   Langevin function 

L2   absorption edge corresponding to the 2p1/2  3d transition 

L3   absorption edge corresponding to the 2p3/2  3d transition 

M   magnetization 
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M   transition matrix element 

M4   absorption edge corresponding to the 3d3/2  4f transition 

M5   absorption edge corresponding to  the 3d5/2  4f transition 

m   ion mass 

me   electron mass 

m   magnetic moment 

mx (n)   size dependent magnetic moment 

mc (ml)   orbital magnetic quantum number of the core (final) state 

mJ   total magnetic moment 

mJ,z   total magnetic moment projected onto the quantization axis 

ml   orbital magnetic quantum number 

mL   orbital magnetic moment 

mL,z (  
( )

)  orbital magnetic moment projected onto the quantization axis 

ms   spin magnetic quantum number 

mS   spin magnetic moment 

mS,z (  
( )

)  spin magnetic moment projected onto the quantization axis 

mL / mS   ratio of orbital to spin magnetic moment 

m/z    mass-to-charge ratio 

n (N)   number of particles or atoms per cluster 

N(E)   density of states 

N(EF)   density of states at the Fermi level 

n   principal quantum number 

nh   number of holes in the valence shell 

Oh   point group, distorted octahedral symmetry 

Pα
q   dipole operator 

p   momentum operator 

p   pressure 

q   photon angular momentum; [q] = ħ 

q   ion charge; q = z∙e 

R   radius of a spherical droplet 

R   radial part of the transition matrix element 

Rn,l(r)    radial part of the electron wavefunction 

r   length operator 

r   radius of the ion orbit within the ICR cell 

r   (interatomic) distance 
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rAB   interatomic distance 

rd   radius of the 3d shell 

rWS   Wigner-Seitz radius 

S   total spin angular momentum quantum number 

Sz   projection of S on the quantization axis z 

s   spin angular momentum quantum number 

T   temperature 

TB   blocking temperature  

TC   Curie temperature 

Tcluster   cluster temperature 

TICR cell   readout of the temperature sensor located at the ICR cell 

Tif   transition probability per unit time for resonant x-ray absorption 

TZ   magnetic dipole term 

vx   velocity of the ion in the x-direction 

vxy   velocity of the ion in the xy-plane 

Wsolid   bulk work function 

Yl,m (ϑ, φ)  Spherical Harmonics 

z   number of charges 

z   quantization axis 

α   quantization axis in Cartesian coordinates; α = x ,y or z 

αf   fine structure constant 

αN   cluster polarizability 

γ   gyromagnetic ratio 

γ   surface tension of spherical droplet 

δ(EF)   exchange splitting of the spin up and spin down band 

δn   autoionization resonance energy 

ε   unit photon polarization vector 

εcoh   cohesive energy 

ε0   dielectric constant 

εi   energy level of the initial state 

εf   energy level of the final state 

λ   wavelength; [λ] = nm 

λ0   period length of the magnetic array of an undulator 

Θ   angle enclosed by a magnetic moment m and an external magnetic field H 

Θ   angle between the magnetization and the easy axis 
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ΘN   Néel temperature 

µB   Bohr magneton: magnetic moment of the electron 

µr   relative magnetic permeability 

µ0   magnetic permeability of free space 

µ1, µ2   magnetic dipole 

µ0 (E)   XA spectrum recorded with horizontally (linearly) polarized photons 

µ- (E)   XA spectrum recorded with negative circularly polarized photons 

µ+ (E)   XA spectrum recorded with positive circularly polarized photons 

ν   photon frequency 

ρ(εf)   density of final states per unit energy 

σ   standard deviation 

σ0 (E)   horizontally (linearly) polarized photons 

σ- (E)   negative circularly polarized photons 

σ+ (E)   positive circularly polarized photons 

φ   work function 

φ   Fibonacci number = 1.618 

χ   magnetic susceptibility 

χcollective   magnetic susceptibility of material exhibiting collective magnetism 

χdia   diamagnetic susceptibility 

χLangevin   susceptibility of Langevin-Paramagnetism 

χPauli   susceptibility of Pauli-Paramagnetism 

χs,ms   spin part of the electron wave function 

Ω0   atomic volume 

ω   photon frequency (= 2πν) 

ω Larmor frequency, precession frequency of a magnetic moment around a 

magnetic field 

ωC   angular velocity of an ion in the ICR trap 

ωr   resonance frequency of a spherical metal cluster 
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A.4 List of publications & conference contributions 
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X-ray absorption spectroscopy of mass-selected transition metal clusters using a cyclotron ion trap: 

An experimental setup for measuring XMCD spectra of free clusters 

PEREDKOV, S., SAVCI, A., PETERS, S., NEEB, M., EBERHARDT, W., KAMPSCHULTE, H., MEYER, J., TOMBERS, M., 
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The spin and orbit contributions to the total magnetic moments of free Fe, Co and Ni clusters 

MEYER, J., TOMBERS, M., NIEDNER-SCHATTEBURG, G., PEREDKOV, S., EBERHARDT, W., NEEB, M., PALUTKE, S., 

MARTINS, M., WURTH, W. 

Journal of Chemical Physics, 2014, in preparation 

A.4.2 Conference contributions 

A.4.2.1 Talks 

April 2014 "Magnetic properties of transition metal clusters and complexes probed by XMCD 

spectroscopy" 

http://link.aps.org/doi/10.1103/PhysRevLett.107.233401
http://www.sciencedirect.com/science/article/pii/S0368204814001534
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 Gordon Research Seminar (GRS) on "Molecular and Ionic Clusters", Barga, Italy 

 

Oct. 2012 "Spin and orbital magnetic moments of isloated transition metal oligomers 

 International Workshop on Metal-to-Metal communications in Oligonuclear 

Complexes, Meeting of the Collaborative Research Center TRR 88 / 3MET,  

TU Kaiserslautern, Kaiserslautern, Germany 

Aug. 2012  "X-ray magnetic circular dichroism spectroscopy of transition metal clusters" 

Meeting of the "3MET" magnetism section, TU Kaiserslautern, Kaiserslautern, 

Germangy 

July 2012  "X-ray magnetic circular dichroism spectroscopy of transition metal clusters" 

Meeting of the "3MET" gas phase group, Karlsruher Institute of Technology, 

Karlsruhe, Germany 

April 2012 "X-ray magnetic circular dichroism spectroscopy of transtion metal clusters" 

Workshop OPTIMAS Carl Zeiss PhD Programm, Annweiler, Germany 

Feb. 2012 "Spin and Orbital moments of isolted clusters: Synchrotron radiation elucidates 

nanomagnetism" (HotTopic) 

Gordon Research Conference (GRC) on "Molecular and Ionic Clusters", Ventura, 

CA, USA 

March 2011  "Spin and orbit moments of super paramagnetic cobalt clusters form XMCD 

Investigation of isolated ions by the GAMBIT experiment" 

 Spring Meeting of the German Physical Society (DPG) - "Atom and Molecular 

Physics" section, Dresden, Germany 

A.4.2.2 Poster presentations 

April/May 2014 GRS & GRC on "Molecular and Ionic Clusters", Barga, Italy 

Feb. 2012 GRC on "Molecular and Ionic Clusters", Ventrura, CA, USA 

Nov/Dez 2011 HZB User's Meeting, Helmholtz Zentrum Berlin für Materialien und Energie, Berlin, 

Germany 

Oct. 2011 Workshop of the Collaborative Research Center TRR88/3MET, Bad Bergzabern, 

Germany 
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July 2011 GRC on "Clusters, Nanostructure & Nanocrystals", South Hadley, MA, USA 

June 2011 Annual Meeting of the German Bunsensociety of Physical Chemistry, Berlin, 

Germany 

Dec. 2010 HZB User's Meeting, Helmholtz Zentrum Berlin für Materialien und Energie, Berlin, 

Germany 
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