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Magnetische Eigenschaften von Kobalt in Deponierten CoPt Clustern

und Nanopartikeln

KURZFASSUNG

Die magnetischen Eigenschaften von in situ präparierten gröÿenselektierten sub-nm

CoPt clustern auf magnetischen Unterlagen, sowie die Eigenschaften von naÿchemisch

hergestellten 3.7 nm bis 8.4 nm durchmessenden CoPt Nanopartikeln deponiert auf

Silizium Wafern in einem externen Magnetfeld bis zu 7 T, wurden mit zirkularem

magnetischen Röntgendichroismus (XMCD) untersucht. Die magnetischen Momente

wurden mit Hilfe der XMCD Summenregeln bestimmt, während einige elektronische

Eigenschaften, speziell der Oxidationszustand der naÿchemisch erzeugten Partikel aus

den Röntgenabsorptionsmessungen gewonnen werden konnten.

Der Magnetismus kleiner deponierter Legierungs,-Cluster und -Partikel kann von deren

Gröÿe, der Zusammensetzung und der Unterlage abhängen. Je kleiner die Cluster sind,

desto stärker sind die zu erwartenden E�ekte, daher wurden die gröÿenselektierten Clus-

ter auf einer schwach und einer stark austauschwechselwirkenden Unterlage deponiert,

während die Zusammensetzung und Gröÿe der Cluster variiert wurde. Bei den gröÿeren

naÿchemisch erzeugten, mit organischen Liganden überzogenen Nanopartikeln wurde

neben der Sättigungsmagnetisierung, der Oxidationszustand und das Alterungsverhal-

ten in einem Zeitintervall von bis zu 290 Tagen untersucht.

Die magnetischen Eigenschaften der sub-nm Cluster variieren stark mit der unter-

schiedlichen Austauschkopplung der Unterlage. Sie zeigen deutlich erhöhte Bahnmo-

mente wenn man zu einem reinen Kobalt-Cluster Platin hinzu gibt; dieser E�ekt ist

bei geringerer Austauschkopplung der Unterlage stärker ausgeprägt. Die gröÿeren Par-

tikel besitzen eine gröÿenunabhängige Magnetisierung, zeigen dafür jedoch deutliches

Alterungsverhalten, welches mit einem Kern-Schalen-Modell beschrieben werden kann.



Magnetic Properties of Cobalt in Deposited CoPt Clusters and

Nanoparticles

ABSTRACT

The magnetic properties of in situ prepared size selected sub-nm CoPt clusters on

magnetic substrates and of wet chemically synthesized 3.7 nm to 8.4 nm diameter CoPt

nanoparticles on silicon in an external �eld of up to 7 T, were investigated with x-

ray magnetic circular dichroism (XMCD). The magnetic moments were extracted using

the XMCD sum rules, while some electronic properties, especially the oxidization state

of the wet chemically prepared particles could be obtained from the x-ray absorption

measurements.

The magnetism of small deposited alloy clusters and particles may depend on their size,

their composition and the substrate they are in contact with. The smaller the clusters,

the stronger the expected e�ects, therefore the size selected clusters were deposited on

a weakly and on a strongly exchange coupling substrate, while the composition and

size of the clusters was changed. For the larger wet chemically prepared organic ligand

covered nanoparticles besides the saturation magnetism, the oxidation state and the

aging was investigated up to a 290 day time span.

The magnetic properties of sub-nm clusters change strongly with the substrate coupling.

They show enhanced orbital moments when adding platinum to pure cobalt clusters,

which is more pronounced at the weakly coupling substrate. The larger particles have a

size independent magnetization, but show distinct aging behavior that can be explained

with a core-shell model.
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Chapter 1

Introduction

Since their discovery magnetic systems have always been of high interest to hu-
mans. Around 1100 BC the Chinese used the magnetism of magnetite (Fe3O4),
the earliest signs of it's use in Europe is documented by Thales (624 - 546 BC).
It took two millennia for the �rst revolutionary application to evolve: The com-
pass was documented as wet compass in China in the 11th century AD and as
dry compass in Europe in the 13th century AD. Only further 500 years later the
experiments of Oerstedt, Ampère, Biot and Savat in 1820 AD and Faraday in
1821 started a new era of magnetism: Electromagnetism and its applications, as
for instance the generator, the transformer and the loudspeaker. As a particu-
lar application of electromagnetism conventional electromagnetic storage media
technology was established over the years. In tapes, disks and hard drives coil
driven electromagnets where used to read and write the information. Theses
rather large coils limited the minimization process and hence the maximal stor-
age capacity. The discovery of the Giant Magneto Resistance [18, 45] (GMR)
by P.Grünberg and A.Fert in 1988 opened the door to the minimization of the
read head 1 and thus higher storage density. In 1997 the �rst commercial hard
drive with the GMR-technology was presented by IBM. Reduction to 50 nm sized
magnetic storage cells and thus storage density's of 1 Terabit per square inch is
proposed by Hitachi for 2010.
Typical hard drives are build up out of granular media 2 and is successively re-
placed by patterned media (�gure 1.1). The rather huge size distribution of the
grains make it di�cult to decrease the size of one bit, still securing a proper iden-
ti�able signal. Hence the trends goes to patterned material that is structured

1. European Patent Number 0346817

2. A typical material in the anti-ferromagnetic storage technology, that is still used is

Co70Cr18Pt12
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Figure 1.1: The conventional storage media change from multigrain to patterned

media (�gure from reference [59]). This implies the necessity to �nd useful small

particles to synthesize new high density storage discs.

4



in very similar sized units. For these units one could potentially use magnetic
nanoparticles that distribute nice in a close package on a surface, either as a thin
�lm by self organization or in for example a polymer matrix.

Figure 1.2: Former longitudinal (in plane magnetized) storage must be replaced

by perpendicular storage, since the increasing size reduction can be accomplished

better with the perpendicular recording (�gure from reference [59])

Additionally to the decreasing size of the grains the recording technology from
formally in plane magnetized bits, is changed to perpendicular magnetized bits.
As shown in �gure 1.2 the longitudinal storage technology consumes more lat-
eral space, due to a larger required transition region and typically slightly larger
required "bit" sizes. The future of magnetic storage application requires small
magnetic particles with narrow size distribution and perpendicular magnetization
of the storage material.
To create small magnetic units there can be two approaches: Top-down 3or bottom-
up 4. Starting with the �rst approach, by cutting larger objects into small units
the standard lithography techniques is immersion lithography using deep ultra
violet (DUV) light (193 nm/6.4 eV) or in the future extreme ultra violet (EUV)
light (13.5 nm/92 eV) and Electron beam lithography. Electron beam lithog-

3. take a lager piece and cut it into appropriate sized subunits

4. start with small particles and assembles a larger scale system
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raphy has a proximity limit due to scattered electrons of about 20 nm lateral
resolution and transfers charges to the object, which may cause di�culties with
insulating material or semi conductors. Using light for cutting is mainly limited
by the light sources available and by the amount of energy the target material
can sustain, the cleanliness of wafers and masks, as well as the vibration stability
of the lithographic device. IBM has developed a test Immersion lithography de-
vice with DUV reaching lateral resolution of 30 nm [65]. INTEL plans a 22 nm
resolving factory with EUV for 2011, while SEMATECH (SEmiconductor MAn-
ufacturing TECHnology) has demonstrated a 22nm half pitch [120] 5 in 2008,
where 15 mJ/cm2 was applied. While the lateral resolution was good, the line
width roughness (LWR) was 5-6 nm, which is far above the usual 3% expected for
industrial applications [55]. The International Technology Roadmap for Semicon-
ductors (ITRS) publishes expectations [71] that lithographic systems may reach
22 nm industrial applicability in 2016 and that lower resolutions will most likely
need directed self assembly, with the goal of 11 nm resolution in 2022.
Building larger scale objects from small subunits the assembling may still proof
di�cult. For test cases a proof of principle structure can be assembled and
investigated by means of STM (scanning tunneling microscope). For large scale
application spontaneous or directed self assembling of the systems is unavoidable.
There have been multiple reports of self assembling [124, 133, 148] and recently
some �rst results have been achieved using the common Tobaccomosaicvirus,
which is 18 nm in diameter and 300 nm long [87, 91, 142], to produce and deposit
metallic nanotubes.
Wet chemical or biological synthesis of metallic nanoparticles has the advantage
of large scale applicability, but usually combined with the e�ect that some organic
material is attached to the particles. Whether these ligands can be removed and
whether the removal or the remain of those ligands a�ects the desired particle
properties has to be investigated in each case. Organic spacing layers may even
be desired to separate two adjacent magnetic units.
In a top down approach cutting well known material into smaller pieces conven-
tionally the size e�ects upon the material are gradual while the pieces become
smaller with improvements in cutting technology. Assuming nearly complete
magnetic orientation of a storage cell, when keeping shape and material con-
stant, but scaling the cell size, it is obvious that the smaller the magnetic cell,
the smaller is the total magnetic energy stored in the system. In case of small

5. typical test object in lithography, where grooves are cut into an object and both grooves

and bars of the cut objects have the same width.
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Figure 1.3: ITRS Roadmap 2008 (�gure from reference [71]) shows the esti-

mation on development of the top down size regime. The techniques used today

allow the structuring in a size regime of about 50 nm. In the next 15-20 years

this size regime may go down to about 10-15 nm structures. This is believed to

be the lower limed with lithographic techniques. for smaller structures di�erent

technical approaches as for example self assembling nanoparticles or the help of

virus based construction will be needed.
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storage unit sizes, one can reach the superparamagnetic regime, where all atoms
of one particle are magnetically ordered in one direction (typically particles of a
few nm Diameter are superparamagnetic). The total energy that �xes a magne-
tization in a superparamagnetic particle used as a bit, is therefore the average
magnetization anisotropy of one atom in the particle times the number of atom
of one particle. When this energy is in the range of the thermal energy avail-
able the magnetization �ips randomly and no storing of information is possible.
The temperature can therefore either be lowered far enough (below the so called
blocking temperature) that the thermal activation energy is no more su�cient to
change the magnetization of the particle. A mandatory cooling system to preserve
data on a mass produced storage device is not the most desired option. Storage
devices should typically be used at room temperature and hence the thermal en-
ergy is �xed, therefore one needs to try and raise the Magnetic Anisotropy Energy
(MAE) of the particle until the Energy needed to �ip the magnetization of the
particle is above the thermal activation energy available at room temperature (25
meV/atom). An extremely high value measured so far for a single Co atom on
a Pt surface was 9 meV [50]. One needs at least several 100 atoms to achieve
magnetically long term stable structures. The typical goal is to ensure a lifetime
of recorded information of at least 10 years for data stored on a standard hard
drive.
Most of the magnetic moment of a typical magnetic particle is stored in the spin
magnetic moments of the atoms involved. A signi�cantly smaller portion is stored
in orbital magnetic moments, which are aligned by coupling to the crystal �eld
(geometry). The spin moments couple by spin-orbit interaction to the orbital
moment and thus indirectly to the crystal �eld.
Trying to minimize the size of one bit, it is obviously important to increase
the average MAE per volume of the bit to keep the total MAE constant or
increase it. Materials that have high magnetization with strong alignment to
the crystal lattice are therefore prime candidates to investigate. 3d metals show
strong magnetism, while their spin orbit interaction is rather small, while heavier
metals as 4d and 5d elements have less magnetism, but higher spin orbit coupling.
Materials that ful�ll both, high magnetization and high magnetic anisotropy, are
for example 3d-5d-alloys as CoxPt100−x, where the high magnetic moment of the
3d metal is coupled by 3d-5d hybridization to the platinum and thus to the strong
spin orbit coupling of the 5d element and further to the crystal �eld. There are
numerous candidates for these alloys. The most promising and much investigated
for over 20 years were FePt and CoPt alloys. Both alloys show in all di�erent
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stoichiometric con�gurations high magnetic anisotropy and high coercivity.
Most investigations were done using bulk or thin �lm materials, if the material
is additionally covered with some organic shell or it is highly structured (as into
nanoparticles) it may change the total magnetization of the system, but likewise
change it's chemical reactivity. Hence it is very important to investigate the
e�ect that these changes may have on the material and what happens, when
these material are produced in conditions close to mass-production. On the other
hand, one might ask, what in�uence the supporting material may have on the
very small particles, because as any device that consists out of nano-scaled units
has to be macroscopically stabilized.
In case of oxidation e�ects of particles with shrinking sizes, one could cover the
surfaces with for example gold (patented by US Pat.No. 7226636 by the Los
Alamos National Laboratory). The coverage by chemically inert materials could
open other �elds of application for small magnetic particles, as in medical appli-
cations. For medical applications for instance Co as an element may not be used
due to it's toxic e�ects on biological systems, but where small gold nanoparticles
were already successfully used and gold covered particles could be applied.
In dealing with new aspects of materials there is always the fundamental question
of understanding the physical interaction. In case of magnetism Hund's rule
predicts a maximized orbital magnetic moment for atoms, while in transition
metal bulk material the orbital moment is almost completely quenched due to
band structure formation. The interesting question of how the properties change
between atom and bulk (�gure 1.4) and how to describe this properly in models is
still not answered. For larger systems (above 10 nm) it is commonly accepted that
the particles properties change rather smoothly. In this size regime the so called
liquid drop model is used (�gure 1.4), which is a classical electrostatic model,
describing the particle as uniform sphere, while atomic positions are ignored.
Particles of 10 nm and more consist of well above 50 thousand atoms and are
considered fairly large (from a cluster physicist point of view). In some cases
(especially if the valence electrons of the material are very weakly bond) a very
similar model, the jellium model can describe some properties even down to a few
atom sized clusters. The jellium model uses a uniformly positively charged sphere
that is �lled with an (delocalized) electron gas. This model predicts magic cluster
sizes for electronic or geometric shell closures. Most systems are less well behaved
and the regime of the quantum size e�ects is rather uncharted territory. The best
way to investigate such a systems and benchmark theoretical models is to prepare
it as precise as possible and then change if possible only one parameter at a time.
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For comparison with theory it is of course important that the systems can be
theoretically described and calculated. In the case of small systems quite often
the electron correlation e�ects play a major role and therefore more electrons are
to be taken to account in the calculations. If e�ects of non collinear coupling
of spins are included in the theoretical calculations the required computational
power rises even more. In the case of experimental and theoretical investigations
of small mass selected chromium clusters [89] it has been proven to be impossible
with the computers at this point of time to fully relativistically calculate Cr-
clusters of sizes as "small" as 10 atoms in contact to a surface, including electron
correlation e�ects. Similar problems occur if more than one type of atoms is
among the cluster material. It is very demanding for the theoretical physicists
to describe cluster material like CoxPt100−x including electron correlation e�ects.
This makes it even more important for experimentalist to deliver measurements
as a basis to judge the �rst results of theoretical models and calculations.
It is well known, that free cobalt atoms have a magnetic moment of 3µB and that
only 1.75 µB [16] remains in cobalt bulk material, but much of how this change
takes place and what happens if the atoms, cluster or nanoparticles (�gure 1.4)
are deposited on surfaces must still be investigated. Above that the e�ects of the
stoichiometric composition of an alloy as ConPtm will most likely add some new
e�ects that need to be understood, when trying to design new material for any
application.
This work presents a part of the world wide process of gathering experimental
understanding of size and compositional property changes of small magnetic clus-
ters and particles. On the path towards the ultimate goal of tailoring magnetic
materials for future applications, the understanding of fundamental interactions
are an essential �rst step. Experimental investigation of single parameter in-
duced changes of the magnetic properties in well characterized cluster systems
may help to improve and benchmark theory. Still much e�ort has to be devoted
to this course to establish a broad basis set of experimental data. Apart from
the basic research detailed investigation of large scale applicable material upon
any in�uences linked to it's magnetic properties may help optimize production
processes and to develop new approaches for future material synthesis. It is of
great importance to �nd out, what the limits of a certain production process
are. If theoretically well functional materials can not be produced as calculated,
either the production process must be adjusted or the material must be designed
according to the limitations of the synthesis process.
Following the two major aspects of gathering data for basic research and inves-
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Figure 1.4: (a)Size e�ects: Changing a particle size, when investigating one

property of a material, it starts at small sizes in the regime dominated by cluster

size e�ects and ends at bulk material. For larger particles the liquid drop model

can most often be used, where the particles properties change smoothly. Typically

the size of 10 nm which is several 10 thousands of atoms is considered to be the

turning point for the change from quantum size e�ect regime to smooth liquid

drop model regime, but where and how this takes place and what happens below

the 10 nm threshold is mostly unknown. (b) Additionally to changes from within

the particle due to it's varying size, in real systems particles have always contact

to some supporting material, therefore the in�uence of these support materials

upon the supported particle is very important.
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tigating actually large scale producable material. Two di�erent sample types
were investigated , small clusters of 1 to 4 atoms per cluster and small nanopar-
ticles of 3.7 nm to 8.4 nm in diameter. The small clusters are an ideal model
system that are not too large to be calculated by theory and simple enough to
be experimentally prepared in well de�ned samples. The clusters preparation
method requires ultra high vacuum (UHV) conditions and in situ preparation,
can thus not be expanded to produce macroscopic amounts of sample material.
The nanoparticles were produced with wet chemical methods and thus represent
a possible class of technical applicable substances. Wet chemical methods allow
macroscopic amounts of sample material to be produced and usually require less
experimental expenditure than physical UHV based sample preparation methods,
but carry the drawback that not all parameters can be controlled separately and
most often not even all parameters are known. Above that the nanoparticles are
too large to be calculated in an exact model by theory, but investigating those
systems is essentially to learn about applicability of any new sample material.
As primary investigation tool x-ray magnetic circular dichroism (XMCD) was
chosen, since it allows element selective investigation of a mixed target systems
and allows to measure spin and orbital moments separately.
In chapter 2 all experimental methods used will be introduced, followed by an
introduction of the materials used in the experiments. The di�erent samples,
their preparation and experimental setup at the storage ring will be discussed in
chapter 3. Wet chemically prepared CoPt Nanoparticles will be presented and
discussed in chapter 4, where the aspects concerning aging played an important
role. The following chapter 5 deals with the results of the mass selected CoPt
clusters, where aging was excluded by fresh in situ preparation of all samples, but
other aspects due to precise control ability of the preparation parameters could
be investigated. The work will be concluded by a short summary and outlook in
chapter 6.
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Chapter 2

Fundamentals

This chapter will give an overview of the experimental techniques used for the
experiments performed in this work, followed by a short introduction of the ma-
terials used in the experiments and some of their relevant properties.

2.1 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is an element speci�c spectroscopic method
for the analysis of the electronic structure of a material. A target is illuminated
with monochromatic light of a x-ray source. Light will be absorbed by the target
to excite electrons into unoccupied bound states of the material (�gure 2.4a) or to
free continuum states (�gure 2.4b). Choosing the energy used for this technique
in the order of the binding energies of core electron of atoms, mainly those are
excited. Core electrons are localized and have element speci�c binding energies,
thus making XAS element speci�c (table 2.1).
When exciting electrons in a single photon absorption process, the dipole selection
rule will be followed ∆l = ±1 and ∆s = 0 and additionally for polarized light

element ground state L3-edge (eV) L2-edge (eV) lattice lattice constant (Å)

Fe [Ar]3d64s2 706.8 719.9 bcc 2.870

Co [Ar]3d74s2 778.1 793.2 hcp 2.510

Ni [Ar]3d84s2 852.7 870.0 fcc 3.520

Cu [Ar]3d104s1 932.7 952.3 fcc 3.610

Table 2.1: Some atomic and bulk properties of Fe, Co, Ni and Cu

13



∆m = +1/0/ − 1(rightcircular/linear/leftcircular). The orbital moment of
initial and �nal state di�er by one and there is no spin �ip in a dipole transition.
The magnetic quantum number m may stay or change by one, depending on
the polarization of the light. By tuning the energy of the light, while measuring
the absorption, a signal proportional to the energy dependent absorption cross
section σ(E) of the material can be measured. The absorption cross section is
de�ned as the ratio of exited electrons per unit time Ti→f and the photon �ux
Iph:

σ(E) =
Ti→f
Iph

(2.1)

In a single particle picture the number of excited electrons per unit time is given
with time dependent perturbation theory and known as Fermi's Golden rule:

Ti→f =
2π

h̄
〈f |H ′|i〉 · ρ(E) · δ(Ef − Ei − Eph) (2.2)

In which the energy of the light Eph = h̄ω, the initial state |i〉 and �nal state |f〉,
the energy di�erence of �nal and initial state Ef − Ei, ρ(E) the energy density
of the �nal state and H ′ describes the perturbation of the Hamilton operator
due to the electromagnetic �eld of the photons. Using the dipole approximation
(assumed constant electromagnetic �eld in the interaction region k · r � 1) and
taking only single photon absorption processes into account H ′ can be simpli�ed
to to the product of the polarization vector of the light and the position operator:
H ′ = ε · r
In a simple picture the absorbing atom emits the photoelectron in form of a spher-
ical wave, that will be backscattered by all surrounding atoms. These backscat-
tered waves interfere with the initial wave, constructively or destructively, de-
pending on the phase shift of the backscattered waves. If the structure has some
long range order there will be some periodical dependence of the intensity of
the outgoing wave, depending on the structure of absorber and on the energy
of the incoming light. The structure in�uences mainly the angular dependence
of the intensity of the escaping electrons at constant incoming photon energy,
while changes of energy of the incoming light will change the energy of the outgo-
ing electrons and thus their wavelength and hence the interference pattern. The
observation of these periodic changes of the absorption coe�cient due to these
backscattering events is typically possible up to several 100 eV above the absorp-
tion edge and is called extended x-ray absorption �ne structure (EXAFS). This
can be seen schematically in �gure 2.1.
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Figure 2.1: The picture shows the total electron yield, if one measures in trans-

mission, the peaks in this graph correspond to dips in those spectra. Right above

the edge the XANES region is located and about 50-100 eV after the edge the

EXAFS wiggles start. When the energy of the incoming photons is tuned over

the threshold of resonant absorption into empty states, a jump in the absorption

cross section appears and an edge is visible in the XAS spectrum.

The EXAFS oscillations are used to investigate the symmetry of the local envi-
ronment of the absorbing atoms, as well as it's density of unoccupied states, next
neighbor distance and coordination number. More detailed information may be
found in the literature [58, 132].
XAS can best be measured in transmission for samples with a thickness in the or-
der of the absorption length of the investigated material for the radiation energy
used. If the target is a non-insulating solid and the absorption length of the radi-
ation rather short, as for soft x-rays (e.g. a few 100 nm) one usually measures the
emitted electrons (Electron spectroscopy) or the total electron yield (tey), which
is the drain current of the target. Additionally the measurement of the emit-
ted photons from the sample, the �uorescence yield (fy) is possible. For lighter
elements (z<30) the dominant relaxation channel of core holes is non radiative
Auger-decay (�gure 2.2), leaving only a small portion for fy measurements. Prin-
cipally it is possible with a thin solid target to record the x-ray absorption, tey
and fy during the same measurement, while analyzing emitted electrons.
Electrons that are emitted inside a material can be scattered and and partly
absorbed by the material, which leads to a cascade of secondary electrons. This
process is very similar for all materials (�gure 2.3), therefore the sampling depth
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inant core hole relaxation process. For 3d metals the Auger decay is by far the

dominant process. The dotted lines represent K-shell hole relaxation processes,

while the solid lines represent the relaxation of L-shell holes, as produced in the

XAS measurements of this work. The �gure is based on data from the X-Ray

Data Booklet [139]
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and the cascades of secondary electrons produced have very similar values for all
metallic systems. However there have been evidences of a spin dependency of the
mean free path [105] up to 30% for iron, which does not a�ect the measurements
of this work since we did not measure the electron spin selectively.

Figure 2.3: The electron mean free path follows a universal curve (�gure from

reference [128]). The mean free path depends on the energy of the electron and

not on the material the electron is propagating in. In badly conducting materials

or organic samples the mean free path is longer than predicted by the universal

curve.

The tey su�ers a saturation e�ect, when the sampling depth of the electrons
is in the order or greater than the shortest absorption length of the incident
light in the energy region investigated. The e�ect occurs since the incident x-
ray intensity at the target is a function of depth and of energy. The energy
dependence is due to very distinct increases (absorption edges) in the absorption
cross section of the incoming light at the energies related to the excitation from
occupied into unoccupied electronic states of the target material. This decreases
the absorption length of the light at the edge energy compared with lower energies.
Measuring energy dependent across such absorption edges as done in this work
one has to keep in mind that the absorption length of the light decreases just as
the absorption cross section of the material increases. In the case of a strongly
decreased absorption length at for instance the 3d L3-edge, the assumption of a
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small sampling depth in comparison with the absorption length may not be valid
any more. There is a detailed investigation of the electron yield saturation e�ect
at the L-edges of Fe, Co and Ni by Nakajima et al. [99] and one work of K. Fauth
specializing onto Co nanoparticles (1-30 nm diameter) [41] which includes the
e�ect on spin and orbital magnetic moments. For the measurements performed in
this work the saturation e�ect does not play a major roll, since all mass selected
targets and iron �lms were su�ciently thin (one to three atomic layers) and all
nickel �lms were similar thick and just used for relative calibration. Just the sum
rule estimation of the orbital magnetic moment of the wet chemically synthesized
nanoparticles was a�ected up to 15% (which was taken into account).

E3dE2pEkin= - 2

a b c

Evac

E3d

E2p

= E2p - E3d Ekin E2p= -

Figure 2.4: The picture shows the two cases of (a) resonant absorption and (b)

non resonant absorption, as well as (c) the auger decay of the core hole which is

left as a �nal state of both depicted absorption processes.

Apart from possible saturation e�ects measuring the tey is the measurement of
all cross sections at the energy measured. This includes the absorption of sub-
strates in case of thin layered samples. The measured signal is proportional to
the incident x-ray intensity. J.Stöhr has discussed that in detail [132] and has
been further inspected for cluster measurements by M.Reif [111]. Typically the
measured spectrum will be divided by a spectrum simultaneously measured with
a gold mesh (respectively the current on the last mirror re�ecting the incom-
ing radiation), important is that the material used for these spectra has no own
absorption features in the energy region measured. This division removes possi-
ble glitches in the measured spectrum due to temporal instabilities of a storage
ring causing �uctuations in the incident x-ray intensity. 1 As a second step the

1. This �rst normalization does not help, if the glitches are due to beam position shifts

caused by storage ring instabilities, that lead to measurements on di�erently covered areas on

the surface of the sample. In that case the measurement can not be used.
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measured tey spectra are usually treated to remove the background caused by
the substrate. A measurement of a clean background is needed for this. If the
background is very smooth the spectrum correction can be done by subtraction,
if the background has some explicit absorption features, the spectrum should be
divided by the background spectrum measured. In case of the measurements in
this work, the wet chemically prepared samples had a smooth linear background,
that could be easily subtracted. The mass selected clusters had a background
with explicit absorption features and therefore the measured spectra were di-
vided by the background measurements. The typical procedure for this kind of
measurement will be shown in the oncoming chapters 3.16 and 3.3.2.

2.1.1 X-Ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) is a specialized kind of XAS, for
which one needs circularly polarized light to excite the core electrons of the target
material. In a simple atomic one electron picture, the excitation probability 2of
left and right circular polarized electrons is not equal if a spin orbit coupling is
present in the atoms, due to the so called Fano-e�ect. First calculated by U.
Fano 1969 [39, 40] and displayed for the transition from 2p to 3d electrons at
the L2-edge (�gure 2.6b) and L3-edge (�gure 2.6a). When absorbing a circularly
polarized photon some of the orbital moment of the photon can be transferred
via the spin orbit coupling to the electron spin. This e�ect leads to an e�ective
spin polarization of the exited electrons. It is 75.0% at the L2-edge and 62.5%
at the L3-edge. Due to the di�erent spin-orbit coupling (l+s) at the P3/2-state
and (l-s) at the P1/2-state the spin polarization at the two edges is di�erently
oriented. If the target material is non magnetic, this leads to no visible e�ect in
an absorption spectrum. If the material is magnetic the exchange splitting leads
to a splitting of the valence band, lowering the energy for electrons with one spin
orientation (majority electrons) and rising it for the other (minority electrons).
The transition probability of electrons in a dipole transition are proportional to
the unoccupied density of states (formula 2.2). If this density of states is di�erent
for di�erent spin orientations and the electrons are spin polarized, the absorption
spectra will change when the spin polarization is inverted due to the change of
the helicity of the incoming light (�gure 2.5).
To see this e�ect it is required that the magnetization of the sample has at least a
component parallel to the incoming light. The inversion of the magnetization has

2. actually the transition matrix element for a 2p−3d transition depends on the polarization

of the exiting light
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Figure 2.5: (a): A simple one electron two step picture of the resonant excitation

process in a magnetic material, giving us an overview of the XMCD e�ect. In

step one the circularly polarized photon excites a spin polarized electron (Fano

e�ect) from the a 2p level; this spin polarized electron is used in step two to

probe the spin polarized occupation levels of the 3d states. (b): Scanning over

the 2p absorption edges of (here Co) with circularly polarized light the resonant

absorption leads to non statistic absorption lines due to di�erently spin occupied

3d states. This e�ect is reversed when either the magnetization or the polarization

is reversed. In this picture the polarization of the light is reversed between the

blue and the red absorption curves. The di�erence of right and left circularly

polarized scan is the dichroic signal and pictured as the black curve. The areas

A and B of the di�erence curve can be evaluated by the XMCD sum rules to get

access to the orbital to spin moment ratio.
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the same e�ect on the absorption process as the inversion of the photon polar-
ization. The dichroic behavior of magnetic materials has �rst been investigated
experimentally with XMCD for the iron K-edge by G.Schuetz et al in 1987 [118].
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Figure 2.6: Absorption of circularly polarized photons lead to a di�erent partial

transmission probabilities as displayed above for the L3 (a) and L2 (b) edge.

By excitation with circularly polarized light the selection rule demand that the

change in orbital moment ∆ml = +1(−1) for right (left) circularly polarized

light. Spin �ipping is generally forbidden, when exciting electrons with light,

since the electromagnetic �eld does not couple with the spin, hence ∆ms = 0.

The transition probabilities from all initial 2p states P3/2 and P1/2 into all the

possible 3d �nal states in case of excitation with right circulalyr polarized light

are shown. One can see that there are totals of 75% spin down excitations for the

L2 edge and 62.5% spin up excitations at the L3 edge.

XMCD became more powerful as a tool with the derivation of the sum rules by
Thole et al. [3, 4, 135, 136], which allow to directly estimate the orbital moment
ml = −µB

h̄
〈Lz〉 and the spin momentms = −gs µBh̄ 〈Sz〉 of the material investigated

using the formulas 2.3 and 2.4, using integrated absorption signals over the L2-
and L3-edge region for left (σ+), right (σ−) circular and linear (σ0) polarized
light, the number of d-holes (nh) and the z-component of the magnetic dipole
operator 2.6 (Tz).
XMCD orbital sum rule:

〈Lz〉 = 2 · nh · h̄ ·
∫
L3+L2

(σ+ − σ−)dE∫
L3+L2

(σ+ + σ0 + σ−)dE
(2.3)

XMCD spin sum rule:

〈Sz〉+
7

2
· 〈Tz〉 =

3

2
· nh · h̄ ·

∫
L3

(σ+ − σ−)dE − 2 ·
∫
L2

(σ+ − σ−)dE∫
L3+L2

(σ+ + σ0 + σ−)dE
(2.4)
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total e�ective magnetization measured:

mtot = ms(eff) +ml = 2 · µB
h̄
·
(
〈Sz〉+

7

2
〈Tz〉

)
+
µB
h̄
· 〈Lz〉 (2.5)

For a precise estimation one must separate the L3 and the L2 contribution of
the spectrum, which is fairly easy for the heavier 3d elements, but can proof
a hard task for light 3d elements since the spin-orbit split increases with the
nuclear charge of the atom. Additionally in case of up excitations one needs to
know the exact amount of d-holes in the material, for which no straight forward
determination procedure exist, therefore the results in this work are presented
mainly as magnetic moments per d-hole. Finally one needs to have the knowledge
of the aspherity of the charge density of the valence states ~T (formula 2.6).

~T = ~S − 3r̂(r̂ · ~S) (2.6)

The aspherity is often assumed to be zero, which is usually a good assumption
for cubic undistorted systems. Quite often the distortions are responsible for the
magnetization of the system, as the e�ect of perpendicular magnetic anisotropy
(PMA), which is present in the magnetic thin �lm systems used as magnetic
sublayers for the mass selected clusters in this work. For most 3d-metallic sys-
tems especially for iron, cobalt and nickel it has been shown that the total error
is less than 10% if ~T is included in the total error [25, 102, 152, 153]. The-
oretical calculations of Ederer et al [36] with Linear mu�n-tin orbital method
(LMTO) and full-potential linearized-augmented-plane-wave method (FLAPW)
have shown that ~T in ComPtn multi layer system will increase strongly at the
interface. They claim Tz not to be negligible for the interface layers in �at layered
systems.
For practical application of the sum rules a measured tey spectrum has to be
treated as described above to remove the features in�icted due to instabilities and
background. If that is done the resulting spectrum still contains all contributions
due to all partial absorption cross sections of the sample material in the measured
energy region. The sum rules explicitly cover only the 2p to 3d excitations,
therefore all other contributions must be removed from the measured spectra,
before applying the sum rules. These contributions are removed by subtraction
of a hyperbolic step function with one step at the L3-edge and one at the L2-edge
with a step height ratio of 4:2, following the multiplicity 2j+1 of the edges. There
is some discussion about the origin of this step. If the step would originate only
from p- to s-state transitions, it should be much smaller. Only about 5% of the
total absorption cross section is related to 2p to 4s transition [33]. A small amount
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of s-d hybridization could boost the absorption cross section enough to enlarge
this step to the measured amount. Measurements of S.Liu et al. on the Valence
states of free size selected Co and Ni clusters show an evolution of separated s and
d states towards a mixed s-d-state for a cluster size as small as 20 atoms [86], but
so far no overall accepted explanation for this boosted cross section is given in
literature. Nonetheless the described practice has proven to work well and is used
by all experts in this �eld. Little discussion is about the position of the step that
is de�ned by the fermi level of the system. In experiments of this kind it is di�cult
to measure the fermi level of the system, hence it is common practice to vary the
position of the step function slightly until a result is reached in which the peak
properties of the absorption peaks are changed as little as possible by subtracting
the step function. Typically the steps are anchored at the maximum position of
the absorption peaks or as in this work the in�ection point of the derivative of
the absorption peaks (which should principally represent the fermi level of the
system). Finally the resulting spectrum consists only of the contributions from
2p1/2 and 2p3/2 to empty d-state transitions.
The dichroic signal can be evaluated without subtraction of the step function and
usually even without subtraction of any background or slope. The dichroic signal
only gives access to the ratio of orbital and spin magnetic moment (formula 2.7).
One has to keep in mind that this is the ratio of orbital and e�ective spin moment,
which includes the contribution of 〈Tz〉.

ml

ms(eff)

=
2

3

∫
L3+L2

(σ+ − σ−)dE∫
L3

(σ+ − σ−)dE − 2 ·
∫
L2

(σ+ − σ−)dE
=

2

3

A+B

A− 2 ·B
(2.7)

For this ratio errors due to uncertainties mentioned above drop out and allow
the ratio to be determined more precise than either of the involved magnetic
moments. For absolute values of either spin or orbital magnetic moment it is
nevertheless unavoidable to undergo the complete background treatment. While
the spin moment can be estimated quite good in most cases of negligible 〈Tz〉
contributions, the orbital moment is generally underestimated by the sum rules.
This error is in the order of 25% of the �nal value for Fe and Co [54, 127].
Often the dichroism normalized to the L2-edge is displayed to visualize changes in
systems, these graphs display a variation of the orbital to spin magnetic moment.
Obvious it can not represent one of the magnetic moments, since their values
depend on the normalization by the whiteline spectrum, which would be canceled,
when normalizing to the L2-edge (area B in �gure 2.5b) of the dichroism spectrum.
Normalizing the area B to one, the area A will be scaled by the same factor and
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represents after this normalization procedure, the former ratio of A/B. This ratio
can be related to spin and orbital moments by solving equation 2.7 for this ratio:

ml

ms(eff)

=
2

3

A+B

A− 2 ·B
(2.8)

⇒ A

B
= −

2 ·ms(eff) + 6 ·ml

2 ·ms(eff) − 3 ·ml

(2.9)

⇒ A

B
= −1− 9

2

ml

ms(eff) − 3
2
ml

(2.10)

Typically ms(eff) is 5-10 times larger than ml, hence in good approximation of
ms(eff) � 3

2
ml the ratio of the areas A and B represent the ratio of ml/ms(eff):

A

B
≈ −9

2

ml

ms(eff)

− 1 (2.11)

The displayed ratio is not exact and has an o�set, but trends of ml/ms can be
nicely visualized by this form of representation.
For the experiments in this work the magnetic �elds were chosen to be aligned
parallel to the incoming photons, to maximize the measurable e�ects of XMCD.
To achieve this in addition to a maximum light �ux per sample area, during the
measurements of the mass selected particles, with coverage of less than 5% of a
ML, surfaces with magnetization perpendicular to the surface normal were used.

2.1.2 Thermal Desorption Spectroscopy

Dealing with thin �lm systems or using soft landing processes the calibration of
evaporators and the investigation of the cushion layers for the landing process
are important. In case of this work all of that has been done using the titration
method thermo desorption spectroscopy (TDS). TDS is an extremely surface
sensitive technique, that probes only the interaction between the topmost surface
layer and the adsorbed gas. Adsorbates can bind chemically or stay chemically
adsorb or physically adsorb on a surface. Chemical bonds should be avoided if
non destructive investigations are preferred. If the samples are cooled to low tem-
peratures noble gases as argon, krypton or xenon are best suited for a chemically
non interacting titration experiment on a surface. For TDS one produces a clean
surface to investigate, freezes out 2-3 layers (if possible) of the titration gas (for
this work xenon) and then slowly heats up the sample while measuring the partial
pressure of the desorbing titration gas. A typical desorption process is shown on
the left side of �gure 2.7.
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Figure 2.7: An overview over the titration method of thermal desorption spec-

troscopy (TDS), using the titration gas xenon and a copper surface: (a) After

freezing several layers of xenon onto the clean surface the sample temperature is

slowly increased, while the partial pressure of the xenon is measured. The com-

bination of temperature and pressure measurement give a curve that show as a

multi layer peak, a second and a monolayer peak. (b) TDS for the case when

the substrate is changed between succeeding measurements. The iron coverage

increases from nothing to a complete layer. The position of the monolayer-peak

shifts with the amount of iron, until a full layer of iron is on top of the substrate.

The multi layer peak is una�ected by the change of the surface.
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The Van-der-Waal's interaction between the noble gas and the surface is stronger
than between two noble gas atoms and the second layer of the noble gas is still
noticeably stronger attracted than the following layers, producing a spectrum con-
taining from the low temperature side a multi-layer-peak (3rd layer and above),
a second layer peak and a monolayer peak. If the substrate is changed the tem-
perature position of the multi layer peak does not change, but the interaction
between the lowest layer of the noble gas and the surface will be di�erent, which
leads to a shift of the temperature position of the monolayer peak. For evaporator
calibration one takes a data set with TDS measurements of increasing coverage
from 0 to 1 layer. One can see the movement of the �rst layer peak (right side
of �gure 2.7). For evaluation of frozen cushion layers as in the case of the soft
landing process one can integrate the areas of the peaks and by knowing that
the monolayer peak contains the amount of gas necessary to cover the sample,
estimate the total coverage.

2.1.3 Soft Landing

The process of depositing clusters from the gas phase on surfaces is always con-
nected with the risk of fragmenting the cluster or even implanting them into the
substrate.
Molecular dynamic simulation and experiments have shown, that clusters of only
13 atoms may still fragment when the kinetic energy of the cluster is even less
than 1 eV/atom [26, 27, 64, 144]. When keeping the energy per atom constant,
the risk of fragmentation increases with the size of the cluster and the kinetic
energy. Hence in the experiments the total kinetic energy per cluster was kept
constant, reducing the kinetic energy per atom with increasing cluster size. The
use of several layers of noble gases can strongly reduce the fragmentation of the
clusters upon impact, by dissipating the kinetic energy [20, 21, 43, 79]. The
largest cluster deposited on the surface in this work was only 4 atoms in size and
the highest kinetic energy of the entire clusters was below 1 eV/cluster. In these
cases the risk of fragmenting is already low, but to further reduce the chances,
the well established procedure of soft landing was used.
Measurements of S.Fedrigo (�gure 2.8) of mass selected Ag2+ have shown that
in the case of low energetic clusters the e�ect of argon and krypton layers are
equally e�ective for the soft landing. Additionally they discovered that a higher
binding energy makes clusters usually more stable, only Cobalt was in spite of its
rather small inter dimer binding energy of 1 eV relatively stable.
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Figure 2.8: The fragmentation probability of Ag2 clusters in respect to the

kinetic energy for di�erent rare gas matrices (a). The fragmentation probability

of Dimers of di�erent materials by deposition in an argon soft landing matrix with

10 eV kinetic energy as a function of the intra dimer binding energy is shown in

(b) (�gures from reference [43]).

2.1.4 STM

One very interesting aspect would be to investigate deposited clusters with an
scanning tunneling microscope (STM). There has been much planning done to
realize STM investigation of in situ prepared mass selected deposited clusters
in our group. It would be very interesting to investigate the surface and the
deposited clusters with a visual method. The interpretation of the measured
data could be much improved by the knowledge of the geometric orientation of
the clusters on the surface, as well as the actual appearance of the surface itself
before and after cluster deposition.
There is very nice work done by the group of group of R.Berndt (�gure 2.9). Mn1

to Mn4 was produced by STM manipulation of Mn adatoms on a smooth Ag(111)
surface.
The changes from one size to another are unfortunately very small, hence it will be
quite a way to go, until larger clusters on a rougher surface will be equally nicely
measurable. The stability requirements of a STM to achieve this resolution is
too high to be able to perform this with a traveling experiment at a synchrotron.
The usual manipulators used for synchrotron experiments allow by far too much
movement of the sample at the possible location of the STM, therefore either a
special transfer system must be developed or more likely a special STM would
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Figure 2.9: STM measurements of metal clusters upon metal substrates are very

di�cult. The Mn-clusters were in situ prepared by STM manipulation technics on

a very smooth Ag(111) surface by R.Berndt et al. (�gure from reference [74]). It

already proves hard to distinguish Dimer, Trimer and Tetramer and thus demon-

strates the challenge one will have to rise to, in order to decisively identify metal

clusters on rough surfaces after deposition.

have to be constructed, that allows the sample preparation and cluster deposition
inside the STM. These are very challenging experimental di�culties to be solved
in order to lift the secret of the geometry of the deposited clusters by means of
STM.

2.2 Material properties

2.2.1 3d transition metals

The 3d transition metals are investigated in experimental an theoretical physics
intensively. They are relatively common and stable, are often used in technolog-
ical applications and that almost during the entire history of human civilization.
They show interesting properties such as ferromagnetism in the case of Fe, Co
and Ni even as bulk material and at room temperature. In this section some
spectroscopically relevant properties of 3d transitions are introduced, �rst for 3-
dimensional bulk material, then reducing the dimensions to 2 and below, as it is
the case for thin �lms or small islands (as deposited clusters).
While the outer 4s shell is �lled for most 3d transition metals in the ground state,
the 3d shell is subsequently �lled from Sc21 to Zn30 giving rise to the very unique
properties of these elements. The 3d transition elements are quantum mechani-
cally in the region of so called intermediate coupling between LS and jj coupling,
which is important for theoretical model calculations. The outer weakly bound
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electrons can still be treated as it is done for the light elements of the periodic
table, where S and L are good quantum numbers, the more strongly bound deeper
lying electrons on the other hand already experience relativistic e�ect. Experi-
mentally the electronic structure can be investigated either by probing the �lled
3d/4s density of states (DOS) or the empty 3d/4s states. The empty states can
be probed by optical excitation using the above described XAS. To �rst order in
a one electron picture, which we use for the explanation of the magnetic dichro-
ism, ignoring any spin-orbit coupling of the initial state 2p63dn and any electron
core hole interaction in the �nal state 2p53dn+1, one would expect an statistical
branching ratio (BR) of 2 between the integrated absorption from 2p3/2 → 3d

and that of the 2p1/2 → 3d excitation. Experiments of Fink et al. in 1985 [47]
have shown that the BR is about 0.7 for Ti and rises to 2.3 for Co (�gure 2.10a).
In 1988 Thole and Van der Laan [137] discussed the e�ects that using LS or jj
coupling has on the Hatree Fock (HF) calculated spectra, coming to the conclu-
sion that in the case of nickel for the M2,3 absorption edges almost undisturbed
LS coupling can be used, while the L2,3 edges show some 70% jj coupling behavior
(�gure 2.10c). The BR varies with the type of the coupling.
In 1998 Schwitalla and Ebert [119] addressed the problem of the BR of 3d transi-
tion metals with a fully relativistic time dependent density functional calculation
at the L2,3 edges (�gure 2.10b). Their results showed that the electron core hole
interaction in the 2p53dn+1 �nal state causes an intermixing between the L2 and
L3 partial spectra, thus a�ecting the branching ratio. The stronger the core hole
interaction the more the BR is shifted in favor of the L2-edge. Their calculations
produce the right trend, but still overestimate the BR of early and underestimate
that of the late 3d transition metals. Scherz et al. [116] extended this and in-

energy interaction

∼ 5eV 3d-hybridization (3d bandwidth)

≤ 2eV multiplet splitting (electrostatic)

∼ 1eV magnetic exchange interaction

∼ 0.1eV crystal �eld splitting

∼ 0.05eV spin orbit coupling

Table 2.2: This table lists the typically occurring interactions in bulk metal and

the energies involved for 3d metals.
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a b

c

Figure 2.10: The statistical branching ratio of the L3/L2-edge is 2:1 and as

shown in (a) by Fink et al. (�gure from reference [47]) for bulk material smaller

for early and higher for late 3d metals. These measurements could be theoreti-

cally con�rmed with fully relativistic TD-DFT calculations by Schwitalla et al.

(b) (�gure from reference [119]). Thole and Van der Laan could show with HF

calculations (c) (�gure from reference [143]) that the L-edge absorption of 3d

transition metals behave 70% as jj-coupling induced and only 30% as LS coupling

induced, which states that relativistic e�ects must be included when dealing with

3d transition metals.
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cluded exchange correlation e�ects. By allowing the core hole to a�ect the spin
orbit coupling, the experimental data for bulk samples could be reproduced by
calculations for Ti, V, Cr and Fe.

a b c

Figure 2.11: (a) and (b) (�gures from reference [28]) show atomic multiplet

calculations of F.M.F. de Groot for Co2+ and Co3+ as a function of the lattice

parameter (10 Dq). The spectral di�erences between Co2+ and Co3+ are strong

enough to identify the di�erent contributions in absorption spectra measured and

to estimate roughly the e�ective lattice parameter present at a measurement.

F.Aguilera-Granja et al. calculated 2008 the energy levels of 3d and 4s states for

Fe, Co and Ni (c)(�gure from reference [1]) with and without relativistic e�ects,

which lead in the case of cobalt to a more �lled 4s state s-d-band when including

relativistic e�ects.

Metallic 3d systems produce rather simple 2p→ 3d absorption spectra, as can be
seen in �gure 2.10a. If the 3d metals oxidize or are in other covalent bound states,
the band structure of the 3d-band changes to an orbital molecular structure and
the binding energy of the 2p level shifts due to changed screening [90]. The
2p → 3d absorption spectra consequently move in the energy position and show
some �ne structure, as it is calculated for the two di�erent lattice sites of Co in
Co3O4 in dependence of the crystal �eld parameter (10Dq) by F.M.F.de Groot
et al. with atomic multiplet theory (�gure 2.11 a+b). The spectra of Co2+ in
CoO looks as the calculated spectra for the 2+ position, when assuming the same
symmetry. The position of the L3-edge of the Co2+ has it's maximum at the
energy position of metallic cobalt, while the absorption edge is shifted roughly
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4 eV for the Co3+ spectra. In addition the line shape of the two spectra are
distinctively di�erent. These changes can be used to analyze the composition of
a sample. In experiments this e�ect is often exploited to exclude the presence of
a speci�c oxide, as Co3O4, as in the experiments of this work.

a b

Figure 2.12: Photoelectron spectra of free size selected Co-clusters of S.-R.Liu

et al.(�gures from reference [85]) show nicely the transition from atomic s and d

orbital's towards a s-d-band like structure at cluster size 20.

Most calculations and investigations are performed for bulk materials and atoms
�rst due to the high symmetry of those systems and later extended to thin �lms
and clusters. Depending on the question addressed the size at which the ma-
terial changes it's atom like properties to bulk values is often di�erent. The
magnetic properties of free Fe,Co and Ni clusters reach bulk values at 400-700
atoms/cluster [17], some electronic properties seem to change earlier, as the 4s-
3d hybridization that is present in bulk material and not for atoms. Figure 2.12
shows some photoelectron spectra of S.-R.Liu et al [85, 86] of free size selected
Con clusters. The mixed s-d-band appears already at n≥20 (for nickel it is al-
ready at half the size). The 3d-band of clusters with sizes of 1 nm diameter (≈
100 atoms) is already bulk like, and thus the spectral e�ects due to oxidation
mentioned above, can be used for Co nanoparticles. How deposited clusters on
metals evolve in their electronic states has so far not been investigated, hence
more caution is advised.
The magnetism of the 3d transition metals is dominated (over 95%) by the 3d
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valence electrons. Bulk Fe, Co and Ni are usually pictured in the Stoner Model,
splitting the valence band in one spin up band (minority spin density N↑) and
one spin down band (majority spin density N↓). The majority band is energeti-
cally lower and hence more occupied, which leads to a resulting permanent spin
moment of the material.

2.2.2 Cobalt-Platinum alloy

The high complexity of the electronic structure of CoPt alloyed system has been
and still is a very challenging task for all theoretical calculations, therefore there
are some calculations for bulk materials, very few for free clusters and none (to
the best knowledge of the author) for clusters in contact to surfaces. Nontheless
CoPt alloys have been a materials of high interest over the last 20 years, especially
because of the outstanding magnetic properties of those alloys (high magnetic
anisotropy and high coercivity) and the good corrosion resistance [44, 84, 112].
Vapor deposited CoPt3 and CoPt2 �lms have shown that CoPt3 crystalizes in
L12-phase and that CoPt2 is more complicated at low temperatures being at the
two phase region with both phases (L10 and L12) present. Shapiro et. al. believe
to have seen Co clustering during the deposition if the deposition temperatures
were below 450 ◦C [121].
MBE deposited CoPt3 500Å thin �lm XMCD measurements show out of plane
magnetic anisotropy for orbital moment [53].
CoPt �lms with di�erent stoichiometric ratios were investigated by Weller et
al. [147] with Kerr spectroscopy. 25 nm �lms were created using electron beam
evaporation at temperatures of 100 ◦C to 250 ◦C and as expected a strong PMA
was observed and the remanent magnetization increased with the evaporation
temperature.
Theoretical calculations using a fully relativistic mu�n-tin orbital method of
CoPt and CoPt3 have been performed by Galanakis et al. [49] (�gure 2.13a),
assuming CoPt to be in the L10-phase and CoPt3 in the L12-phase (�gure 2.14).
Assuming a number of d-holes for CoPt (CoPt3) of nd = 2.651 (2.628) their results
were fairly similar for the spin moment ms = 1.8 (1.9) µb, but di�ered almost a
factor of two for the orbital moment ml = 0.095 (0.055) µb. The ratio of orbital
to spin magnetic moment (which is the most accessible for experimentalists) was
ml/ms = 0.053 (0.029). A very similar trend was calculated by Sipr et al. in
2008 [145] in a fully relativistic calculation, using the dynamic mean �eld theory
to include many-body e�ects. The ratio of orbital to spin magnetic moment
dropped from 0.139 for CoPt to 0.094 for CoPt3. Even the values of Sipr et.
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Figure 2.13: (a) FR-MTO calculations as of Galanakis et al. (�gure from

reference [49]) for CoPt and CoPt3 show that Pt has very little empty states at

and above the fermie edge, while Co has many and especially for CoPt3 giving

rise to an enhanced magnetic moment for Co. (b) GGC DFT calculations of pure

Con clusters (black squares) and (CoPt)n/2 cluster (gray �lled circles) (�gure

from reference [44]) show a principally enhanced magnetic moment for Co in the

alloy clusters. (c) An ASR TB-LMTO method calculation for bulk CoPt-alloys of

D.Paudyal et al. (�gure from reference [106]) con�rm the trend of rising magnetic

moments at the Co sites with increasing Pt contend of the alloy, as to be expected

by the DOS shown in (a). The total magnetic moment of the alloy decreases due

to the much smaller moments of the Pt, which is consistent with the experimental

data cited in the article.
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al are still below any experimental references to be found in literature. Sipr et
al. reported that the increase of Pt concentration is suppressing the Co orbital
moment, since Platinum has very little empty states above ef (the calculated
DOS was very similar to the displayed results of Galanakis et al. in �gure 2.13a)
and thus leaves the Co minority states less hybridized. Generally the mixing
of Co and Pt atoms leads to a reduction of the quenching of orbital moments,
compared with bulk cobalt. Decreasing the long range order of CoPt3 Sipr et al.
found almost no e�ect on the orbital moment, but for the Co atoms the average
amount of nearest neighbor Co atom increases from zero to a maximum of three
and an increase of the spin moment of up to 5%.

.

Figure 2.14: Both structures are fcc structures. In the L10-structure (a) there

are alternating planes of atoms of di�erent type in [100] direction and thus an

equal amount of atoms of the two di�erent types. In the L12-structure the ratio

of the two di�erent atom types is 1:3, hence every second plane in [100] direction

is a mixed plane of atoms of both types.

In 2006 Feng et al. published their generalized gradient corrected spin density
functional results of (CoPt)n clusters with (1 ≤ n ≤ 5) calculations. They
calculated the ground state properties of di�erent geometries, the DOS and the
magnetic properties of those clusters and the magnetic moments of the involved
atoms. Their results have shown an continuous increase of the total magnetic
moment per (Co-Pt)-pair with increasing cluster size, but not for the magnetic
moment of the average Co atom in those clusters (�gure 2.13b).
Previous experiment on free Co cluster [17] have shown that there are strong size
dependencies up to 50 atoms/cluster and that still up to 400 atoms/cluster the
magnetic moment is well above the bulk value (�gure 2.15a). A 400 atom cluster
has 2-3 nm diameter and a surface to volume ratio of roughly 1/2. Co clusters

35



Cluster size N

a b

.

Figure 2.15: (a) Measurements of free mass separated Co-cluster (�gure from

reference [17]) Have shown decreasing magnetic moments per cobalt atom with

cluster size, reaching bulk value at 400 atoms per cluster. (b) Deposited mass

separated Co clusters on Pt(111) (�gure from reference [50]) displayed a very

high orbital to spin moment ratio (up to 400% of the bulk value) and thus raising

hope for extremely high magnetic anisotropy

in the range of 3 to 40 atoms/cluster were deposited on a Pt(111) surface and
displayed an enormous ratio of orbital to spin magnetic moment, up to 4 times
that of bulk cobalt (�gure 2.15b).

2.2.3 Magnetic thin �lms

Thin �lm often show very di�erent magnetic properties compared with the bulk
material. The most obvious reason for that is breaking of the symmetry at the
surfaces of the �lm, which implies a reduced coordination of the atoms. Less
d-d hybridization leads to a narrowing of the d-band resulting in an increase of
the spin magnetic moment. At the surface of a bulk material or in a thin �lm
the quenching of the orbital moment that occurs in highly symmetric systems is
strongly weakened.
Furthermore the density of states at the fermi-level can be higher due to surface
states and the consequential further narrowing of the d-band, which also increases
the orbital moment. In addition in very thin �lms the pseudomorphic growth on
the substrate material will cause lattice strain, which again breaks the symmetry
and gives rise to enhanced orbital moments (no or less quenching than in the
bulk).
The orbital moment couples to the lattice �eld due to the anisotropy of the
crystal �eld. The spin couples only through spin orbit interaction with the orbital
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moment to the lattice and is therefore almost free (isotropically oriented).
Surface shape anisotropy favors an in plane magnetization and is usually far to
small to explain the total magnetic anisotropy energy (MAE). Small distortions
of the lattice of 5% may increase the MAE energy by 102 − 103 [10]. The lat-
tice distortion is usually stronger perpendicular to the surface giving rise to an
increased perpendicular magnetic anisotropy.
The magnetic anisotropy of a �lm can be expressed in a simple picture as the
sum of the volume (KV ) and the surface (KS) anisotropy and the �lm thickness
(d) in formula 2.12:

K = KV +
KS

d
(2.12)

The in�uence of the surface decreases with the �lm thickness. Surface anisotropy
tends to favor an out of plane magnetization, while the volume anisotropy favors
in plane, except in some cases where a lattice distortion is present. Usually thin
�lms have therefore a small thickness region of out of plane magnetization and
with increasing thickness a spin reorientation transition (SRT) occurs in which
the magnetic easy axis of the �lm tilts into the surface plane.
More detailed information about magnetic anisotropy e�ects and their origin for
especially transition metal thin �lms can be found in [11, 22, 114, 143].

Ni/Cu(100)

The system of Ni on Cu(100) is very docile for experimentalists. The very slight
di�erence in lattice constants of nickel (aNi = 3.52 Å)and copper (aCu = 3.61 Å)
imply a very slight lattice mismatch (ηNiCu = (aCu-aNi)/aNi), which again causes
relatively little lattice strain and makes the changes in the induced magnetic
properties very gradual. Ni/Cu(100) does not alloy at temperatures below 400
K, although �rst signs of alloying have been reported for temperatures of roughly
300 K [57]. Nickel grows pseudomorphic up to about 20 atomic layers on Cu(100)
then gradually changing to nickel bulk structure. In the pseudomorphic range the
nickel experiences a lateral expansion of approximately 2.5% and a contraction
in the inter layer distances of about 3.0% [46, 60, 72, 100, 109] growing in Ni-fct,
no longer quenching the orbital moment. The lattice distortion gives rise to a
perpendicular magnetic anisotropy (PMA) between 7 and 40 ML [101] (�gure
2.16). The perpendicular magnetization is almost constant over the thickness
region between 10 and 30 layers and the lattice parameters change very little.
The SRT takes place by small in plane domain formations and growth, hence for
the experiments in this work only the magnetization of the nickel thin �lms was
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extracted from the data (using the XMCD sum rules) to calibrate the magneti-
zation of the deposited clusters. The substrate has been used successfully used
for spectroscopic measurements of mass selected clusters [80, 81, 154].

a b

Figure 2.16: Nickel thin �lm on Cu(100) magnetization measurements (�gures

from reference [101]) shows an almost constant perpendicular remanent magneti-

zation for thicknesses between 20 and 40 atomic layers.

Fe/Cu(100)

Bulk iron crystalizes at room temperature in body-centered cubic (bcc) structure
(α-Fe) with a lattice parameter (abccFe = 2.87Å) (table 2.1). The high temperature
(1185-1667 K) fcc-phase (γ-Fe) of bulk iron has a much larger lattice parameter
(afccFe = 3.52Å) [56].
In thin �lms on Cu iron grows pseudomorphic and does not intermix with the
substrate up to 300K. This layer system Fe/Cu has been intensively investigated
in the last 20 years. Iron thin �lms on copper have either been prepared with a
rather smooth surface at room temperature or with increased surface roughness
at temperatures below 100 K [15, 48, 96, 126, 130, 155, 156]. Most measurements
lead to the picture that Fe thin �lms on Cu(100) grow in three thickness regions.
The �rst 4 layers (region I) grow pseudomorphic with a slight vertical distortion
as tetragonally distorted Cu-fcc (fct) structure, giving rise to a PMA between 2
and 4 fe-layers with a Fe-fcc high spin state. Layer 5 to 10 (region II) grow in
nearly undistorted γ-Fe-fcc structure with slightly elongated inter layer spacing,
however with a Fe-bcc like reconstructed over layer, while the magnetization tilts
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into the surface plane. The magnetization of the topmost layer remains out of
plane. Above 10 atomic layers (region III) the Fe-�lm assumes the native bcc-Fe
structure with the bcc-[110] plane parallel to the surface and in plane magnetic
easy axis. Spin polarized metastable-atom deexcitation spectroscopy which is
only sensitive to surface side of the topmost layer [76] (�gure 2.18b) has shown
that the magnetization of the topmost iron layer on Cu(100) grown at 300 K re-
mains perpendicular to the surface at least up to 8 Fe-layers, although the overall
magnetization measured with Kerr ellipticity tilts in plain above 4 Fe-layers. Ear-
lier measurements with spin polarized secondary electron spectroscopy [104] had
suggested a PMA for iron �lms on Cu(100) grown at 125 K between 1 and 6.1
Fe layers. XMCD measurements in an angle of 67◦to the surface normal of iron
thin �lms on Cu(100) have shown [117] strongly enhanced spin moment for iron
(high spin state) in region I and a low spin state in region II. Our XMCD mea-
surements perpendicular to the surface at 40 K con�rmed that with the change
of structure between region I and II the total net magnetization in perpendicular
direction diminishes. Cobalt coverage of 10-20% of a ML as well as the increased
surface roughness of thin �lms prepared at lower temperatures lead to an earlier
SRT [122] (�gure 2.17).

.

Figure 2.17: The spin reorientation transition of iron thin �lms occurs at much

lower thicknesses, if the thin �lm is covered with cobalt, as experiments of Shen

et al. (�gure from reference [122]) have shown. The two abbreviations RT and

LT stand for room temperature and low temperature grown �lms.
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Figure 2.18: Iron thin �lm on Cu(100) shows a perpendicular magnetization in

a thickness rage of about 2 layers (2-4 or 3-5, depending on the source). (a) The

magneto-optical Kerr e�ect (MOKE) measurements (�gure from reference [138])

show 3 di�erent magnetic regions (I,II and III), where region I represents a high

spin state of the iron with strong out of plane magnetization, region II a low spin

state with still out of plane magnetization and region III a low spin state with in

plane magnetization. (b) MOKE and spin polarized metastable deexcitation spec-

troscopy (SPMDS) measurements con�rm the regional structure (so do XMCD

measurements not shown here), while the top-layer sensitive SPMDS proves the

upper lay er to have equal perpendicular magnetization in region I and II (�gures

from reference [76]) . (c) Spin polarized electron spectroscopic investigations (�g-

ure from reference [104]) too con�rm the regional change, but show in plane and

out of plane magnetization in region II.
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With increasing iron �lm thickness the topmost two iron layers remain perpen-
dicular magnetized, while starting at the third layer, the �lms vary strongly,
showing no magnetization at higher temperatures and developing a spin density
wave structure at 130K (�gure 2.19), as could be shown with depth resolved
XMCD measurements by K.Amemiya et al. [5, 6]. They investigated a 7 ML �lm
Fe/Cu(100) and established a picture of a spin density wave state with increasing
anti-ferromagnetic inter layer coupling of the Fe-�lm at decreasing temperature,
leading to a decrease of the XMCD signal with decreasing temperature.

.

Figure 2.19: The magnetic structure of iron thin �lms on Cu(100) is rather

complicated above region I (up to 4 layers). Depth sensitive XMCD measure-

ments (�gure from reference [5]) gave information that con�rmed the idea of a

Spin density wave state that establishes in region II (up to 10 layers) underneath

the 2 upper iron layers, that keep a �xed perpendicular magnetization. This spin

density wave (SDW) state disappears at medium temperatures (200 K) and reap-

pears near room temperature. The model agrees �ne with all measurements so

far (e.g. �gure 2.18)

Iron thin �lms as substrate for mass selected clusters was �rst used for depositing
Chromium clusters [111] and has proven to work well, but being experimentally
much more challenging than the Ni/Cu(100) system and in the data evaluation
process especially at the background treatment. Iron thin �lms show tempera-
ture and thickness dependence, while the surface layers stay perpendicular mag-
netized for all Fe/Cu thin �lm systems. Clusters couple via exchange coupling to
the uppermost surface layer and since that is for Fe/Cu(100) always magnetized
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perpendicular to the surface plane, the clusters show their maximal magnetic
moment in a perpendicular direction.
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Chapter 3

Experimental Setup

This chapter will introduce the di�erent experiments performed in this work,
the sample preparation methods and experimental chambers that were used for
the experiments. Although the material for all samples was CoPt, the methods
of chemists and physicist di�er very much. Additionally the essential di�erence
between the two experiments is that one is for fundamental research and the
other mainly for applied science. In experiments of fundamental research usually
much energy is spent to determine all parameters of the experiment very precisely.
This quite often raises the time investment for a single sample signi�cantly and
sometimes reduces the lifetime of samples. In applied science some methods to
reduce the labor cost for a single sample lead to less well de�ned samples. On
the other hand applications can only be realized if some way of mass production
is possible.

3.1 Introducing wet chemical CoPt nanoparticles

Wet chemical processes have the general advantage with respect to evaporation or
sputter processes, that the output is macroscopic. This makes samples prepared
in wet chemical processes candidates for actual industrial usage. However one has
to accept the usually less de�ned structure of the samples. One great challenge
in wet chemical synthesis processes is to reproduce the properties of the particles,
size and stoichiometric structure, in di�erent batches. Particle sizes can be chosen
in wet-chemical processes by stopping the reaction. One way to achieve this
is by adding a chemical to stop the nucleation process. This procedure allows
to produce particles in a wide size range. However it limits the accuracy of
the size reproduction in di�erent batches, since it is not possible to measure
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particle size during the synthesis. One advantage of the process is the freedom
of choice of the organic ligands. One can use any ligand in the synthesis, as
long as the ligands do not limit the size of the particles on there own. The
second way to choose particle sizes in wet chemical processes is by choice of
organic ligands that hinder the growth of the particles beyond a certain size.
Hence, the sizes are easily reproducible. However the di�erent size that can
be produced are determined by the di�erent organic ligands available for the
speci�c synthesis. The sizes of the CoPt nanoparticles measured in this work were
controlled in a third way. In the hot organometallic synthesis used one has the
freedom of choice of the organic ligands, while still having a high reproducibility
of particle size in di�erent batches. The particle size is mainly controlled by the
reaction temperature (�gure 3.2), allowing to tailor CoPt particles from 1.5 nm
up to 14 nm in diameter, which is a broad range for wet-chemically synthesized
nanoparticles.
The measured samples were produced in the Group of Professor Weller of the
institute of Physical Chemistry in Hamburg. In this speci�c hot organometallic
synthesis platinum acetylacetonate is reduced while cobalt carbonyl is thermo-
decomposed in a solvent containing 1-adamantanecarboxylic acid, hexadecylamine
and diphenyl ether. For the synthesis a standard Schlenk line technique [2, 151]
was used and thus the entire synthesis process, including the fresh preparation of
cobalt stock solution was carried out under nitrogen atmosphere. The wet chem-
ical particles under study process chemically reactive surfaces, which was used
to undergo procedures as ligand exchange after synthesis [2] and it was therefore
suspected that there could be at least a partial surface oxidation. To distinguish
the oxidation that might occur already during the synthesis from the oxidation
of aging and contact to air after the synthesis process, 3 di�erent particle sizes
(4 nm, 6 nm and 8 nm) were synthesized and prepared completely in a glove-box
under nitrogen atmosphere. These samples (labeled M1, M2 and M3) were de-
posited by spin coating in the glove box under nitrogen atmosphere and stored
under nitrogen until measured. After synthesis the solutions are washed several
times, centrifuged and �ltered. The bigger the synthesized particles were the
fewer were the number of needed washing cycles. This could mean that there
are more precursors left when synthesizing small particles, since the amount of
cleaning cycles used is derived by the times of cleaning cycles needed, until the
clusters grow together, minus two cycles. This should leave all clusters with a
rather similar amount of not removed precursors per surface area of the particle.
By this processing the size distribution of the particles can be narrowed down
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to 10%, which is a very sharp size distribution for chemically prepared particles.
All post synthesis processes, as washing and �lm preparation were usually per-
formed in air. The entire synthesis process is discussed much more detailed in
the literature [123�125].
Keeping the particles in an oxygen-free environment during the entire synthesis
and deposition process increases the amount of work for the chemists strongly,
therefore one of the goals of the �rst beamtime was to investigate whether there
were any di�erences noticeable between nanoparticles produced, deposited and
stored until measurement in an oxygen-free environment and particles that were
just synthesized that way. Despite the di�erent preparations absorption mea-
surements have shown no distinguishable di�erences. Hence in the two following
beamtimes only particles that were only synthesized in an oxygen free environ-
ment but deposited and stored in contact with air were measured.

surface region
attaching the

organic ligands

Co  Pt
         3nm-18nm

x (100-x)

organic ligand shell
at least 2nm thick

taylorable up to 40nm

Figure 3.1: The basic structure of the particles is a core of Co and Pt and

a shell of organic ligands, that are attached to surface of the Co-Pt-Core. The

Core is most probably structured in face centered cubic with statistically occupied

lattice sites. The changing stoichiometric ratio with particle size is known, but

not precisely studied at this point.

3.1.1 Sample preparation and characterization

After synthesis and washing procedures the nanoparticles were stored in a sol-
vent (2-propanol, chloroform or as for the here measured samples: toluene), the
solutions were diluted for the coating processes. The depletion procedure is not
as precise as the size selectivity, since the yield of the synthesis process varies
between two batches. This way the prepared samples ended up with coverage
down to 1/3 of a layer and up to 3 layers. A p-doped (Bor) Silicon Wafer with a
resistance of 1-20 Ohm/cm was cut in suitable pieces of 8 · 8 mm2 (�gure 3.5).
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Figure 3.2: (a)The CoPt nanoparticle synthesis is done under N2 atmosphere.

Platinum acetylate is heated in solvents to a certain temperature, when this

is reached the cobalt precursors are injected. (b) The reaction temperature is

crucially a�ecting the size of the synthesized nanoparticles (�gure from refer-

ence [123]). By varying the synthesis temperature, while keeping all other syn-

thesis parameters constant, the resulting CoPt nanoparticles vary in size, growing

larger at lower reaction temperatures, thus opening a size range to tailor the par-

ticles from 3 nm to 18 nm (the graph includes only data points up to 10 nm sized

particles).
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Figure 3.3: The growing of nanoparticles: During the Synthesis, the cobalt

precursors form nucleation seed which then grow to CoPt nanoparticles. The

seeding speed varies signi�cantly with the reaction temperature, leading to many

seeds at higher and rather few seeds at lower synthesis temperature. The growing

process on the other hand is more or less independent of the temperature, hence

the particles are more, but smaller at higher synthesis temperatures.
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Figure 3.4: Structural formula of the important chemicals used in the CoPt

nanoparticle synthesis: (a)platinum-acetylacetonate, (b)cobaltcarbonyl, (c)1-

adamantan-carboxylic acid (ACA), (d)1-hexadecylamin (HDA)
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Acetone and isopropanol were used to clean these pieces. We chose to leave the
natural oxide on top of the silicon wafer, instead of removing it as it is often done
(with HF(aq)), because the conductivity of the samples was high enough, that no
charging took place during the SEM characterization prior to the XPS measure-
ments. Above that there is no danger due to the organic ligand shell surrounding
the nanoparticles, that oxygen out of siliconoxide bonds may be transferred to
oxidize the nanoparticles. The silicon wafers were coated with the nanoparticles
using three di�erent techniques: By spin-coating, dip-coating or means of Lang-
muir Blodget (LB) technique. Spin coating is the method of choice if one tries to
vary the coverage in a broad range independent of the ligands attached to the par-
ticles, but is di�erent to the other two methods rather impracticable for industrial
processes. Dip coating and the LB technique have requirements to the solvents
and the ligands in order to work properly. LB is the most valuable technique to
prepare molecular monolayers. Dip coating is the simplest technique, with the
least amount of technical setup and thus the preferred industrial application. All
prepared �lms were analyzed using SEM. We chose solution concentrations and
preparation settings to result in coverages closest to one layer of nanoparticles.
Some especially prepared Carbon grid samples had already been measured by
transmission electron microscopy (TEM), showing the nanoparticles to be very
homogeneous. A possible deformation after deposition (�gure 3.6), as it has been
shown for 12 nm FeCo nanoparticles by M.Getzla� et al [51] can not be excluded.
The experimental chamber at the beamline was equipped with a load lock system
to change the samples and with a Helium cooled super-conducting high �eld
magnet supporting a �eld of up to 7 Tesla during the �rst beamtime and up to
6 Tesla during the latter two 1. The magnetization curve in �gure 3.7 indicates
that a �eld of at least 2 Tesla is needed to magnetize the nanoparticles to a high
extend (above 95%). The chamber was setup properly to �t the sample in the
focus of the beamline which is 100 µm· 60 µm.
The exit slit was set to typically 100 µm, thus allowing an energy resolution of
roughly 200 meV in the energy range 750 eV to 850 eV. The Spectra were taken
with 200 meV steps between two neighboring data points. While measuring
the absorption spectra, the helicity of the light was switched, rather than the
magnetization direction of the magnetic �eld, since both measures have the same

1. unfortunately the magnet had been quenched between our �rst and second beamtime

several times. When trying to change the magnetic �eld of the superconducting magnet too

fast, the increasing current may temporarily destroy the superconductivity and then completely

dissipate the electric energy of the into heat. The process is called quenching and permanently

damages the superconducting magnet, reducing the maximum �eld it can sustain.
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Figure 3.5: (a) During the synthesis di�erent particle sizes are created with

a pronounced broad maximum at a certain size, which can be selected by the

right synthesis temperature. The size distribution can be sharpened by size se-

lective precipitation. Finally the particles are deposited on a surface (in this case

silicon wafer) by standard deposition techniques as spin-coating, dip-coating or

the langmuir-blodget-technique. (b) The �nal samples were in this measurement

silicon wafer pieces of 8 · 8 mm2.
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Figure 3.6: Particles deposited upon a surface might change their appearance

from almost circular shape (a) to a rather lenticular (b) like shape and thus change

their magnetic properties
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Figure 3.7: Increasing the magnetic �eld, while measuring the same sam-

ple shows a slight di�erent magnetic spin saturation behavior for di�erent size

nanoparticles. An almost complete saturation reached at 2 Tesla applied external

magnetic �eld.
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e�ect on the absorption behavior of the sample and switching the helicity was
much faster with this chamber than switching the magnetic �eld. The direction of
the magnetic �eld was always parallel to the incoming photons from the beamline.
Most of the spectra were taken in normal incidence of the light to the sample
surface, while a few were taken varying the angle of the sample surface up to
60◦out of the normal geometry (�gure 3.17) , leaving the magnetic �eld parallel
to the incoming light.

3.2 Mass selected ConPtm clusters

The fundamental research experiment of mass selected small ConPtm clusters
deposited on magnetic substrates, highly depend on the experiment ICARUS.
The Name ICARUS is a relict from early sputter experiments (Ionic Clusters by
ARgon spUttering Source), where the sputtering was tested with argon, today the
heavier more e�cient sputter gas xenon is used. ICARUS is a travel Experiment,
designed to be quickly disassembled and reassembled with as little calibration
work as possible. The experiment consists of three parts, the sputtering source
for cluster, the dipole magnet for mass selection and the spectroscopy chamber.

3.2.1 Sputter chamber and mass selection

The sputter source is a UHV chamber with an operational base pressure of 5·10−8

mbar. The cluster source is di�erentially pumped with a 550 l/s, two 240 l/s and
a 70 l/s turbo molecular pumps, with a M15 Eco Dry as roughing pump (now
replaced by a scroll pump). As in many sputter sources the use of relatively high
pressured noble gases for the sputter process makes this di�erentially pumping
and a high pump rate necessary. This unique sputter source uses 30 kV to accel-
erate xenon ions to sputter any solid (not insulating) target between 1 cm and 3
cm in diameter (�gure 3.8).
The sputter target is set to a potential of usually Uacc=+500 V to accelerate the
positively charged clusters away from the target, forming an unfocused ion beam.
This ion beam is focused by electrostatic ion lenses system that is powered by
CAEN Sy2527 multi power supply. For mass separation the cluster beam passes
a double focusing sector magnet that separates the fragments by mass

charge
. Charged

particles (q ·e) in a magnetic �eld will move according to their kinetic energy and
their mass on radial paths (formula 3.1).
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kin

kin

Figure 3.8: 30 keV xenon ions are focused on a sputter target, which is kept on a

constant potential of +500 V. The positively ionized sputter fragments are repelled

by the positively charged sputter target and accelerated towards a dipole-magnet.

Mass selection is achieved through the dipole magnet and the cluster beam may

be decelerated by a retarding lens to below 1 eV per cluster.
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m

q · e
=
e ·B2 · r2

2 · Ekin
= k ·B2 (3.1)

In this case the radius of the magnet is �xed, the kinetic energy (Uacc · e) is
the same for all clusters and there are very few doubly or multiple charged clus-
ters. Please mark that in this work as it is common, all shown mass spectra
are displayed as cluster signal against mass. The actual mass separation process
samples by mass over charge, therefore it would be correct to label the axis as
mass/charge. Most sputtered clusters are neutral [131] with decreasing probabil-
ity with increasing charge. The amount of doubly and triply charged monomers
can be seen in the mass spectra in the region below the singly charged monomer
peak. For the CoPt mass spectra the multiply charged Co monomers were below
of 5% of the singly charged monomer. The Co1 peak in �gure 3.9 is cut o� for
that �gure, it reached 12.5 nA of maximal cluster current. There are many uncut
mass spectra displayed in the mass spectra section of the Appendix A.
The applied magnetic �eld in the magnet allows to mass separate up to ∆m

m
≤ 2%

(typically slightly above 3%). This allows to still separate Cu and Ni monomers
from a CuNi-alloy target. Tuning the �eld from 0 T up to 0.55 T while detecting
the selected cluster current, mass spectra of the used sputter targets can be
recorded. In this manner several mass spectra of various targets were recorded,
as the CoPt mass spectra shown in �gure 3.9. A detailed description of this
cluster source is given in the PhD Thesis of H.-U.Ehrke [37] and later by J.T.Lau
et al. [78].
The cluster beam can be refocused to a small beam diameter of less than 1mm
radius, which is done when measuring mass spectra or depositing clusters on
surfaces. For focusing of the beam and mass spectra the current at the electrically
isolated pin (2 mm diameter) of the manipulator is used (�gure 3.12b). The actual
spot geometry of one deposited cluster preparation was mapped by tuning the
beamline to the L3 edge absorption maximum of the cluster material (in this
case cobalt) and taking the tey signal at di�erent positions. The measurement
shows that this spot had a diameter of roughly 1 mm and a gaussian like shape
(�gure 3.10).
The deposition time t to establish a coverage of about 3% of a layer of clusters
in the center of the deposited spot is calculated as follows. The supporting
material is in most measurements a copper crystal with a 3 ML iron thin �lm
that grows pseudomorphic in this regime. One can assume that the deposited
3% of a layer clusters grow pseudomorphic too. There are about 1.3 · 1013 copper
surface atoms/mm2. The mass selection in the dipole magnet allow only singly
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Figure 3.9: The size distribution of a a Co25Pt75 alloy target: Tuning the

magnetic �eld of the dipole magnet from zero up to 0.5 T it is possible to record

mass spectra of the sputter target. In this case it is a mass spectrum of a Co25Pt75

alloy target and the cluster beam was not retarded, which is obvious due to the

presence of the xenon signal of low energetic xenon ions, which will completely

disappear when the cluster beam is retarded with the sputter target potential.

The Co1 peak was cut o� in intensity for this �gure it's actual corresponding

cluster current is 12 nA. The inset shows the optical appearance of the sputter

spot, where the xenon ions impact (�gure 3.8).
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Figure 3.10: The cluster spot was measured with the L3-edge tey and as the

spatial distribution shows it is about 1 mm in diameter.

charged clusters of the desired species to pass. One can now calculate the amount
of clusters needed to cover the area of the cluster spot with 3% of a ML and from
this charge estimate the deposition time depending on the cluster current, the
cluster size and the area of the cluster spot:

t(s) =
65s

In(nA) · n(atoms per cluster) · A(mm2)
(3.2)

Using other crystals or systems that may not be assumed to grow pseudomorphic
in the lateral direction, the time would have to be changed according to the
surface area the average deposited cluster would cover compared with the copper
lattice used in this calculation. Due to the �xed size of the pin the cluster beam
being focused upon one can only state prior to the experiment that the focused
cluster spot on the sample will be equal or smaller than the dimension of the pin.
It is impossible to scan the dimensions of the cluster spot at every measurement,
hence it is typically assumed that outer perimeter of the cluster spot is equal to
the that of the pin. This assumption proves true in the light of the data shown
in �gure 3.10.
The formula 3.2 implies a constant cluster current during the entire time of the
deposition process, which is not possible with the cluster source at the moment,
since the sputter spot stays localized at one position on the sputter target. That
way the sputter target is eroded while depositing clusters and due to the deepen-
ing of the hole the cluster current decreases gradually. While depositing cluster
sizes with higher yields the deposition time is often under 5 minutes and the clus-
ter current decreases less than 10%, but when depositing 15 minutes the cluster
current can drop down to 50% of it's initial value. It is thus advisable to monitor
the cluster current during the deposition cycle and take it into account.
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3.2.2 Sectroscopy chamber

The spectroscopy experiments were performed in a ultra high vacuum chamber
with a base pressure of 2 ·10−10 mbar. This is crucial to assure sample lifetimes of
several hours, which are necessary to record the data of a typical cluster prepara-
tion. The time for residual gases to completely cover a clean surface in a 1 · 10−6

mbar surrounding is about a second, at 2 · 10−10 mbar the process takes roughly
2 hours, which in case of highly reactive clusters may even be too fast. For this
reason the spectroscopy chamber that at �rst had been used for �lm preparation
and cluster spectroscopy was redesigned and split into a preparation chamber
and a spectroscopy chamber, that are connected by a valve(�gure 3.11). The new
spectroscopy chamber has a base pressure of 8 ·10−11 mbar, extending the lifetime
of the samples by a factor of 2.5. The spectroscopy chamber is pumped by a 550
l/s turbo molecular pump, a nitrogen cooled titanium sublimation pump (TSP)
and an ion getter pump, which can be powered by batteries and thus allowing to
transport the chamber under high vacuum. There is a SES-100 Electron analyzer
and a Al and Mg K-α x-ray gun mounted. A Leybold Ionivac IM540 ion gauge
is used to measure the pressure. The beamline access is equipped with a di�er-
entially pumped tube with a thin opening to avoid contaminating the chamber
with residual gases from the beamline of the storage ring. This tube is pumped
by two cascaded 70 l/s turbo molecular pumps and a membrane roughing pump.
The preparation chamber is used for the sample cleaning and in situ preparation
of the samples.It is pumped by a 550 l/s turbo molecular pump and a nitrogen
cooled TSP, additionally the revolving front �ange and the manipulator are each
di�erentially pumped with a 2 staged Leybold Turbovac 151. Network cameras
installed allow visual control of the inside, making the chamber manageable by
only one scientist. The chamber is equipped with the retarding lens to decelerate
the mass selected clusters, an argon sputter gun, a LEED optic, three metal foil
evaporators, a coil to magnetize thin �lms, a gas doser, a mass spectrometer
and a manipulator. The manipulator is equipped with a newly constructed two
sided head (�gure 3.12). One side is used for measuring the mass spectra and
for cluster beam tuning, while the other side is holding a Cu(100) single crystal
(0.5◦ accuracy) for the spectroscopy experiments. The surface of the Cu crystal
and the pin of the backside have the same distance to the revolving axis to make
comparable measurements on the two opposing sides possible by just revolving
the manipulator 180◦. The crystal side is equipped with a heating circuit, that
allows radiant and electron bombarding heating. The manipulator can be cooled
by liquid nitrogen or liquid helium, allowing to reach crystal temperatures as low
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Figure 3.11: Here is an overview of the ICARUS preparation and spectroscopy

chamber with all vacuum components typically attached.
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as 35 K 2. A temperature 35 K is su�cient to freeze out argon and all heavier noble
gases, as required for the soft landing process used in the sample preparation.
Temperatures are measured with chromel alumel thermocouples one attached to
the crystal and one to the tip of the manipulator and in case of low temperatures
cross checked by noble gas thermal desorption spectroscopy (TDS).

segment front

segment left

pin

ring around pin

segment right

back-
side

front-
side sample

ring around sample

sample heating
sample cooling

Figure 3.12: In this graph the two sides of the manipulator head piece is pic-

tured. The backside is used to localize the cluster beam position in space and

to measure mass spectra, while the front side contains the liquid helium coolable

Cu(100) single crystal and a heating system, which is needed for sample prepara-

tion and the spectroscopic measurements.

The argon sputter gun and the gas shower are connected to a gas dosing system
(baked out before usage), which consists of three leak valves with attached lab gas
bottles and a Baratron pressure gauge. It is pumped by a 70 l/s turbo molecular
pump attached to a membrane pump. The gas pressure can be adjusted from
1 · 10−4 mbar up to 1 · 10−1 mbar which allows maximum argon sputter yields in
the cleaning process at 3.5 · 10−3 mbar pressure and the dosing of single complete
layer of xenon to the crystal at 4.0 · 10−4 mbar in 3 seconds.
The three newly constructed foil evaporators have a water cooling within both
power connectors, which replaces the former one sided water cooling. This im-
proved the time stability of the evaporators, reducing the drift due to heat load,
keeping it completely stable during the 10 min evaporation cycles.

3.2.3 In situ sample preparation

Samples that consist to a great extend out of surfaces usually age quickly, due to
the high contact to residual gases surrounding it and due to a typically strongly

2. The crystal is mounted by a laser welded connection to an iridium rod. If this rod is not

su�ciently tempered in advance, it's thermal conductivity at low temperatures may hinder the

crystal to cool to temperatures below 45 K.

58



Connection to Clustersource

Connection to
Lightsource
(Synchrotron)

Connection to
Lightsource
(Synchrotron)

Figure 3.13: The new ICARUS spectroscopy chamber

enhanced reactivity compared to bulk materials. This is true for all clusters
prepared with ICARUS so far, that way it is only possible to measure in situ
prepared samples. The systems measured are magnetic clusters in contact with
magnetized surfaces. The exchange interaction to the magnetic surface aligns
and magnetizes the deposited clusters. The geometry of our chamber allows
normal to gracing incidence of the light onto the crystal. To maximize the XMCD
signal measured we prefer layered systems with a possible perpendicular magnetic
anisotropy, such as Fe on Ru(0001), Fe on Cu(100) and Ni on Cu(100).
The preparation cycle of iron on copper will be discussed as a typical example as
depicted in �gure 3.14. The crystal is sputtered with the argon sputter gun for
15 minutes, while the ion current is monitored to control the process, adjusting
the argon pressure in the gas dosing system keeping the sputter current at 1 to 3
µA. The sputtered Cu(100) single crystal will be annealed 1 minute to 900 K. At
a crystal temperature of less than 200 K, the 3 layers of iron will be evaporated
within 5 minutes onto the crystal using a foil evaporator with a 100 µm pure iron
foil, applying 800 mV to the evaporator. The calibration of the evaporators was
done with TDS and has been described with the method 2.1.2. This �lm will be
�ash-heated to 200 K and magnetized when the temperatures drops below 100
K, applying 2-3 short magnetic pulses perpendicular to the surface. The Fe/Cu
system is perpendicular magnetized and will stay that way four over 12 hour, even
when reaching room temperature as a test has shown. After the crystal has been
cooled to temperatures below 50 K, 6 to 7 layers of krypton will be frozen out on
the crystal surface, using the gas shower for 60 seconds, keeping 8.2 · 10−4 mbar
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Figure 3.14: A typical in situ preparation cycle includes a sputter anneal process

(a) of the copper crystal, the preparation of a thin �lm (b) and its magnetization

by a �eld pulse (c). After su�cient cooling 5-10 layers noble gas matrix is frozen

onto the thin �lm (d), followed by the loft landing of 3% of a layer of clusters

(e), after which the noble gas matrix is carefully thermo-desorbed (f). Finally the

spectroscopic measurements at the deposited clusters can be performed (g).

60



krypton gas pressure in the gas dosing system. The thickness was always veri�ed
in the later desorption, using the mass spectrometer for TDS. Into this Noble gas
cushion the clusters are now soft landed with a maximum of 1 eV/cluster kinetic
energy. Soft landing is done to prevent the clusters from segregation upon impact
(see detailed discussion for this cluster source by J.T Lau [79]). The time of the
deposition process depends on the intensity of the cluster beam and is evaluated
using formula 3.2. The preparation cycle ends with the careful evaporation of the
frozen noble gas, allowing the cluster to slowly settle onto the surface. During
the noble gas matrix evaporation the ratio of monolayer to multi-layer peak of
the evaporating noble gas is measured with TDS.

3.3 Data acquisition

Most of the measured data of this work was acquired in several short measuring
periods at the storage ring center BESSY II in Berlin. The typical time periods
of measurement was 1 week for the wet chemically prepared nanoparticles and 2
weeks of beam plus one week of set up time for the mass selected cluster experi-
ment. All experiments were done at the soft x-ray edges of cobalt, iron and nickel
and thus had to be performed in UHV conditions, since the absorption length of
soft x-ray light is only a few cm in air and thus would make any measurements in
air impossible. Due to the limited actual measuring time at the storage ring, it is
highly necessary for the success of any experiment that everything runs perfectly
in this short time period.
The chemically prepared particles were all prepared as samples in advance, ad-
ditionally the chamber used belonged to a French cooperation group and was all
set up and running, when starting the measurements. The mass selected clusters
were prepared in situ and with the own experiment, which is quite large for a
mobile experiment and thus the system had to be set up at the storage ring in
advance to the measurements.
In this section there will be a short introduction to the storage ring and the
beamlines used, than the general setup at the storage ring will be explained, how
data is acquired and the standard procedure to remove the background.

3.3.1 Experiments at a storage ring

The absorption measurements were carried out in Berlin at the storage ring center
Bessy II, using the soft x-ray beamlines UE46, UE52/SGM and UE56/2. These

61



beamlines can emit circularly polarized light in the energy region of the transition
metal L-edges using the third harmonics of the undulator providing a degree of
polarization of 90% (table 3.1).
The light is produced by relativistic electrons that circulate the storage ring
and are forced on oscillatory paths perpendicular to their translational motion,
thus emitting light mainly straight forward. A brief but nice introduction about
synchrotron radiation can be found in the articles of G.Margaritondo [93, 94]. The
devices used to initiate the changes in the electron path can be bending magnets,
wiggler or undulators. Bending magnets change the path of the electron only
once but very strong, which leads to a short pulse and a broad bandwidth of
the emitted light. A wiggler consists of a series of alternating bending magnets,
thus changing the path of the electron quite strong and leading to a series of
broad bandwidth light pulses. An undulator evokes relatively slight changes of
the electron path, leaving the electron main direction towards the destination of
the light (experimental setup) and by that creates a continues pulse of light with
a narrow bandwidth. All the beamlines used for the measurements in this work
were undulator beamlines [146], a typical layout can be seen in �gure 3.15.
To be able to narrow down the bandwidth of the light even further all of the used
beamlines were equipped with monochromators. The most common at BESSY
is the SX700 [107] that uses dispersion at plane gratings to be able to select a
speci�c wavelength of the light to pass through an exit slit. Finally the beam is
refocussed again in horizontal and vertical direction to illuminate a well de�ned
region of the experiment, depending on the desired focus, typically between 20·20
µm2 to 100·100 µm2.
The experiments were set up at the end of the beamline, as it is shown in �g-

Beamline UE52/SGM UE46 PGM/1 UE56/2 PGM/2

energy region (eV) 90-1500 130-1600 60-1300

circular polarization (%) 90 90 90

photons @750eV (Isr=100 mA) 1 · 1011 2 · 1012 2 · 1011

slit setting (µm) 100 100 100

energy resolution @750eV (meV) 150 150 250

Table 3.1: Some speci�cations of the beamlines used for the measurements in

this work
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Figure 3.15: A typical beamline: It consists (from left to right) of an insertion

device (undulator) producing light with a certain bandwidth, then a mirror to

focus the light onto the monochromator, after which two mirrors and an exit slit

are used to focus the light at the location of the experiment. This layout of the

UE56-PGM beamline at BESSY II ist taken from reference [115]
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ure 3.16 for the high �eld chamber, that was used to measure the wetchemically
prepared nanoparticles.

7 Tesla magnet

liquid nitrogen
cryoshielding

liquid
helium
cooling

sample

current up
to 120 A

storage ring

Refocussing mirror
Monochromator

Undulator

Figure 3.16: Scematics of the high magnetic �eld chamber at the Beamline at

Bessy II

If the user desires to measure rather a larger area of the sample to integrate over
more particles, the experiment may be placed out of the focus of the beamline.
Depending on the e�ect that are to be measured the sample can be placed in
di�erent geometries to the light. Most of the measurements in this work were
done in normal geometry (�gure 3.17), which means that the light shines normal
onto the surface of the sample. For the wetchemically prepared nanoparticles
the geometry was changed for some measurements, but for all mass selected
preparations only normal incidence was used.

Figure 3.17: Most samples were measured in normal incidence (a) of the light

from the synchrotron. In some cases the angle of the surface normal and the light

was changed (b) up to 60%, while light and magnetic �eld remained parallel
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3.3.2 Tey measurement

All XAS measurements in this work were done measuring the tey. There were
slight di�erences in the technical realization of the recording of the signal, since
two very di�erent experiments were used. The physics was identical, hence the
description of the data acquisition is done for the actual setup used at the mass
selected clusters. For measuring the tey the manipulator is grounded except for
the sample. The current of the sample is fed into a current to frequency converter.
The output of which is sent to a counter card (�gure 3.18).

amplifyer & current
to frequency converter counter

refocussing mirror

computer

monochromator

sample

undulator

Figure 3.18: A typical setup for tey measurements. A computer is used to

control undulator and monochromator, to select the photon energy, while the

current of sample and refocusing mirror is recorded directly or as in this displayed

case with the help of a current to frequency converter and a counter card

To normalize the measured signal to features induced by the beamline and moni-
tor the general status of the synchrotron several additional channels were recorded:
The current of the last refocusing mirror of the beamline to normalize the sample
signal to the incoming photon �ux 3. The current of the ion gauge in the mea-

3. This can similarly be done with the current of a gold mesh inserted into the beam,

but these meshes are quite often contaminated with all kinds of unknown adsorbates. Those

adsorbates not evenly distributed over the gold mesh, which leads to distinct changes in the

absorption signal if the x-ray beam slightly drifts in its position. Additionally the adsorbates

may desorb or fragment during the measurement changing their absorbtion characteristic, which

if the gold mesh signal is used in the normalization process may leave an undesired imprint on

the data set. If the gold mesh is equipped with an gold evaporator (which is not the case

in the beamlines used), those e�ects on the gold mesh signal can be removed by burying the

adsorbates on the mesh under fresh layers of gold.
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energy (eV) step (eV)

755 - 768 1.0

768 - 803 0.2

803 - 820 1.0

energy (eV) step (eV)

680 - 700 1.0

700 - 736 0.4

736 - 750 1.0

Figure 3.19: The x-�les used for the data acquisition were created to produce

energy resolution for cobalt (left table) and iron (right table) with a higher reso-

lution at the absorption edges.

suring chamber 4, the position of the monochromator, the shift and gap of the
undulator, as well as current and lifetime of the electrons in the storage ring. The
measuring program was the BESSY in house measuring program EMP 2. EMP
2 allows to de�ne x-�les of the energy positions, which one wants to measure at.
This way we were able to measure with di�erent energy resolutions depending on
the position within the measured spectrum. For the measurements x-�les were
used (table 3.19). This way one can save precious time, by reducing the resolution
in regions with little to no change in the spectrum and keep a high resolution at
the absorption edges.
During a typical sample measurement the magnetization of the sample was veri-
�ed. The high �eld magnet displayed the current and the magnetic �eld present.
In the case of the mass selected clusters magnetization of the substrate (iron
or nickel) was measured taking a left and right circular scan of the L2,3-edges.
Only if the substrate XMCD signal was su�ciently strong, the cluster signal was
recorded measuring 4 times changing the helicity of the light twice, thus recording
the �rst and last spectrum with the same helicity. The signal from the wetchem-
ically prepared nanoparticles was very strong and thus only one set was recorded
for each magnetic �eld chosen, except for the highest, were the recording was per-
formed as in the case of the mass selected clusters (+,-,-,+ or -,+,+,-). In both
experiments the magnetic �eld was kept constant and the helicity of the light was
changed, although that usually in�uences the transmission of the beamline and
the position of the spot slightly and thus causes some small uncorrectable errors
in the data. On the other hand the magnetization reversal may cause stronger
problems, if the �eld is slightly di�erent. In the case of the two experiments the
question was rather academic, since the high �eld magnet would have needed

4. this was not be recorded in the high �eld chamber, since an ion gauge does not display

any reasonable values with a high magnetic �eld presence
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roughly 30 Minutes to invert the magnetization (compared with 1 Minute for the
undulator). The substrate of the mass selected clusters on the other hand can
not be magnetized at the measuring position, thus would have to be moved and
this would make it impossible to measure the exact same position twice, making
any measured data completely useless.

3.3.3 Tey background treatment

The original measured spectra have several features folded into the signal: i) The
gradually diminishing transmission of the beamline towards higher photon ener-
gies. ii) Presently unavoidable at BESSY II is the continuously decreasing ring
current of the storage ring 5, which evokes a falling background. The unwanted
signal components can be removed to a large extent by normalizing the signal to
the current measured at the last refocussing mirror.
In case of the CoPt nanoparticles the tey signal is strong (signal to background
ratio 2:1), comparable with a several layer thick thin �lm, that support the mass
selected clusters. After normalization to the last mirror current remains only
a slightly falling background that represents the background due to the silicon
wafer (respectably the copper crystal) and will be �tted by a straight line and
then removed. The proper treatment for it is the linear �tting in the pre-L3-edge
region of the spectrum and subtraction of this linear function from the entire
spectrum. All processing steps are illustrated in �gure 3.20.
The magnetic properties of the 3d elements are almost entirely due to the not com-
pletely �lled d-states. For the application of the XMCD sum rules (formula 2.3
and 2.4), which only consider excitations from 2p to 3d states, the spectrum has
to be stripped of all 2p to continuum and 2p to s-state contributions (section 2.1).
This is typically done by subtracting a hyperbolic step function with two steps,
one at the L3 and one at the L2-edge with a step height ratio of two to one
(section 2.1.1) resulting in a spectrum consisting only of the contributions from
2p1/2 and 2p3/2 to empty d-state transitions. All spectra taken for the mass se-
lected cluster substrates and the wetchemically prepared nanoparticles have been
equally treated in described way. Errors assumed for the sum rules are typically
10% [25].

5. This e�ect is due to the injections of new electrons into the storage ring every 8h. The most

recently build storage rings use the so called top up mode, which allows an almost continuos

injection of new charge carriers. The injection of new particles every minutes is much more

demanding, but if it is achieved allows the beam to be used at a constant intensity and almost

completely removes the heat load �uctuations within the beamline due to ring current changes.
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Figure 3.20: An illustration of the main data evaluation steps: The total electron

yield raw data measured at the Co L2,3-edges (a) has to be normalized to the

photon �ux, using the last mirror current, then removing the slight slope (b)

of the falling background and the step function (c) originating in non 2p to 3d

excitations, one receives the pure resonant 2p to 3d absorption signal (d).
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The coverage of the mass selected clusters being only 3% of an atomic layer on the
surface gives a very weak signal, which makes the background treatment slightly
more challenging. First of all it is crucial to measure background. A spectra, that
records the substrate features in the region of the deposited clusters, without the
clusters present (�gure 3.21).
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Figure 3.21: The background for the mass selected clusters is recorded in the

region of the cobalt L-edges, for a nickel substrate (a) and an iron substrate

(b). Very evident is the di�erent background structure, while in (a) there are

absorption features only visible at the Co L-edges (a beamline contamination) in

(b) the beamline is clean, but there are strong features due to the iron substrate

Obviously the two backgrounds are very di�erent for the nickel and the iron thin
�lm. First of all there are absorption features at the Co L-edges in case of the
nickel thin �lm and none when using the iron layer. Between the last beamtime
with iron thin �lm as substrate layer and the beamtime with nickel as substrate,
the switching mirror unit was plasma cleaned to remove carbon from the mirrors.
The antenna to produce the high frequency electromagnetic �eld needed to ignite
the plasma had a brass thread. The plasma cleaned o� the carbon, but some of
the brass remained in the vacuum chamber, producing new absorption features
in the x-ray beam emitted by that beamline. One absorption feature was at the
cobalt L-edges. Otherwise the nickel background looks rather smooth, but not so
for iron. The strong wiggling features there are iron EXAFS oscillation from the
iron L-edges at h · ν = 706.8 eV and 719.9 eV.
The background spectra taken will be used to be subtracted from the measured
cluster spectrum, if the background is really smooth. If the background has
structure, it is better to divide the cluster spectrum by the background. This
procedure has thoroughly been discussed by J.Stöhr [132] and successfully been
applied for deposited mass selected clusters by J.T.Lau [77] and M.Reif [111].
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Figure 3.22: The raw data has to be normalized to the photon �ux using the

last mirror current. In the case of the deposited clusters, the necessity of this

procedure becomes more obvious than in the earlier example of the wetchemi-

cally synthesized nanoparticles (�gure 3.20a+b). Without the normalization the

recorded data is completely dominated by the characteristic of the beamline.

The necessity to normalize the measured spectrum to the current of the last
mirror to eliminate some e�ects (including contaminations of the last refocusing
mirror) become more apparent, when measuring very small coverage of particles.
Figure 3.22 displays on the left side the actual data measured for mass selected
clusters and on the right, the signal after normalizing to the last mirror current.
The basic procedure is the same for both experiments, only with the additional
step of the division by the measured background, that follows right after the
normalization to the last mirror current.
The treatment for the background of mass selected deposited clusters was per-
formed as described above for all clusters deposited on nickel. In the case of
the iron substrate a slight variation had to be used that will be discussed in the
section of the results of the mass selected cluster measurements (section 5.1).

70



Chapter 4

Wet Chemical Nanoparticles

In this chapter the measured data of the wet chemically prepared CoxPt100−x

nanoparticles will be presented and discussed. First the line shape and integrated
areas of the white line spectra will be analyzed to estimate the oxidation state and
the branching ratio (BR). Then the circular scans and the dichroism spectra will
be investigated and the thereby derived magnetic properties will be presented.

4.1 Oxidation e�ects

As it is vital for any potential application one of the �rst questions when dealing
with wet chemical methods is: How clean is the synthesis and did it produce
the desired product. From the Chemist point of view the starting reagents can
be measured, the left over reagents can be determent and the product can be
measured, but whether some additional input was made from solvents or the
atmosphere (air or gas) can not easily be answered. Measuring the XAS of Co
it is very easy to distinguish between the spectrum of metallic Co from that of
CoO and both from other Co oxides, since the oxidation state of the Co strongly
in�uences the �ne structure of the absorption lines. The �rst questions to answer
are how clean are the samples leaving the synthesis and is there an aging e�ect
when stored in contact to air? For the �rst investigation two sets of samples of
equally sized nanoparticles were synthesized, one where the entire process of syn-
thesis, preparation and storage was under nitrogen atmosphere and a reference
set, where after synthesis the particles had contact to air until the measurement.
To investigate the time dependent behavior samples of di�erent age were inves-
tigated. Comparing sets of similar and less than 2 week old samples of equal
size that were di�erently prepared, show that there is no measurable di�erence
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between them (�gure 4.1a). Particles that are synthesized, prepared and stored
under nitrogen do not di�er from equally sized particles that were only synthe-
sized under nitrogen atmosphere and then prepared in contact with air. This
seems to be true at least for particles that are not exposed to air for longer than
2 weeks. The comparison of the line shapes of the cobalt L3 edges, a measure of
the oxidation state of the nanoparticle is very similar for the investigated pairs of
equally sized but di�erently stored particles. It therefor seems that the native ox-
idation can not be reduced by the nitrogen atmosphere during the post synthesis
processes and therefore must occur during synthesis.
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Figure 4.1: In�uence of storage conditions in N2 or air: Two 12 day old similar

sized (3.7 nm and 4.0 nm) but di�erently prepared samples show, that there

is no apparent e�ect of the oxidation state of the sample, whether the entire

preparation process is carried out in a nitrogen atmosphere or not. (b) Spectra of

two di�erently oxidized samples (15% solid lines - 50% dotted lines) shows strong

di�erences. There is more �ne structure visible in the L3-absorption edge of the

stronger oxidized sample and it's dichroic signal is roughly only half of the other.

By comparing on the other hand di�erent measurements of samples stored in air,
with unequal sizes or ages, there are strong di�erences from sample to sample
visible (�gure 4.1b). While some spectra appear almost without structure in the
L3-edge as to be expected for pure (not oxidized) cobalt, others appear to be
nearly fully oxidized showing much �ne structure of CoO.
These strong di�erences in oxidation need to be understood. First step is to
de�ne a measure to display the oxidation state of each sample and if necessary to
investigate what kind of oxide is present. When comparing the �ne structure of
the spectra of the strongest oxidized samples with spectra from the literature of
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pure CoO and Co3O4 [14, 28] (section 2.2) one can see easily that there is only
CoO present in the samples under study. With cobalt being ferromagnetic and
CoO anti-ferromagnetic, it makes a big di�erence in the magnetic properties of the
particle. A measure of the oxide in the spectrum can be de�ned by taking a pure
cobalt and a pure cobalt oxide spectrum and subtract their background exactly
as all the other samples. After removing the step function and normalizing the
areas under the curve to the amount of d-holes of the specimen, in this case using
the numbers of d-holes from the literature nd−holes(Co) = 2.25 and nd−holes(CoO) =

2.73 [103]. Adding these two spectra one creates a simple simulated transition
from (oxide free) metallic cobalt to completely oxidized cobalt. The changes at the
L3-edge are much stronger than at the L2-edge, therefore it is best to concentrate
on the features of the L3-edge. Taking the ratio of the peak height "C" and "B"
of two structures of the cobalt oxide spectrum at the L3-edge from which the
position of peak "B" almost coincides with the position of the pure cobalt peak
(�gure 4.2), one can calculate a unit free and normalization independent measure
for the amount of oxide in the sample (�gure 4.3). By comparing the ratio of the
peaks of the measured samples with my above described scale, one can get an
estimation, of how much of the measured signal was coming from oxidized cobalt
atoms in the samples.
Displaying the oxidation versus the age of the sample(�gure 4.4), one can easily
see a trend that older samples are more oxidized. The oxidation range from 10%
to 85% with increasing age, displaying an obvious aging of the samples. The one
sample we measured at two successive beam times had been strongly oxidized to
start with and shows no further oxidation. For pure 9.5 nm Co nanoparticles it
was reported by Wiedwald et al. [149] that oxidation stops after a shell thickness
of 2.0 nm to 2.5 nm is oxidized. The oxidation of the here investigated CoxPt100−x

nanoparticles appears to saturate and reach it's maximum after 160-200 days.
Reordering the graph in a way that it displays the oxidation versus the size of the
particles it appears that the oxidation is increasing not only with age, but with
particle size too (�gure 4.4).
Restricting the set of data points to relatively fresh samples of 11 to 15 days
of age (�gure 4.6a) it appears di�erent. There is no ordering of oxidation that
follows the particles age. Displaying the oxidation versus particle size there is
an trend noticeable (�gure 4.6b). The larger the particles the weaker they are
oxidized. This is the inverse trend compared with that of all particles measured
and including all di�erently old samples measured. If one assumes that all surface
cobalt atoms are oxidized, which is a good estimation, since the organic ligands
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Figure 4.2: By comparing the peak heights of the cobalt oxide structure in the

XAS spectrum with the heights of the XAS spectrum of pure cobalt at the same

energy position, one can de�ne a rough measure for the amount of oxide measured

in the spectrum
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Figure 4.4: Displaying the oxidation of the di�erent measured samples against

the age of the samples at the time of the measurement, shows a distinct increase

of the average oxidation with time, which is combined with a broad spreading of

the oxidation of similar aged samples. The brown circles, squares and triangles

represent di�erent beamtimes, while the black star is a synthesis that was already

known to have been gone fail, due to a di�erent color of the synthesis solution.
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Figure 4.5: Displaying the oxidation of the di�erent measured samples against

the size of the samples, it appears that bigger nanoparticles tend to be more

oxidized.
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are attached to the outer shell cobalt atoms. It is evident that the most outer
shell is entirely consisting of oxidized or otherwise covalently bound cobalt atoms,
leading to a Co2+-state. Remembering that during the wet chemical size selective
precipitation not all precursors were removed, there should be at least some pre-
cursors (containing Co and probably being oxidized) on the surface of the particle.
All particles are to �rst order spheres and if one compares the surface volume of
one atom thickness to the remaining volume of the particle, one will see that it
follows the same trend: The bigger the atom the smaller the ratio of surface to
volume. This way one can understand that in the case of "fresh" samples the
lager the size of the particle, the smaller is the amount of oxidized surface atoms
in comparison to all atoms present, explaining the trend in the graph 4.6(b).
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Figure 4.6: Displaying Oxidation of similarly fresh samples versus age (a) and

versus size (b), it is quite striking that the more obvious change seems to be

correlated to the size, but not the age.

At least parts of the particles age and are not stable in time. The oxidation is
largest for the smallest fresh samples and inverts with time so that the largest
samples are more strongly oxidized. This e�ect shall now qualitatively and quan-
titatively explained in a model (�gure 4.7). The organic ligands (mainly carbon
chains) are assumed to be transparent for the soft x-ray light. The light has a
penetration depth of 250 nm in cobalt bulk at the cobalt L-edges. The exponen-
tial attenuation due to absorption of the incoming light by the already penetrated
particle leads to an intensity loss of the exiting soft x-ray light on the backside of
a 9 nm particle is roughly 5%. Additionally some assumptions were made: The
particles are considered perfect spheres, while the cobalt atoms appear evenly dis-
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tributed over the entire sphere as a Co-density cloud. The same absorption cross
section is valid for all cobalt atoms (approximating σCoO = σCo). All stimulated
cobalt atoms emit the same amount of electrons with a spherical distribution,
thus assuming randomly orientated atoms in the particle and circularly polarized
light. Adding up all electrons that will be able to escape the particle from the
point of there excitation, one gets a measure that is similar to the total electron
yield used in the experiments. Using the sampling depth for the electrons of 25
nm for cobalt bulk material [99], roughly 15% of the most inner electrons exited in
a 9 nm particle will not leave the particle. Similar as for the light absorption, the
real sampling depth di�ers slightly for cobalt and cobalt oxide, but is neglected
in this model. The experimental data provides an information about the relative
amount of cobalt oxide to metallic cobalt, therefore the values calculated by the
described model should be the ratio of electrons escaping the sample originating
from all oxidized cobalt atoms to the amount of electron that escape originating
from all metallic cobalt atom. The chemists found a trend in there synthesis, that
smaller particles (3 nm) consist of Co25Pt75 and bigger ones (9 nm) of Co50Pt50.
This was included into the model by splitting the particle in a core of Co25Pt75

up to 3 nm in diameter and a hull of increasing Co content, which is highest at
the surface. Since it is most unlikely that the particles completely restructure
during the synthesis all the time to keep a constant stoichiometry in every vol-
ume element of the particle, the following procedure was chosen for the model:
The change from Co25Pt75 at 3 nm to Co50Pt50 at 9 nm was assumed linear,
while a radius dependent CoxPtx−100 stoichiometry was calculated. Since the Co
content increases with particle size, the outer shells contain even more Co than
the particle average.
The oxidation of a particle will start at the surface and head inwards. The
topmost layer is already a�ected during synthesis and may not be completely
�lled with Co and Pt due to the attached organic ligands. The organic ligands
covalently bind to Co surface atoms using Co−OOCR bonds, leaving the involved
Co atom in a Co2+ con�guration as in cobalt monoxide. This surface oxide had
qualitatively already been shown for earlier synthesized batches of these particles
with PES spectroscopy by the group of T. Möller [88]. While testing the derived
model several calculations were made leading to the best results, when considering
the topmost layer completely oxidized, but only two �fth �lled with metal. This
is attributed by considering the outermost layer as 0.075 nm thick (diameter of
a Co atom≈0.2 nm). As can be seen in table 4.1 the measured oxidation state of
fresh nanoparticles was between 10% and 20 %, where the smaller particles are
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Figure 4.7: The simplest model would be taking the particle as completely

homogeneous and letting it oxidize homogeneously
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Figure 4.8: Model calculation show the portion of the tey measured due to shell

electrons (from the cobalt oxide) and the portion of the tey measured due to core

electrons (not oxidized Co), all in dependence of the oxide shell thickness. This

is done for two particle sizes (3.7 nm and 7.3 nm). Almost the doubled thickness

of the oxide shell is required to attribute raise the shell portion of the tey to 50%,

which mostly is a consequence of the decreasing surface to volume ratio of larger

particles.
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Figure 4.9: The simple idea of a homogeneous particle is extended in two steps

(a) with a Co25Pt75 core and maximum oxidation depth and (b) a completely

oxidized surface

more strongly oxidized.
If one assumes all particles to oxidize completely, one would end up with 100%
oxidized particles, of which the small particles reach this state of complete oxida-
tion �rst. Obviously this scenario does not apply here 1 since it does not explain
either of the two observations: The oxidation appears to saturate and in the �nal
state the large particles are more oxidized than the small. The next idea would
be to assume the particles to oxidize only a certain depth from the surface, as
reported for the pure Co cluster by Wiedwald et al. (oxide shell thickness ≈2.0
nm-2.5 nm) [150]. Applying this idea (shown in �gure 4.8) of fully oxidized shells
with similar oxidation depth for all cluster sizes in the model, one can see in
table 4.2 that again the small particles would have to be oxidized more strongly
than the large.
The particles measured in this work consist of CoPt alloy and di�erently to pure
Co nanoparticles it is not to be expected that all cobalt atoms in the CoPt
nanoparticles can be oxidized as they would in pure cobalt particles. Cobalt
in a cobalt-platinum-alloy is known to be very stable and can not be oxidized
under normal conditions (section 2.2.2). Lets assume that everywhere, where it
is stoichiometrically possible, the atoms forms small, stable CoPt3 groups that

1. only one sample was measured to be almost completely oxidized, but this was sample

number 125B and its solution had already turned black during synthesis, which should normally

not happen and can now be considered as a sign for complete oxidation of the cobalt.

2. As described in the text this shell is only stoichiometrically oxidized, with all Co in a

CoPt3 environment remaining metallic, while in the surface layer all Co is oxidized, but only

2/5 of the surface sites are �lled with metal atoms.
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Table 4.1: Measurable oxidation in fresh nanoparticles is compared with model

calculations. A good agreement can be found, when a solid shell of 0.075 nm of

the particle is oxidized already in the synthesis process. Since the diameter of a

Co atom is about 0.2 nm the smaller model value may be reached, when taking

into account that organic ligands are attached to the outer shell and that this

outer shell may therefore not be solidly �lled.

size of particle 3.7 nm 5.5 nm 7.0 nm

particle oxidation (measurement) 19% 17% 11%

surface oxidation 0.075 nm (model) 16% 13% 11%

surface oxidation 0.100 nm (model) 21% 16% 15%

surface oxidation 0.150 nm (model) 30% 24% 21%

Table 4.2: Measurable oxidation in aged nanoparticles is compared with di�erent

model calculation values. In the model all particles have a 3 nm core of Co25Pt75

stoichiometric distribution, hence this core is considered not oxidizable. The

absolute errors for the oxidation state in the table is ±5%, while the relative error

is below ±2%.

size of particle 5.0 nm 6.5 nm 8.4 nm

measurement 41% 48% 59%

0.075 nm fully oxidized shell 13% 12% 11%

0.250 nm fully oxidized shell 34% 30% 27%

0.500 nm fully oxidized shell 56% 50% 46%

1.000 nm fully oxidized shell 83% 76% 70%

0.5nm shell2 with fully oxidized surface 34% 37% 40%

0.9nm shell2 with fully oxidized surface 40% 48% 54%

1.0nm shell2 with fully oxidized surface 41% 50% 56%

1.1nm shell2 with fully oxidized surface � 51% 59%

1.5nm shell2 with fully oxidized surface � 54% 64%
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hinder the cobalt in this group to be oxidized, hence allowing only cobalt that is
not in a stable Co25Pt75 con�guration in the particle to oxidize (�gure 4.9b). If
one calculates the amount of oxidation measured with the model with the outer
shell of 0.1nm thickness is completely oxidized and stops after a shell of 1.0 nm
±0.1 nm is oxidized, while only the Co not in a stable CoPt3 group oxidizes, the
results are much more satisfying. Consider an error of ±5% for the measured
oxidation.
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Figure 4.10: Only the seeding process in the synthesis is temperature dependent,

therefore all particles will grow during synthesis una�ected by the temperature,

hence one may expect that the most inner part of all particles looks alike. The

core is in a stoichiometric composition of Co25Pt75, while the shell is increasing in

the Co content, while approaching the surface. This way the average Co content

shifts from Co25Pt75 to Co50Pt50 from small to large particles, while leaving the

cores of all particles una�ected. All Co atoms at the surface that are attached to

organic ligands are oxidized during the synthesis, while a shell of up to 1nm may

stoichiometrically oxidize over time. The Oxygen can only a�ect Co atoms that

are not in a stable CoPt3 con�guration, which leads to a stronger oxidization of

larger particles over time.

It therefore appears that the particles are fully oxidized at the surface and will
in time oxidize until all cobalt not alloyed as CoPt3 in the outer 1 nm shell is
oxidized.
Some pairs of samples consisted out of equally sized nanoparticles, one prepared
as single �at layers, the other crystalized to macro-crystals of these particles and
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then spread over the silicon wafer. All those samples were 10 months old when
measured an age at which the �at layered samples have reached their saturation
oxidization.

20nm flat layer of 6.5nm particles

100nm macrocrystals of 6.5nm particles

a b

c d

Silicon Wafer

Silicon Wafer

Figure 4.11: Most of the samples were prepared as single layered �lms (a+b), but

some solutions had been treated to form macro crystals and those were deposited

as scattered single particles. All preparations were SEM characterized prior to

and after the X-ray measurements to investigate any possible beam damage. No

beam damage could be found. The SEM pictures were taken by A. Kornowski of

the Group of H. Weller of the physical chemistry department of the University of

Hamburg.

The 5nm particles show no di�erence in their oxidation state, whether they are
prepared as a �at layer or as a macro crystal. The larger the particles, the bigger
the di�erence of oxidation states of macro crystals and �at layers, up to 25%
enhancement for the 8.4 nm macro-crystals (�gure 4.12). There is little known
about the actual structure of those macro crystals. Assuming the nanoparticles
rather round, any kind of packing to construct nanoparticles will leave holes in
the crystal that occupy at least 26% of the crystal volume (assuming hcp or
fcc). If those holes are �lled with oxidized cobalt precursor or other smaller
fragments created during the crystallization process, which takes place while the
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nanoparticles are still in a liquid solvent, this could favor this trend in two possible
ways. One would have to assume that whatever �lls these holes contains oxidized
cobalt and needs a minimum hole size, which is not present in a 5 nm (nanoparticle
size) macro crystal. In a model just using spheres and in case of hcp or fcc
structure with 5nm diameter Particles the macro crystal would allow spheres
of slightly below 0.8 nm diameter to be embedded, with a bcc-structure these
spheres could have almost 2.1 nm diameter. This could either lead to more
oxidized material measured, if the �lling material packs more closely if there is
more space available or if the structure of the macro crystals may change to a
more loose packing, when increasing the macro-crystal size.
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Figure 4.12: Comparing the oxidation state of the standard �at single layer

prepared 160 day old samples with macro crystals of the same age, both measure-

ments show a size dependent increase of the oxidation measured, but the macro

crystals have a steeper slope and reach up to 35% higher oxidation states.

4.2 Branching ratio

The apparent Spin Orbit splitting of the nanoparticles shows no dependencies
(�gure 4.13a). This is a plausible, since SO splitting is an atomic property and
changes little from for example Co to CoO. Quite di�erent is the behavior of
the Branching ratio that depends strongly on the core hole screening of the �nal
state after photo absorption (�gure 4.13b). For slightly oxidized wetchemically
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prepared nanoparticles the BR of 2.6 is between that for CoPt3 thin �lms (2.7) and
Co bulk (2.3) and rises up to 2.9 (at 60% oxidation) for the monolayer prepared
samples of nanoparticles and further to almost the value of CoO thin �lms and
CoO 2 nm particles (3.7) for the highly oxidized macro crystalline samples and
the obviously malfunctioned synthesis that produced 95% oxidized particles (3.6).
There is some small step at 60% oxidation in the curve and a slightly higher slope
than at lower oxidation states. The step could be caused by the di�erent samples
and the di�erent stoichiometric composition that might have been measured,
since the nanoparticles prepared as thin �lms are very similar and contain no
spaces in the lattice structure, as might be present for the macro crystals; the
95% oxidized sample (125B) was already addressed to in the oxidation discussion
and was strangely black colored in the synthesis process. The slope at higher
oxidation follows the linear transition from the BR of unoxidized Co (2.3) to
CoO (3.7). It is to be expected that if all Co that can be measured is oxidized
that the BR is that of bulk CoO.
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Figure 4.13: The apparent SO-splitting of the particles (a) did not show any

dependencies, neither to the oxidation state, nor to the here displayed size. The

BR of cobalt bulk (orange bar) [9] , of CoPt3 (light blue bar) [53], 2 nm CoO par-

ticles and thin �lms (brown bar) [69, 110] vary strongly. The particles measured

in this work �t well into these values and show a clear increasing dependency with

their oxidation state, approaching the literature value of 3.7 for 100% oxide.
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4.3 Ratio of orbital to spin magnetic moment

Before discussing the magnetic properties, that were extracted using the XMCD
sum rule introduced in section 2.1.1 some coments on the Tz term that adds
to spin moment in the sum rules: The Tz term (section 2.1.1) is considered to
be negligible for Co in all cited reference measurements (table 4.7). As mea-
surements have shown the sum rules may be used with this assumption for Fe,
Co and Ni [25, 102, 152, 153], at least as long as the systems provide a rather
homogeneous environment for the Co atoms (or provide samples with randomly
orientated particles). The measured nanoparticles are large enough that less than
20% of the atoms (for the smallest sizes) are at the surface. The surface is evenly
covered with organic ligands and thus it is not to be expected that there is a
ligand induced strong deformation of the crystal lattice. Only the deformation
upon deposition that was suspected due to the angular dependence measured
may lead to some inhomogeneous lattice deformation, but that is not to be ex-
pected to be higher than that of thin �lm systems of late 3d transition metals
for which the assumption of negligible Tz has been claimed to be shown experi-
mentally. In this case one may not simply assume Tz to be zero as usually done
for randomly arranged samples or angle dependent XMCD measurements [34],
since the strong spin orbit coupling of the Pt may lead to a non zero contribution
of the magnetic dipole term that is independent of the crystal �eld. Ab initio
LSDA calculation [35, 75] show diminishing Tz for monoatomic Co-chains on Pt
surfaces. Often theoretical calculations achieve rather bad agreement with the
actual orbital magnetic moments since they usually neglect any electron correla-
tion e�ects, hence there might be still some reasonable doubt, whether or not any
claimed diminishing of Tz in a strong spin orbit coupled system will really come
to pass. However calculations of Komelj et al. included some electron correla-
tion e�ects by a so called orbital polarization term [113] and thus even slightly
overestimated the orbital magnetic moment of Co chains on Pt(997). Hence for
the wet chemical CoxPt100−x discussed in this chapter Tz will be assumed to be
negligible.
For diminishing Tz the XMCD sum rules have a minimum uncertainty, when
applying them to the ratio of orbital and spin magnetic moment, because the
number of d-holes disappear in that ratio and this number is not precisely known
for these particles. This ratio increases with the level of oxidation, which is quite
expected, since the orbital to spin moment ratio is three times as high for cobalt
oxide as it is for metallic cobalt. There is no reason, why this trend should be
much di�erent just changing the size of the particle from bulk to nanoparticles.
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A display for di�erently oxidized samples visualizes the increasing ratio of orbital
to spin magnetic moment with increasing level of oxidation (�gure 4.14).
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Figure 4.14: The ratio ml/ms apparently depends linearly on the oxidation

Comparing �at layer preparation with the corresponding macro crystals, no real
enhancement of the orbital to spin magnetic moment is noticeable in normal
measuring geometry, despite of the expectation stirred by the above described
increased oxidation of the macro crystal. Above that their is no increase of the
orbital to spin moment ratio for a macro crystal if one changes the measuring
geometry from normal to the surface to 60◦out of normal incidence, while keep-
ing light and magnetic �eld parallel to each other. The measuring geometry of
the used chamber did not allow measurements that involved angles smaller than
30◦out of the plane.
There were quite a few di�erences and changes noticeable between the di�erent
particles and preparations with e�ects up to 25% of the measured values. A com-
parison of all measured samples, only distinguishing between lighter (less than
30%) and stronger (more than 50%) oxidized samples, with results of others for
cobalt and cobalt-platinum systems measured and calculated is done and illus-
trated in �gure 4.16. The nanoparticles measured in this work show a strong
enhanced ratio of orbital to spin magnetic moment compared with CoPt bulk
(about 25%). The enhancement is smaller for the less oxidized particles and
stronger for the more oxidized systems. The large deviation between most exper-
imental and theoretical values demonstrates the need for some additions to the
theoretical models describing this sort of system.
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Figure 4.15: Comparing fresh and aged samples, measuring under di�erent

geometries shows, that apparently fresh samples show higher ratio of orbital to

spin moment under 45◦ than at normal incidence and an increase of this e�ect

with cluster size. This e�ect disappears completely if the samples age and there is

no di�erence measurable between �at layers and macro crystals of nanoparticles.
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Figure 4.16: The graph shows the results of ml/ms and in comparison mea-

surements of 2nm Co and CoO nanoparticles (orange and brown star+line [70]),

CoPt3 thin �lm [53], bulk material of CoPt3 [68]and cobalt [25] and �nally with

theory [49]. The magnetic properties of the CoPt nanoparticles are strongly en-

hanced to bulk values, but only 10-15% above thin CoPt3 �lm and 20% above

pure Co 2nm nanoparticles. The same is true for the more oxidized samples in

comparison with the pure CoO nanoparticles.
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4.4 Orbital and spin magnetic moment

Taking full advantage of the sum rules evaluating spin and orbital moment sepa-
rately for the di�erent measurements, some results become clearer. We had seen
an increase of the ratio ml/ms with oxidation. Taking a closer look at those
increases, plotting versus age one sees, that spin and orbital magnetic moments
decrease and that there is a wide spreading in those values (�gure 4.17).
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Figure 4.17: Both spin and orbital magnetic moment decrease with age of the

particles, since the relative decrease of the orbital moment is less than that of the

spin moment, the ratio of the two values ml/ms increases.

This is due to the fact that there were di�erently strong oxidized samples of
the same age measured. Obviously the di�erent samples do not age in the same
speed. Displaying spin and orbital moment in respect to the oxidation level,
the decrease of the spin moment is very apparent (�gure 4.18), while the orbital
moments decrease only very little. Please note at this point that all the graphs
plot magnetic moments per number of d-holes. The e�ect on the total measured
spin moment is therefore a little less pronounced. The orbital magnetic moment
is as well decreasing with oxidation, at least one may believe it with much some
good will. This can be explained if one takes a look at the the angle dependent
measurements we had performed for fresh particles (�gure 4.19).
It is nicely to be seen that there are no changes in the spin moment, which is to be
expected, since the external magnetic �eld of 6 T is enough to saturate the spin
moment in any direction of the sample. The spin moment is not directly coupled
to the crystal �eld. The orientation of the spins is without external �eld only
due to spin orbit coupling. The spins remain rotatable and can be aligned to an
external magnetic �eld. The orbital magnetic moments are less �exible in their
orientation, since the orbital's of the atoms are aligned to the crystal structure
of the nanoparticle. When increasing the cluster size there is a decrease of the
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Figure 4.18: Plotting spin and orbital magnetic moment versus oxidation, one

can see very nicely that the spin moment reduces linearly with the oxidation,

while the orbital moment is decreasing too, but shows a stronger variation for

less oxidized particles. This broadening in values for little oxidized particles is

due to the fact that these particles have a size dependent orientation on the

surface, where larger particles have their magnetic ordering more in plane than

perpendicular to the surface.

orbital magnetic moment in the normal to the surface geometry and an increase
when measuring in 45◦angle to the surface normal (�gure 3.17). This implies
that there must be some sort of orientation of the clusters on the surface that
favors in plane magnetization with growing cluster size. This could be achieved,
if the particles deform becoming �at (�gure 3.6) when coming in contact with
the surface, instead of having a spherical shape. This would lead to some shape
anisotropy and one would expect an increase of the magnetic moments parallel
to the surface plane.
The measurements plotted in �gure 4.18b are all in perpendicular measuring
geometry and show a broad spreading in the orbital magnetic moment for weakly
oxidized particles, which is due to the size dependence of the orbital magnetic
moment shown before. This size dependence disappears with growing age of the
samples and thus with the oxidation state of the sample, as angle dependent
measurements of older particles have shown (�gure 4.20). The round symbols in
the �gure represent a preparation as a �at �lm, the squares a sample preparation
as macro crystals. There is a decrease of spin and orbital magnetic moment
to be seen for the thin �lm preparation, but rather a constant behavior for the
macro crystals. This is both di�erent to the fresh 5nm nanoparticles, where an
increase of at least 20% at an 45◦angle was measured (�gure 4.19). The older
particles have several layers of oxide on the surface of the particles and cobalt
oxide is an anti-ferro-magnet. In XMCD measurements only the net magnetic

91



0.60

0.58

0.56

0.54

0.52

0.50

0.48

7654

0.24

0.22

0.20

0.18

0.16

0.14

0.12

7654

normal incidence
45° incidence

b
(  

   
/d

-h
ol

e)
Sp

in
 m

om
en

t

b
(  

   
/d

-h
ol

e)
O

rb
ita

l m
om

en
t

Size (nm) Size (nm)

a b

Figure 4.19: It is quite obvious that the measured angular dependence of the

ratio between orbital and spin moment are only due to a change in the orbital

moment

moments will be visual, thus changing cobalt to cobalt oxide will reduce the net
measured magnetic moment of the sample. The slight decrease of spin and orbital
magnetic moment for the �at layer preparation is due to the increased amount
surface region (containing cobalt oxide) that will be measured, when decreasing
the incidence angle of the light. The illuminated surface area of the sample will
be increased, while the penetration depth perpendicular to the surface decreases.
This argument will not apply, when having blocks (as macro crystals) on the
surface that are well separated, since in that case the light will just illuminate
the sides of these blocks, when the angle is tilted, but the penetration depth
perpendicular to a surface stays almost constant.

4.5 Discussion

Experiments on free iron, cobalt and nickel clusters in 1994 [16] have shown that
the typical size regime in which clusters resume the total magnetic moment of the
corresponding bulk material is between 300 and 500 atoms per cluster and thus
in the order of a 2 nm diameter particle. When nanoparticle are deposited on a
surface, there are di�erences in the photo absorption measurable for 10nm CoO
particles, that disappear at 20 nm particles [129] and were explained as surface
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Figure 4.20: When inspecting spin and orbital magnetic moment of older 5nm

nanoparticles prepared as �at layer and as macro crystals, there is no angular

e�ect measurable.

defect related. Deposited 11.4 nm partially oxidized wet-chemically prepared
nanoparticles have shown strong enhanced ml/ms ratio [150] and mass �ltered 5
nm to 12 nm deposited Co nanoparticles have displayed highly reactive behavior
in contact with oxygen [12], which will not occur at Co-�lm surfaces [7]. The
particles chemically prepared were all in the size regime between 3.7 nm and
8.4 nm, hence the expectations were to �nd some, but not very strong magnetic
size e�ects. The measured CoPt nanoparticles show magnetic properties that
are very similar to 2 nm CoPt3 nanoparticles measured by P.Imperia et al. [70],
ranging from ml/ms=0.16 for not oxidized particles to ml/ms=0.30 for completely
oxidized particles. A measurements performed by P.Imperia at 2 nm sized CoPt
nanoparticles with di�erent stoichiometric ratios lead to the conclusion that the
orbital to spin ratio of the magnetic moment in CoPt nanoparticles shift to higher
values with the increase of cobalt in the nanoparticles. The same shift is to be seen
in the here performed measurements when comparing similarly slightly oxidized
samples of di�erent size and thereby di�erent stoichiometric ratio of cobalt and
platinum (�gure 4.19). The Particles show a angular dependence in their ratio
ml/ms, but with a stronger increase for in plane orientation, as the decrease of the
out of plane orientation. Hence there is a net increase of the ratio with particle
size and thus higher amount of cobalt in the sample. On the one hand this is
nice, since it shows a consistence in results between two very di�erently prepared
sets of samples, on the other hand the possibility that there might be any size
dependence magnetic properties is reduced to the angle dependence of the fresh
nanoparticles. Angle dependence was not expected. When measuring randomly
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distributed particles on a not or just slightly interacting surface (as organic ligand
covered particles on a silicon surface) one expects no preferred orientation of the
particles and hence no changes, when changing the measuring geometry. The
size dependent changes that appear when measuring fresh nanoparticles under
di�erent geometries show that there must be some interaction between particles
and surface, most likely the deformation of the particles on the surface, followed
by magnetic shape anisotropy. There could be a ferromagnetic particle-particle
interaction that leads to this ordering, which disappears when the particle shell
oxidizes and becomes thereby non,- or anti-ferromagnetic. The bigger particles
are a little bit less spherical, the largest sizes appear as squares in the TEM and
SEM pictures, this non spherical shape can lead to form anisotropy and can favor
a certain in plain magnetic magnetization, which disappears when the samples
oxidizes, due to the anti-ferromagnetic state of CoO. The oxidation state that is
reached at Co particles of 5 nm to 12 nm diameter, that were prepared oxide free
under UHV-conditions and later exposed to 500 L of oxygen 3, as performed in
the Group of K.H. Meiwes-Broer [12], will be reached by the CoPt nanoparticles
measured in this work after about 200 days of storage in contact with air. This
shows that the oxidation process is slowed down drastically by using a CoPt alloy
instead of pure Co.
Table 4.3 shows all magnetic moments derived from the measured data of all
particles that were freshly prepared and just slightly oxidized. As described in

3. 1 L=10−6 Torr sec, hence is a dose of 500 L oxygen equivalent to the exposure to air for

only 10 µsec

size/nm ms/(µb · dh) ml/(µb · dh) ml/ms magtot/(µb · dh) oxidation/%

3.7 0.53 0.09 0.16 0.62 19

4.0 0.51 0.10 0.19 0.61 14

5.5 0.52 0.09 0.18 0.61 17

6.5 0.55 0.11 0.20 0.66 19

7.0 0.51 0.08 0.16 0.59 7

7.0 0.55 0.09 0.17 0.64 13

8.4 0.50 0.08 0.17 0.58 25

Table 4.3: Magnetic moments of fresh (only slightly oxidized) CoxPt100−x

nanoparticles as measured.
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section 2.1 about XAS, the tey su�ers self absorption e�ects when the material
exceeds the thickness of the escape depth of the electrons and if the absorption
length of the x-rays is signi�cantly larger. This is the case, since the escape depth
of electrons in cobalt is slightly above 2 nm and the penetration depth of the x-rays
is roughly 10 times as much. Extracting the correction factors from K.Fauth [41]
for the sizes used in this work, table 4.4 was derived. When applying these
corrections, the spin moments change little, but the orbital moments increase
strongly and especially change relative to each other.
The result of the corrections applied is displayed in table 4.5. All values appear to
be rather similar with maybe a small deviation for the smallest particle size. Free
clusters reach bulk like values at sizes of about 3nm diameter, therefore it is not
too surprising that there are no size dependent e�ect visible in the size range from
4-8nm. This has a good side, if the particles are to be used in any application the
properties of a product being constructed with 8.4 nm particles will not di�er from
one that is being built up using only 4 nm particles. The higher stoichiometric
ratio of platinum in smaller nanoparticles reduces the average magnetic moment
per unit volume, since the magnetism is mainly attached to the cobalt. Please
remind that there were some yet not understood angular size dependent properties
measured for the orbital moment of the 4.0 nm, 5.5 nm and 7.0 nm sized particle
samples.
A comparison with literature values shows nice coincidences for the Co spin mo-
ment, where values of 0.56 to 0.6 µB per d-hole of 7.5 nm to 8.0 nm pure Co clus-
ters where presented [12, 13, 73] which is about 10% above the measured values
of the wetchemically prepared CoxPt100−x particles presented here. If considering

size/nm ms-corr ml-corr

3.7 0.98 0.84

4.0 0.98 0.83

5.5 0.97 0.77

6.5 0.96 0.74

7.0 0.96 0.72

7.0 0.96 0.72

8.4 0.96 0.68

Table 4.4: self absorption correction factors for spin and orbital moments
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the oxidation state of roughly 10-20% and cobalt oxide to be an anti-ferro-magnet
in bulk material this slight reduction in the spin moment appears reasonable. As
can be seen in table 4.6 the measured spin moment per d-hole drops drastically
when the oxidation state of the particles increase. The other partially analogous
reference samples of 5Å to 7Å sized Co islands on Au [8] are slightly higher with
0.58 and 0.70 µB per d-hole, but again in the similar regime. Most other mea-
surements that could be found related to the here presented data are cited in
table 4.7, but they are to a large extend bulk or thin �lm systems or limited to
only one reference value. Please note that all data in table 4.7 was converted
into values per d-hole, if the authors had given the estimated number of d-holes
used in their publication. In most cases as in the here presented measurement
the actual number of d-holes is unknown, nevertheless most authors that were in
need of the d-holes chose 2.49, which is the arithmetical average of theoretical Co
bulk values from ref. [54] and ref. [152]. In order to be able to compare the actual
measurements without the in�uence of the assumed number of d-holes (ranging
from 2.25 to 2.8), this number of d-holes was therefore removed if possible. The
orbital moments of equally sized (7.5 nm to 8 nm) Co reference particles are only
half as big as the measured CoxPt100−x samples. It nicely shows the expected en-
hancement of the orbital moment due to the Pt content of the particles compared
to pure Co particles. For comparison there are some pure Co clusters of 4 nm and
8 nm on Si wafers [70], where only the orbital to spin moment is known and with
0.1 about half of that of the measured CoxPt100−x samples, which �ts well to the
doubling of the orbital moment, when changing from pure Co to CoxPt100−x.

size/nm ms/(µb · dh) ml/(µb · dh) ml/ms magtot/(µb · dh) oxidation/%

3.7 0.54 0.10 0.19 0.64 19

4.0 0.52 0.12 0.23 0.64 14

5.5 0.54 0.12 0.23 0.66 17

6.5 0.58 0.15 0.25 0.72 19

7.0 0.53 0.11 0.22 0.65 7

7.0 0.57 0.13 0.23 0.70 13

8.4 0.52 0.12 0.23 0.64 25

Table 4.5: Magnetic moments of CoxPt100−x nanoparticles tey self absorption

corrected.
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The XAS and XMCD measurements have shown an initial oxidation of the par-
ticles of 10-20% occurs already during the synthesis process and that short term
storage in air (several days) does not signi�cantly increases this oxidation. The
initial oxidation state decreases with increasing size of the particle and thus re-
�ects that roughly 50% of the surface layer Co of the particle is oxidized during
synthesis. The maximum oxidation state of the particles depends on the particle
size as well, since the maximal oxidation depth has shown to be almost constant
at 1nm. The oxidation speed and total oxidation is vastly reduced if compar-
ing the particles with equally sized pure Co nanoparticles that oxidize almost
instantly with only a dose of 500 L oxygen, ending up with twice as thick ox-
ide shells [150]. The wetchemical CoxPt100−x particles stored in air or in liquid
solvents oxidize in half a year, which unfortunately for any possible application
is still too fast, although it proofs slow enough for investigation measurements
as done in this work. In order to achieve 10 year time stable magnetic storage
media grains much needs to be done to ensure oxidation stability of the particles.
This could be achieved by a noble metal coating or any other surface layer, that
hinders Oxygen to di�use into the nanoparticle. The magnetization of the par-
ticles depends mainly on the oxidation state of the particle. The total magnetic
moment per volume of the particle increases with size, since the stoichiometry
of the particles change and the Co content increases with size. The only trend
visible for a Co atom is for fresh particles, where an enhanced in plane orbital
magnetic moment can be seen for increasing particle size. This size dependence
disappears when the particles oxidize, while the other magnetic properties of aged
nanoparticles remain similar when comparing di�erent sizes, of equally oxidized
particles (table 4.6).

size/nm ms/(µb · dh) ml/(µb · dh) ml/ms magtot/(µb · dh) oxidation/%

6.5 0.39 0.10 0.27 0.45 48

7.6 0.34 0.12 0.36 0.41 73

8.4 0.36 0.12 0.34 0.43 59

Table 4.6: Magnetic moments oxidized wet chemicals tey self absorption cor-

rected
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sample nd−holes ms

µB ·dh
ml

µB ·dh
ml

ms
reference

Co(2−10ly)/Pt(111) 0.2 [134]

Co(5Å)/Au/W(110) 2.6 0.58 0.12 0.21 [8]

Co(7Å)/Au/W(110) 2.6 0.70 0.17 0.24 [8]

Co(5Å&Au−cap)/Au/W(110) 2.6 0.77 0.11 0.14 [8]

Co(7Å&Au−cap)/Au/W(110) 2.6 0.58 0.09 0.15 [8]

Co(7.5nm)/Ni(111) 2.49 0.60 0.05 0.08 [12]

Co(7.6nm)/Ni/W(110) 2.49 0.60 0.05 0.09 [73]

Co(8nm)/Au(111) 2.49 0.56 0.08 0.14 [13]

Co(11.4nm) 0.24 ±0.06 [150]

Co2000 in Cu 0.16 [32]

Co3600/Au 0.17 [30]

Co8000/Au 0.13 [30]

Co12000/Au 0.12 [30]

CoPt(3nm) [as prep.] 2.628 0.647 0.046 0.071 [141]

CoPt(3nm) [annealed] 2.628 0.727 0.068 0.094 [141]

Co(4&8nm)/SiWafer 0.10 [70]

Co2Pt1(2nm)/SiWafer 0.12 [70]

Co1Pt2(2nm)/SiWafer 0.14 [70]

CoPt(2nm) [in MgO] 2.49 0.185 0.032 0.18 [42]

CoPt(2nm) [in Nb] 2.49 0.080 0.024 0.28 [42]

CoPt(bulk) 0.15 [145]

CoPt(40nm−film) 2.628 0.75 0.099 0.13 [52]

Co/Pt(multilayer) 2.49 0.627 0.052 0.08 [24]

CoPt3(film) 2.25 0.711 0.058 0.19 [53]

CoPt3(bulk) 0.26 [68]

CoPt3(bulk) 0.094 [145]

Table 4.7: Literature references of experimental values of magnetic moments of

Co and CoPt clusters, layers and bulk systems
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sample nd−holes ms

µB ·dh
ml

µB ·dh
ml

ms
reference

Co(bulk) [LSDA+DMFT] 1.614/dh 0.138/dh 0.09 [145]

Co(wire)/Pt(997) [LMTO+OPT] 2.09/dh 0.86/dh 0.41 [75]

CoPt(bulk) [LSDA+DMFT] 0.139 [145]

CoPt(bulk) [FP-LMTO LSDA] 2.628 0.681 0.041 0.061 [49]

CoPt(bulk) [FP-LMTO GGA] 2.628 0.696 0.033 0.048 [49]

CoPt3(bulk) [LSDA+DMFT] 0.099 [145]

CoPt3(bulk) [FP-LMTO LSDA] 2.651 0.694 0.018 0.03 [49]

CoPt3(bulk) [FP-LMTO GGA] 2.651 0.720 0.022 0.03 [49]

Co(bulk−hcp) 2.43 0.03 [54]

Co(bulk−hcp) 2.55 0.60 0.03 [152]

Co(bulk−sufacelayer) 2.60 0.62 0.03 [152]

Co(bulk−fcc) mtot=1.64µB [95]

Co(bulk−bcc) mtot=1.73µB [95]

Co(bulk−hcp) mtot=1.63µB [95]

Table 4.8: Literature references of theoretical values of magnetic moments of Co

and CoPt systems
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Chapter 5

Mass Selected Clusters

In this chapter the measured data of the mass selected deposited ConPtm clusters
will be presented and discussed. The focus of attention is in �nding di�erences
in the cluster properties due to cluster size, stoichiometric composition and upon
changing of the substrate. The substrates are a strongly interacting 3 ML thin
Fe �lm on Cu(100) and a much weaker interacting 20-30 ML Ni �lm on Cu(100).
Both thin �lm systems support perpendicular magnetization of the magnetic
�lm. At this point the experimental setup limits the substrates to magnetic
systems, that magnetize the clusters via exchange coupling, in order to perform
measurements of magnetic cluster properties. An external magnetic �eld of 5-10
Tesla that would be required to magnetize the small clusters su�ciently could not
be applied in the standard spectroscopy chamber, hence a new chamber is now
under construction. In the beginning of the chapter the iron thin �lm substrate
is discussed and the treatment of the iron EXAFS-background in the cluster
measurements is presented. Additionally in this context interesting reactions of
the iron thin �lm upon cobalt cluster deposition are presented.

5.1 Iron substrate

A 2.5 to 3.5 layer iron thin �lm was evaporated at low temperatures on the
copper crystal to be the perpendicularly magnetized support of the deposited
clusters. To separate the signal of the substrate from the clusters. Typically
the background was measured either on a fresh prepared �lm or with a cluster
sample, but far away (2-3 mm) from the cluster spot. The XAS spectra of the
clusters had shown strong EXAFS-oscillations of the iron �lm in the region of the
cobalt L-edges (section 3.3.3). To remove the iron EXAFS-oscillations from the
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measured cluster spectra, some clean iron surfaces were prepared and measured.
This procedure had successfully been applied for nickel thin �lm systems in the
past. It proved impossible to match the iron background to the measured cluster
spectra. A similar mis�t of the iron EXAFS oscillation appeared, when using the
background measurements that were taken away from the cluster spot. As can be
seen in �gure 5.2 the iron EXAFS-oscillations have some energy dependence that
di�ers with the cobalt coverage of the iron thin �lm. It is known for a 3 layer iron
thin �lm grown on a Cu(100) crystal that the magnetic properties change from
out of plane to in plane, when depositing half a layer of cobalt onto the iron thin
�lm [29]. This shows that there is strong interaction between the deposited cobalt
and the underlaying iron. EXAFS measurements of iron thin �lm with increasing
cobalt coverage has not been reported in literature so far. Figure 5.3a shows the
iron EXAFS vs energy and �gure 5.3b the tey vs the

√
Energy (which is ≈ λ−1).

An electron with the kinetic energy of 800 eV has a speed of 17 · 106m/s which
is less than 6% of the speed of light, hence the electron can be treated as non
relativistic and the de-Broglie wavelength of the electron follows equation 5.1:

λe =
h√

2 ·me · Ekin
(5.1)

The scattering of the electrons by the surrounding atoms that produce the EX-
AFS oscillations therefore depend on 1 over square root of the kinetic energy.
The periodicity of the oscillations is due to the local environment of the scatter-
ing atoms. However from 2 or 3 oscillations, as in �gure 5.3b, it is impossible
to reconstruct distances reliably. For quantitative analysis more measurements
would have to be performed extending the covered energy region 100 eV up to
the Cu L-edge, which limits the measuring range.
In detailed investigations of Marangolo et al. [92] of NEXAFS and magnetic
NEXAFS of thin iron �lms on Cu(111) distinct changes could be measured in the
iron �lm coverage up to 2.2 ML (�gure 5.1). They claimed to be able to directly
link the coverage to the shape of the NEXAFS oscillations.
These changes could be explained by the di�erent growth modes of iron on
Cu(111), very important seemed the lattice relaxation process in the growth mode
close to the coverage of 0.7 ML of iron. The relaxation lead to a shift in the EX-
AFS oscillations towards higher energies of roughly 10 eV. In our measurements
the shift is towards lower energies, but about the same order of magnitude, when
adding 0.3 ML of cobalt onto the iron thin �lm. This substantial in�uence that
the cobalt in�icts upon the iron thin �lm must be in a long range order. While
the EXAFS signal represents the local surrounding of the surface atoms, the mea-
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a b

Figure 5.1: NEXAFS and magnetic NEXAFS of iron on Cu(111)(�gures from

reference [92]) show that there are distinct changes in the spectra, that can be

linked directly to the iron �lm thickness.
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sured tey integrates over the entire illuminated spot, since the e�ects are visible
in the tey, the in�uence of the deposited cobalt must be similar for most iron sur-
face atoms. The shift towards lower energies suggest that the cobalt increases the
surface strain, which is consistent with observations of Shen et al. [108, 122, 140].
They observed that adding 0.1 ML of cobalt to an 3 ML iron thin �lms grown
at low temperatures (LT) on Cu(100) started the spin reorientation transition
of the �lm. The e�ect of the Co capping layer was similar to 10 times that of
iron, 0.2 ML of cobalt changed the iron �lm properties as 2 ML of additional
iron would have done. This result suggest that our 3 ML fe �lm with 0.25 ML
Co capping should be similar to a 6 ML fe thin �lm. Shen et al. also compared
room temperature (RT) grown �lms with �lms grown at LT and observed that
the enhanced surface roughness of the LT grown �lms lead to a SRT that occurs
1.5 ML earlier than that of the smother �lms. The magnetism of the iron thin
�lm changed strongly with the adding of the 0.25 ML of cobalt. Using the sum
rules (section 2.1.1) the magnetic moments of the iron �lm with and without
the 0.25 ML Co were evaluated and are shown in table 5.1. The clean �lm has
a spin magnetic moment per fe atom, that is in good agreement with XMCD
measurements of D.Schmitz et al. [117]. They estimated a spin moment of 2.8
µB for a 3 ML iron thin �lm, that dropped to 0.8 µB for 6 ML thick iron �lms.
As mentioned earlier the Co-capped �lm should behave similar to a 5-6 ML thin
fe �lm, comparing our results with Schmitz et al. the 3 ML �lms show the same
Spin moment and the Co-capped �lm is with 0.6 µB slightly lower, which is to
be expected, since the magnetization tilts from out of plane at 2.5-3.5 ML to in
plane for higher coverage and the measurements of this work have been detecting
the integrated out of plane fraction of the magnetic moments only.
The measured background signals displayed that the signal of the oscillation is
smooth. There are no additional absorption features to be seen. This was di�erent
in the last beamtime that added data to this work and in which the clusters on
the magnetic nickel thin �lm were measured, where the switching mirror unit
had been plasma cleaned to remove carbon contaminations prior to the beamtime
and where the high frequency antenna to ignite the plasma had a brass socket,
leading to di�erent contaminations in the beamline (including a little Co). Since
the measured background was smooth with no additional absorption features in
the case of the iron thin �lm substrate, the measured spectra were �tted. The
�t was split into the pre L3-edge, the post L2-edge and in the region between the
two absorption peaks and was smoothly extended by a polynomial of the third
degree in the two missing sections that contain the Co absorption features. This
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Figure 5.2: The background measurement in the cobalt L3,- and L2-edge region

show a strong iron EXAFS oscillation. Comparing several measurements of the

cobalt L2,3-edge region, one can clearly see that there is a strong change in the

spectra, which is correlated to the amount of cobalt, that covers the iron layers.

Since the EXAFS oscillation seam to shift in their energy position to lover ener-

gies with increasing cobalt coverage, the background of the clean iron �lms can

therefore not be used at the coverage of up to 5% of cobalt which is used for the

cluster measurements.
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Figure 5.3: Fe EXAFS oscillations displayed as measured vs photon energy

(a) and vs the square root of the kinetic energy of the photo electrons (b), zero

being the Fe-L3-edge. The EXAFS oscillations should occur regularly in a plot

as in (b). One can qualitatively see that there is some change from the clean Fe

surface spectra (red lines) to the 20% to 30% Co covered spectrum (black line),

but for qualitative analysis, more detailed investigation in a wider energy rage is

necessary.

film−thickness
ML

ms

µB

ml

µB

ml

ms

magtot
µB

3.4 fe (clean) 2.84 0.17 0.06 3.01 this work

3.4 fe + 0.25 Co 0.59 -0.01 -0.025 0.57 this work

3.0 fe (theory) 2.55 0.12 0.05 2.67 O.Hjortstam et al. [61]

3.0 fe (clean) 2.29 0.24 0.10 2.53 T.Nakagawa et al. [97]

3.0 fe + 0.1 K 1.91 0.17 0.09 2.08 T.Nakagawa et al. [97]

3.4 fe (clean) 3.33 0.23 0.07 3.56 J.Hunterdunn et al. [66]

3.4 fe (clean) 2.80 0.18 0.06 2.98 D.Schmitz et al. [117]

8.0 fe (clean) 0.80 0.08 0.10 0.88 D.Schmitz et al. [117]

Table 5.1: Magnetic moments of Fe/Cu(100). Concerning the errors for data

from this work: For the thin �lm preparation it was ± 0.2 ML, while the rela-

tive error between the two sets was below 0.1 ML. The magnetic moments are

extracted with the XMCD sum rules and therefore have typical error of ±5% for

the ml to ms ratio and ± 10% for the seperated moments.
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is shown for the measured background in �gure 5.4 and for the cluster spectra in
�gure 5.7.
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Figure 5.4: (a): There is an iron EXAFS oscillation, but no structure located

speci�cally at the cobalt L-edges, that therefore could be related to any cobalt

contamination of the beamline. Hence the background can be successfully ap-

proximated with a smooth �t that imitates the iron EXAFS oscillation. (b): The

dichroic signal of the background measurement shows that there are iron MEX-

AFS oscillations with a minimum right between the two cobalt L-edges. This

makes it necessary to remove the iron MEXAFS oscillations from the cluster

dichroism spectra, before applying the sum rules.

By removing the background in the above described way, only the spectrum
containing the actual 2p to 3d transitions remained. By removing a �tted back-
ground, the usually used double step function is replaced by a diagonal cuto� of
the L-edges. Figure 5.5 shows a spectrum of a very slightly oxidized chemically
prepared CoPt nanoparticle (section 4) and the usually applied step function,
as well as the cuto� version used for the mass selected clusters. This procedure
changes the line shape of the resulting white line spectrum slightly, but the line
shape has no in�uence on the sum rules. When integrating the area under the
curve as done for the sum rules, the di�erence between the two methods used is
only 1%, which is a rather small additional error, when comparing that to the
error of the sum rules (section 2.1.1).
The magnetization of each �lm was extracted from the data as in the case of
nickel with the XMCD sum rules, but was not used to normalize the magnetic
moments of the deposited clusters. The iron �lm magnetization changes last at
the surface layer. The cluster magnetization couples by exchange coupling to the
topmost layer of the magnetic substrate and hence the magnetic moments of the
clusters have not to be normalized to the magnetic moment of the underlying
magnetic thin iron �lm. This is di�erent for nickel thin �lms, since there the spin
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Figure 5.5: Comparing di�erent background subtraction methods: For the clus-

ters on the iron substrate it is impossible to �rst remove the background and

later subtract the step-function properly. By approximating the background with

a �t the step-function is in �rst order included into the background. Instead o�

removing a proper step-function (orange curve) by subtracting the approximated

background a cut o� is removed from the spectrum similar as shown in the picture

(dotted line). This obviously changes the line shape of the resulting spectrum, but

the area under the curve for the separate L-edges is a�ected less than 1% for Co.

Since the XMCD sum rules do not depend on the line shape, this approximation

method adds an additional error of about 1% only.

107



820810800790780770760

Photon energy (eV)

820810800790780770760To
ta

l e
le

ct
ro

n 
yi

el
d 

(a
rb

. u
ni

ts
)

D
ic

hr
oi

c 
si

gn
al

 (a
rb

. u
ni

ts
)

Photon energy (eV)

 higher resolution measured

 right circular scan
 left circular scan

a b

Figure 5.6: Removing the iron EXAFS and MEXAFS components from the

measured cluster spectra the resulting spectra for the application of the sum rules

are shown above.
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Figure 5.7: The spectra were �tted in the mask regions (1-3) with polynomial

functions of 9th degree and mended in the intermediate regions with a polynomial

of the 3rd degree. These merged �t functions were used as iron background.
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reorientation transition from out of plane to in plane takes place in the growing
and enlarging of magnetically di�erently orientated islands and thus the cluster
on such islands have di�erent magnetic orientation, thus not contributing to the
perpendicular orientated XMCD measurement.
As a measure of the �lm thickness the step height to background ratio of the
L-edges of iron was taken (�gure 5.8). This works well because the iron �lm
was very thin (≈3 layers) and the deviation from the average thickness was only
half an atomic layer. In the small range of ± 0.5 layers in which the �lms could
still be magnetized perpendicular, the absorption signal is in good approximation
linear to the coverage. Additionally the background of an iron �lm on copper
is featureless in the pre L3-edge region and neither iron, nor cobalt or platinum
has absorption features in this energy. The pre-edge region was normalized to
one, hence the step height was directly accessible. A relative magnetization was
de�ned by the magnetization measured divided by the over all maximal mag-
netization measured during the beamtimes. The relative magnetization versus
this thickness measure is shown in �gure 5.9a and shows a similar behavior of
magnetization vs �lm thickness as the reference found in literature (�gure 5.9b).
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Figure 5.8: The iron �lms were deposited in thicknesses close to 3 atomic layers

using a thermodesoption spectroscopically calibrated metal foil evaporator. Only

in the small range of ± half a layer in which the �lms can be magnetized perpen-

dicular to the substrate surface, the absorption signal is in good approximation

linear to the coverage. The introduced measure is the step height of the L3 edge

jump divided by the background. This measure was used to monitor the grown

�lm thickness. In the graph the background was normalized to one.
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Figure 5.9: The iron �lm thickness has been estimated according to �gure 5.8.

By plotting this estimated thickness against the measured perpendicular magne-

tization (a) one can recalibrate the �lm thickness to atomic layers, since iron �lms

on copper can only be perpendicular magnetized while the iron �lm is between

2.5 and 4.0 atomic layers thick. (b) shows a reference magnetization to thick-

ness measurement of M.Kurahashi et al. [76], which was done with Kerr rotation

measurements.

Spectra used in this work had a magnetic substrate with at least 75% relative
magnetization. By this restriction the iron thin �lms used for the cluster mea-
surements di�er less than 0.5 ML in thickness o�ering similar surface conditions
for the di�erent cluster samples.

5.2 XAS whiteline spectra

Some clusters possess highly enhanced chemical reactivity, which is one of the
reasons for the experiments in this work to be performed in UHV conditions.
The L3-edge line shape of the absorption signal of metallic and oxidized transition
metals as cobalt di�er strongly in appearance (�gure 4.3), which in the case of
the wet chemical clusters discussed in the last chapter, helped to see that many
preparations were strongly oxidized. In our measurements of deposited mass
selected clusters the goal was to investigate the magnetic properties of unoxidized
clusters. The Con and ConPtm clusters on the iron thin �lm were with one
exception all oxide free and showed just small e�ects due to aging over the 4 hour
time span of the measurements. The Con clusters on nickel were all oxide free
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as well and did not age signi�cantly. Even after dosing pure oxygen upon a Co1

cluster preparation, only the magnetization of the iron thin �lm disappeared and
with that the magnetization of the clusters too, but the cobalt atoms remained
metallic. After annealing to 120K in the presence of oxygen, �nally the Co atoms
could be oxidized. In contrast to that it proved hard to prepare Co2Pt1 and
impossible to stabilize Co1Pt1 on Ni/Cu(100). Using the measure to estimate
the oxidation of a Co spectrum de�ned in the chapter for wetchemical CoPt
nanoparticles (�gure 4.2), all Co1Pt1 mass selected cluster preparation were at
50% oxidation already at the �rst scan and averagely oxidized up to 65% within 3
hours. The comparison with spectra taken of oxidized wet chemical nanoparticles
is shown in �gure 5.10. The presence of Pt on the nickel substrate has an enormous
catalytic e�ect upon the oxidation process of the cobalt atoms, which implies that
the platinum must lead to an increased electron density at the cobalt atom. This
e�ect would be lessened if one Pt atom hybridizes with two Co atoms as in Co2Pt1,
in which case the increased reactivity is still present, but less pronounced.
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Figure 5.10: There were strong signs of oxidation visual in the absorption spec-

tra of some preparations (a). The almost identical samples are oxidized Co2Pt1

clusters on nickel, whereas the dashed line is a not oxidized preparation of Co2Pt1.

The oxidized cobalt in the cluster appeared only on nickel surfaces and when plat-

inum was present. Comparing the two spectra of oxidized mass selected clusters

from (a) with some of the spectra of the 65%oxidized wet chemically prepared

particles (a 6.5nm and a 8.4nm nanoparticle), it shows that the line shape of all

4 spectra are almost identical.

The energy position of the cobalt edges shift between the deposition upon iron
and nickel substrates for all clusters (�gure 5.12a). It is roughly 0.5 eV for all
clusters measured. The exchange interaction between iron and cobalt is much
higher than that of cobalt and nickel. This can lead to a shift of the electron
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density from cobalt to iron in case of the neutral cobalt ad-atoms, which would
leave the cobalt d-orbitals less populated in the initial state and shift the L3-
edges towards lower energies. On the other hand the strong coupling to the
iron surface will allow the electrons to help shield the produced core holes in the
�nal state. A di�erence in the shielding of the �nal state core hole can be seen,
when comparing the Co1 and Co1Ptx clusters on iron, in which the Co-Pt 3d-5d
hybridization e�ectively increases the electron density at the cobalt atom in the
�nal state and thus increases the BR by 50% (�gure 5.11). This would explain
the increased reactivity of Co1Pt1 on nickel. On both surfaces the Pt would
donate some electron density by 3d-5d hybridization. On the nickel surface this
additional electron density is almost completely at the location of the Co atom,
which will increase the attractive force towards oxygen. On the iron surface the
platinum hybridizes strongly with the iron substrate too, hence the charge at the
location of the cobalt atom is almost unchanged.
In our previous experiments with chromium clusters on iron [111], free cobalt
clusters [82] or as it has been reported for Co atoms and thin �lms on a copper
surface [31] changes of the energy position of the cluster L-edges could be seen
that depended on the cluster size or chemical surrounding of the deposited mate-
rial. Principally the energy position of the absorption edges react to any changes
made to the system investigated usually explained with initial and �nal state
e�ect. M.Reif et al. explained the shift of the Chromium absorption edges with
increasing cluster size as an initial state e�ect of increasing 3d electron delocal-
ization due to intra cluster hybridization and a corresponding lowered 2p binding
energy. Since the clusters investigated in this work were very small, up to Co3 and
CoPt3, further investigations with larger clusters may be more conclusive. The
in�uence of the Pt in the cluster on the Co core level splitting or the in�uence of
the substrate can not be satisfyingly deduced from the data measured so far.
The changes of the energy positions of the L2,3-edges are much smaller for clus-
ters on the stronger coupling iron thin �lm than for those on the nickel surface.
Likewise the measured apparent spin-orbit splitting changes less for samples on
the iron thin �lm. The e�ect of the platinum in the clusters is little, although
it appears that the platinum shifts the absorption edges of the clusters towards
lower binding energies on both substrates.
The shift Dürr et al. measured from sub-monolayer to 10 ML thick �lms (all
deposited on Cu(1 1 13)) was less than 0.1 eV at the L2-edge and about 0.5 eV
at the L3-edge. They explained the change with the increase of the coordination
of the cobalt atoms and the general change of atomic surrounding and could
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Figure 5.11: The ratio of the integrated absorption over the cobalt L3 edge

divided by the integrated absorption over the L2 edge show that there are e�ects

that seem to depend on the surface and on the oxidation state of the cobalt.

The black solid circles are the experimental values from this work on the iron

substrate , while the blue open diamonds are those on the nickel substrate. The

black crosses are oxidized cluster preparations of this work. The orange stars are

from free cluster experiments by J.T.Lau et al [82], the green dotted line (value

2.3) at Co1 to Co3 is the BR of bulk cobalt [9], the brown dotted line that of CoO

nanoparticles [69]. The green dotted lines at Co1Pt1 and Co1Pt3 are the thin �lm

values taken from [24, 52, 53, 68]. The oxidized particles behave very similar no

matter whether pure cobalt or an CoPt alloy is present, while the branching ratio

of the not oxidized clusters increases strongly in the presence of platinum.
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Figure 5.12: The maximum position of the Co L-edges for the di�erent clusters

is displayed (a) and the resulting Spin orbit split that is measured (b). The

solid black circles represent cluster measurements on Fe/Cu(100), while the blue

diamonds are clusters on Ni/Cu(100). In comparison the position of the L-edges

of a thin Co �lm on Cu(1 1 13) measured by H.Dürr et al. [31] is displayed in

(c) and there are two data points added to (b), that were extracted from free Co

cluster experiments published by J.T.Lau et al. [82] and are displayed as orange

stars.
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identify that the lower energetic (surface) peak remains as a shoulder in the bulk
like absorption line of thicker coverage. The lowest coverage of Dürr et al. was
in the sub monolayer regime with a L2,3-edge splitting of 15.5 eV. This is very in
good agreement with our measurements that range from 15.8 eV to 15.4 eV. The
measured SO splitting reduces for Co1 clusters on iron from 15.5 eV to 15.4 eV,
when increasing the coverage from 3% to 25%. This can be explained as in the
case of the thin �lms investigated by H.Dürr et al.: At a coverage of 3% almost all
small Co clusters are separate where as in the case of 25% coverage most clusters
are joined to islands. The coordination of the Co-atoms change and especially
the atoms with 3 or more Co neighbors increase strongly. In the study of H.Dürr
et al. the value of 15.4 eV for the L2,3-edge splitting is reached at a coverage of
one full layer. Considering the strongly stepped Cu(1 1 13) surface used for that
study, it is most probable that the increase of Co coverage leads to stripes along
the edges of the Cu crystal and not to islands. This would also explain, why there
is almost no change in the data of H.Dürr et al. below 1 ML Co coverage and
rather drastic changes between 1 and 4 layers Co coverage. It looks di�erent with
a �at Cu(100) surface with pseudomorphic grown iron or nickel thin �lms as in
the case of this work. Here it is most likely that the formation of islands starts
early and long 2 dimensional lines are rather scarce. One will expect features
due to coordination e�ect to appear at lower coverage, since higher coordinated
ad-atoms are more likely on �at surfaces.

5.3 XAS dichroism spectra

The evaluation of the orbital and spin magnetic moments of the deposited Con
and ConPtm clusters can be done using the sum rules (equations 2.3 and 2.4).
For a general overview and the trend of the orbital to spin magnetic moments
one can just look at the dichroism spectra that are normalized to the L2-edge:
The rather simple system of Co1 to Co3 on iron was calculated as a comparison
to the experiment with a full potential Korringa Kohn Rostoker Green functional
method (SPR-KKR) by S.Bornemann [19] (�gure 5.13b). The trend of the the-
oretical calculations is di�erent to the experiment, since the theory predicts a
monotonous increase of the orbital to spin moment ratio, while the experiment is
showing an increase from monomer to dimer and a decrease from dimer to trimer.
One reason for the di�erences can be that the theory at the moment always as-
sumes �at surface layers, which in the case of the Fe/Cu(100) system is a rude
approximation. Furthermore strongly di�ering from the experimental conditions
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Figure 5.13: The experimental dichroism spectra of Co monomer, dimer and

trimer on Fe/Cu(100) normalized to the integrated intensity of the L2-edge (a).

The system was calculated with a full potential Korringa Kohn Rostoker Green

functional method (b) and the result comes close, but still there are distinct

di�erences between theory and experiment.

the iron was assumed to grow in bcc-Fe(100) con�guration. At last the theoret-
ical clusters were calculated as sitting on top of the surface: The clusters in the
experiment were deposited on a rough surface and are likely to be distributed
between on-top positions and some that are at steps or in the �rst surface layer.
Calculations of S. Bornemann [19] that simulated a ruthenium monomer sinking
into an iron thin �lm, shown that the magnetic moments di�er strongly between
those positions and even invert their sign, when sinking from a on-top position
into the topmost �lm layer. After soon �nished updates of the SPR-KKR code
some detailed calculations concerning these e�ects will be done. The theoretical
evaluated orbital to spin ratios give smaller values than the evaluations using the
sum rules, when calculating spectra from theoretical SPR-KKR calculations and
evaluating the dichroism with the sum rules, the ratio of orbital to spin moment
increases 20-30%. Recent yet unpublished calculations of A.Lichtenstein [83] of
cobalt monomers and dimers on the Fe/Cu(100) surface with LSDA+U (includ-
ing spin correlation e�ects) have given higher orbital to spin moments than the
experimental data (table 5.5). Although it is tempting to accept the achieved con-
gruities of theory and experiment one needs to remind that in the calculations
the surfaces were �at (in the case of A.Lichtensteins calculations the surfaces are
rather small island) and the clusters did not sit on di�erent positions as described
in the case of the ruthenium cluster calculations of S.Bornemann. Theory not
including electron correlation e�ects underestimates the orbital moment in com-
parison to the spin moment considerably, but can be used to compare trends.
Further characterization of the thin �lm systems used is highly important to ef-
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fectively compare any measurements with theoretical calculations. There is no
energetic shift measurable in the experiment from the cobalt monomer to the
cobalt dimer, as can be seen in the SPR-KKR calculation (�gure 5.13b). There
are yet no calculation for the nickel �lms performed, although the approximation
of a �at surface is better to be used for Ni/Cu(100) than for Fe/Cu(100). It would
be interesting to see whether the theory can reproduce the increase of the orbital
to spin moments of cobalt from iron (�gure 5.13a) to nickel (�gure 5.14) that in
the experiment is almost a factor of two. A simple idea to explain this is that
the coupling between iron and cobalt is much stronger than between cobalt and
nickel and thus the clusters are more free on nickel and the orbital moments are
quenched due to the strong coupling by the iron �lm. This idea is supported by
the very high orbital to spin magnetic moments that were measured by P. Gam-
bardella et al. [50] for cobalt monomers on Pt(111), where the Co atoms couple
only very weakly to the Pt surface. Comparing the orbital moments of the Co
clusters on iron and nickel (table 5.2 and table 5.4) one can see that the orbital
moments are almost identical on both surfaces, but the spin magnetic moment of
Co clusters on the iron substrate are 20-30% higher than on a nickel surface. The
strong coupling of the iron thin �lm therefore seems not to quench the orbital
moment, but to boost the spin moment. Maybe it is a little of both, since all
experimental data are taken without the knowledge of the number of d-holes of
the Co clusters. If the iron thin �lm would quench the total orbital moments of
the Co clusters, while decreasing the number of empty d-states in the Co clusters
at the same time.
To investigate the e�ect of adding platinum to the Co clusters there Co1 was
deposited on an iron �lm. Larger clusters with increasing number of platinum
atom up to Co1Pt3 (�gure 5.15) were successively prepared. Adding one or two
platinum atoms increased the orbital to spin moment ratio, but the third brings it
back to the starting value. Overall the changes of ml/ms(eff) are rather small and
almost within the uncertainty of the measurements of about 10%. This rather
small e�ect can be again due to the strong coupling of the cobalt to the iron thin
�lm.
The e�ect of adding a platinum atom to a cobalt dimer is very large. The or-
bital moment of the cobalt doubles (�gure 5.16 and table 5.4). The comparison
with the iron thin �lm system is unfortunately impossible yet, since the dimer
was measured on iron several times, but not in su�cient quality 1. The Co2Pt1

1. The synchrotron had a quite unstable beam position during those measurements, leading

to slight variations of the focus spot of the light, which leads to measuring di�erent positions
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Figure 5.14: Co monomer and dimer with and without Pt on Ni/Cu(100) nor-

malized to the integrated intensity of the L2-edge

Figure 5.15: Comparison of the dichroism spectra of Co monomer and after

adding one two or three Pt atoms to the cluster on Fe/Cu(100) normalized to the

integrated intensity of the L2-edge
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on Fe/Cu(100) was evaluated and is shown in the last line of table 5.2. Obvi-
ously they can not be taken as a reference. The other possible candidate for a
direct comparison of CoPt clusters on iron and nickel surfaces would have been
the Co1Pt1. This cluster was easy to prepare on an iron surface, but was the
only cluster to oxidize at every preparation on the nickel surface. This is on the
one hand not highly unlikely, since cluster are much more reactive than the bulk
material, although this is rather not the case for cobalt. None of the cluster
preparations of CoPt-clusters on the Fe/Cu(100) surface oxidized and none of
the pure cobalt clusters on the Ni/Cu(100) surface oxidized. Even after adding
pure oxygen heating was needed to achieve oxidization of pure cobalt clusters on
Fe/Cu(100). All 4 preparations of Co1Pt1 on Ni/Cu(100) were oxidized, which
points strongly to a highly catalytic e�ect of platinum in this con�guration. Ad-
ditionally the ratio of orbital to spin moment in the oxidized Co1Pt1 cluster on
Ni/Cu(100) was lower than for any not oxidized cobalt cluster.

Figure 5.16: Comparison of the dichroism spectra of Co monomer and dimer on

Ni/Cu(100) and adding a Pt to either cluster. All is normalized to the integrated

intensity of the L2-edge

The magnetic moments of the two measured oxidized cluster types behaved

of the gaussian distributed cluster spot, making the measured tey proportional to the beam

position, with an unknown proportionality function.
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mainly as expected, since in oxides both spin and orbital magnetic moment de-
crease. The samples had an estimated oxidation level of 65% and the spin moment
of both clusters was at less than 50% of any of the not oxidized. The drop of the
orbital moment was as well very strong, but only in the case of the Co2Pt1 the
orbital to spin ratio was really high, although it had been like that for the not

sample ms/(µB · dh) ml/(µB · dh) ml/ms magtot/(µB · dh)

Co1 0.61 0.10 0.16 0.71

Co2 0.66 0.15 0.22 0.81

Co3 0.76 0.17 0.22 0.93

Co1Pt1 0.69 0.15 0.22 0.84

Co1Pt2 0.65 0.13 0.20 0.77

Co1Pt3 0.71 0.14 0.20 0.85

Co2Pt1 0.88 0.05 0.06 0.69

Table 5.2: Magnetic moments of CoPt clusters on Fe/Cu(100). The e�ects are all

together small, while the last line shows the evaluated data of highly problematic

measurements, which results are certainly not reliably.

sample ms/(µB · dh) ml/(µB · dh) ml/ms magtot/(µB · dh)

Co1 0.51 0.15 0.30 0.66

Co2 0.57 0.12 0.20 0.69

Co3 0.45 0.16 0.35 0.61

Co2Pt1 0.62 0.24 0.39 0.86

Table 5.3: Magnetic moments of CoPt clusters on Ni/Cu(100). There is a huge

e�ect, when adding Pt to a Co dimer, the orbital moment doubles.

sample ms/(µB · dh) ml/(µB · dh) ml/ms magtot/(µB · dh)

Co1Pt1 0.21 0.04 0.17 0.25

Co2Pt1 0.24 0.09 0.38 0.33

Table 5.4: Magnetic moments on nickel
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oxidized clusters too. Typically this ratio increases when changing from cobalt
to cobalt oxide roughly 50%. This time it remained almost constant for Co2Pt1
and did probably even drop for Co1Pt1. We could not measure the magnetic
moments of not oxidized Co1Pt1 on nickel, since the earlier described very high
oxidation speed of those clusters. All measured clusters on nickel had a higher
ml/ms ratio than 0.17, and thus it is most likely that Co1Pt1 would have too.
The doubling of the orbital moment from Co2 to Co2Pt1 makes it rather hard to
imagine that there should be a decrease from Co1 to Co1Pt1. Possibly the Oxide
binds at di�erent position of the two clusters with respect to the surface (parallel
to the surface for Co1Pt1 and on top for Co2Pt1). If the Oxygen should prefer
a special geometry it could induce di�erently spacial orientated orbital's at the
cobalt. Since all the cluster measurements were performed in normal incidence, a
tilt of the orbital moment into the �lms plain would appear as a reduced orbital
moment, as maybe in the case of the oxidized Co1Pt1. Measurement of CoO clus-
ters on a nickel �lm are planned and might give some inside how oxide clusters
orientate on the surface. On the other hand the clean Co2Pt1 has shown a very
high orbital magnetic moment and since only 65% of the clusters were oxidized,
the remaining clusters might be responsible for this high, but not increased out
of plane orbital to spin ratio.
Comparing the orbital to spin moment ratios of Co1 on Fe and Ni and Pt(111)
as approximately done in �gure 5.17, it is apparent that the ratio almost doubles
from Fe to Ni and than more than triples from the Ni to the Pt substrate. This
points towards an increasing orbital to spin ratio, when decreasing the cluster
substrate interaction. Above that Pt seams to have an strong increasing e�ect
on the orbital moment of the clusters, when the cluster substrate interaction is
weak. In the case of the strong coupling Fe substrate, the enhancing e�ect on
the Co orbital moment of the Pt appears to be quenched. Taking in account
that the orbital moment of Co2 on Ni doubles when adding Pt the strong impact
of the Pt surface to the orbital to spin moment ratio of the Co may not only
be due to weaker substrate cluster coupling, but due to enhancement e�ects
upon the orbital moment by Co3d-Pt5d hybridization. Please note that there
are di�erences in the size dependence upon the di�erent substrates. While the
measurements of Gambardella et al. on the Pt surface have shown monotonous
decrease of the orbital to spin moment ratio with increasing cluster size, this ratio
decreases from Co1 to Co2 and is largest for Co3 on Ni and again di�erent for the
Fe substrate, where the ratio increases from Co1 to Co2 and has an intermediate
value for Co3.
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Figure 5.17: A comparison of the orbital to spin ratio of atoms on three di�er-

ently strong coupling substrates shows that the ratio increases, when the substrate

atom coupling weakens. The Pt(111) surface reference was measured at 5.5 K and

7 T external �eld by Gambardella et al. [50]
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Taking a closer look at the magnetic moments of ConPtm separately comparing
again the Fe and Ni substrate in�uences (table 5.2and 5.4). It seems that the
Co spin moments are all together larger on the Fe substrate. As described in
section 2.1.1 the measured spin moment with XMCD is only an e�ective spin
moment, including seven times the z component of the magnetic dipole operator:
Tz. In spherical geometry Tz is negligible and is typically assumed to be zero
when unknown. For Fe, Co and Ni bulk and thin �lm systems all experimental
data have so far supported this practice, but as discussed in chapter 4 the in�u-
ence of the strong spin orbit coupling of the Pt may lead to a non diminishing
component of Tz, although it was not the case for monoatomic Co chains on
Pt(997). In the case of Con on an Fe substrate the coupling is obviously strong
enough to quench almost all e�ects due to Pt ad-atoms. With this strongly inter-
acting iron underneath and vacuum above the coupling to the Co is very di�erent
on two opposing sides and hence it is to be expected that the Co has no spherical
surrounding, giving rise to a none zero Tz. To the best of the knowledge there
are no fully relativistic theoretical calculations including electron correlation ef-
fects of the value of Tz for Con on Fe yet. To estimate the magnitude of Tz
for Con on the Fe substrate and one can use the weakly coupling Ni substrate
as reference and assume the Tz to be zero there. This assumption is feasible,
especially when comparing the mass selected measurements with the measure-
ments of the wet chemically prepared nanoparticles (chapter 4) and the reference
Co nanoparticles [12, 13, 73]. The spin moment per d-hole of Co of those pure
Co nanoparticles are very similar to those of the mass selected Con and ConPtm
clusters on a Ni substrate. Lets assume the spin moments of Co per d-hole to be
approximately equal on iron and on nickel substrates. Averaging over the Co1 and
Co2 measurements and taking the di�erence of the measurements on iron and on
nickel as an estimate of the 7·Tz(Fe) contribution in the XMCD measurement of
the Co spin moment Tz(Fe) ≈ 0.06 µB (using nd−holes = 2.9 for Co on iron [83]).
As a result of this estimation 35% of the XMCD measured Co spin moment on
the iron substrate would originate from Tz. The uncertainty of the measured
moments would only in case of the orbital moment be limited by the measuring
method (XMCD + sum rules), while the spin moment would be dominated by
the uncertainty of Tz. It is essential that by further theoretical and experimental
work uncertainties concerning Tz are strongly reduced. Nevertheless the trends
described above stay true, since the Con and ConPtm spin moments within the
measured data set for each substrate vary less than half as much as the spin mo-
ments of equal cluster size vary comparing di�erent substrates. Therefore the Tz
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seems to be rather similar for all clusters on a certain substrate and the trends
within a measured data set upon a substrate remain true.

sample nd−holes ms

µB ·dh
ml

µB ·dh
ml

ms
reference

Co(23layer) 2.8 0.982 0.156 0.16 [67]

Co(bulk) 1.52/dh 0.14/dh 0.09 [38]

Co(bulk) 1.607/dh 0.155/dh 0.10 [145]

Co(layers−fcc) 0.110 [98]

Co(layers−hcp) 0.148 [98]

Co(2−10ly)/Pt(111) 0.2 [134]

Co300/Au 0.21 [30]

CoPt(3nm) [as prep.] 2.628 0.647 0.046 0.071 [141]

CoPt(3nm) [annealed] 2.628 0.727 0.068 0.094 [141]

CoPt(bulk) 0.15 [145]

CoPt(40nm−film) 2.628 0.75 0.099 0.13 [52]

Co/Pt(multilayer) 2.49 0.627 0.052 0.08 [24]

CoPt3(film) 2.25 0.711 0.058 0.19 [53]

CoPt3(bulk) 0.26 [68]

CoPt3(bulk) 0.094 [145]

Con(n=20−200) mtot=2.08±0.20µB [23]

Table 5.5: Literature references of experimental values of magnetic moments of

Co and CoPt clusters, layers and bulk systems
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sample nd−holes ms

µB ·dh
ml

µB ·dh
ml

ms
reference

Co1/Fe(100) [LSDA+U] 2.91 0.701 0.172 0.245 [83]

Co2/Fe(100) [LSDA+U] 2.90 0.679 0.207 0.305 [83]

Co(wire)/Pt(997) [LMTO+OPT] 2.09/dh 0.86/dh 0.41 [75]

Co(bulk) [LSDA+DMFT] 1.614/dh 0.138/dh 0.09 [145]

CoPt(bulk) [LSDA+DMFT] 0.139 [145]

CoPt(bulk) [FP-LMTO LSDA] 2.628 0.681 0.041 0.061 [49]

CoPt(bulk) [FP-LMTO GGA] 2.628 0.696 0.033 0.048 [49]

CoPt3(bulk) [LSDA+DMFT] 0.099 [145]

CoPt3(bulk) [FP-LMTO LSDA] 2.651 0.694 0.018 0.03 [49]

CoPt3(bulk) [FP-LMTO GGA] 2.651 0.720 0.022 0.03 [49]

Co13 2.2 mtot=2.02µB [1]

CoPt(cluster) mtot=2.75µB [44]

(CoPt)2(cluster) mtot=1.99µB 0.15 [44]

Co(bulk−fcc) mtot=1.64µB [95]

Co(bulk−bcc) mtot=1.73µB [95]

Co(bulk−hcp) mtot=1.63µB [95]

Table 5.6: Literature references of theoretical values of magnetic moments of Co

and CoPt systems
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Chapter 6

Summary

6.1 Conclusion

The goal of this work was to increase the experimental understanding of size
and stoichiometrically induced property changes of small magnetic clusters and
nanoparticles using x-ray spectroscopic methods. In this context �rst x-ray ab-
sorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD)
measurements of deposited size selected ConPtm clusters (n,m ≤ 3) and of wet
chemically prepared CoxPt100−x nanoparticles (3.7 nm to 8.4 nm) could be pre-
sented in this work. The chemically selective measurements of XAS and XMCD
were well suited to characterize these systems concerning their oxidation state
and their magnetic properties.
The small mass selected clusters have proven as expected to be excellent sys-
tems to prepare well de�ned samples and they can to some extend be calculated
with high sophisticated ab-initio theory methods. The clusters were magnetically
aligned perpendicular to the surface using exchange coupling to the upper layer
of Fe/Cu(100) and Ni/Cu(100) thin �lm substrates. For theory free clusters are
generally easier to calculate, but to bridge the gap from pure model systems to
real samples, including the cluster substrate interaction is essential. The rapid
oxidation of most deposited clusters consisting out of very few atoms require in
situ preparation of samples at ultra high vacuum (UHV) conditions in this case
with a base pressure of about 1 ·10−10 mbar. Under these UHV conditions almost
all Co and ConPtm have proven very stable on both magnetic substrates within
the usual measuring period of 4-5 hours. Only Co1Pt1 on a Ni substrate was
always at least 60% oxidized within minutes. Additionally to this catalytic e�ect
of the Ni substrate on the Co1Pt1 cluster, strong size and stoichiometry depen-
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dencies could be seen, as the orbital moment of the Co dimer doubled, when one
Pt was added to the cluster. On the more strongly coupling Fe layer this stoi-
chiometry e�ect was e�ectively suppressed. There are strong size dependencies
in the orbital moment for pure Con clusters (n ≤ 3) on Fe and Ni substrates,
although with di�erent trends. The coupling of substrate and cluster worked
both ways, as the 3% Co coverage of the deposited clusters had no e�ects on the
weakly coupling Ni substrate, while it lead to a shift of several eV towards lower
energies in the extended x-ray absorption �ne structure (EXAFS) oscillations for
the Fe substrate.
All Co spin moments per d-hole are rather well within experimental and the-
oretical reference values from literature (≈ 0.6 µB), while the measured orbital
moments are a factor of 2-3 above most experimental reference values and roughly
a factor of 5 above all theoretical values, where the electron correlation e�ects are
neglected. This could be explained by the fact that the experimental references
are for larger particles (300 atoms per cluster and more), where the quenching of
the orbital moment, common for bulk material, may already have started. There
are two theoretical calculations of which one for to Co1 and Co2 on Fe/Cu(100)
[83] includes all electron correlation e�ects and of which the second partially
readds the electron correlation e�ects by an optical polarization term [75]. These
two theoretical calculations come to orbital magnetic moments per Co atom of
0.17 to almost 0.3 µB per d-hole, which is even slightly above the experimental
values of this work (0.10 to 0.24 µB per d-hole). Since the use of the XMCD
sum rules slightly underestimates the orbital magnetic moments [127] theory and
experiment are in good agreement here. It proves that the electron correlation
e�ects play a major role for the orbital magnetic moments of small clusters and
that including electron correlation e�ects in theoretical calculations for these sys-
tems is essential. A size independent strong enhancement of about 20% of Co spin
moments extracted with the XMCD sum rules changing from the Ni substrate
to the more strongly interacting Fe substrate, points towards a non diminishing
z-component (Tz) of the magnetic dipole operator.
Besides the fundamental research part of this work dealt with wet chemically
prepared CoPt nanoparticles of 3.7 nm to 8.4 nm diameter with a sharp size
distribution of only 10%. To characterize the particles with x-ray spectroscopic
methods and measure their magnetic properties in their native state, the particles
were prepared with their organic ligand shell as single layer �lms on p-doped Si
wafers. The ligands play a major role in keeping the particles from agglomerating.
The layer growth and the total conductivity was checked with scanning electron
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microscopy (SEM) prior to the x-ray spectroscopic measurements. In contrast
to High resolution transition electron microscopic (HRTEM) measurements done
right after synthesis of the particles, photo electron spectroscopic (PES) measure-
ments [88] had given clear evidence of oxidized Co in samples of earlier synthe-
sis batches. Using the x-ray absorption spectroscopy (XAS) measurement data,
taking advantage of it's element speci�city and chemical sensitivity a core-shell
oxidation model was created including the size dependent stoichiometry changes
that had been con�rmed by the chemists. The stoichiometry changes from CoPt3
for small particles to CoPt for large particles. All particles are already partially
oxidized during synthesis at their surface due to the bonding of most outer Co
atoms to the organic ligands. In contact to air the particles age over a period of
roughly 6 months, while an oxide layer is formed up to 1 nm inwards, oxidizing
only Co atoms that are not in stable CoPt3 con�gurations. The oxide layer is
less than half as thick than in equally sized pure Co nanoparticles [150], while
additionally the oxidation speed is much slower changing the time scale from
milliseconds to months.
The Co spin moments extracted from the XMCD measurements for all fresh
prepared nanoparticles are about 0.55 µB per d-hole. This average spin moment
is slightly below, while the average orbital moment of 0.12 µB per d-hole is slightly
above literature values of equally sized unoxidized pure Co nanoparticles [12]. The
reduced spin moment is explained with the partial oxidation of the particles and
the fact that CoO is anti-ferromagnetic, thus not adding to the integrated signal
of the XMCD measurement. The enhanced orbital moment compared with pure
Co particles on the other hand was expected, since Pt was known to have an
increasing e�ect on the Co orbital moments of neighboring atoms. No actual size
dependence of the magnetic properties could be seen, which on the one hand is
good for application purposes since it allows smooth scaling without any quantum
size e�ects. On the other hand the particles possess not only a reduced volume
with shrinking size, but additionally a reduced magnetic moment to volume ratio
with decreasing particle size due to the decreasing relative Co content. This is
not ideal if (as in this case) one is looking for particles which are most stable
against thermally induced magnetization reversal, where with decreasing particle
size it becomes more and more important that the magnetic moment per unit
volume of the particle is as large as possible.
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6.2 Outlook

For applicability purposes of the investigated wet chemically prepared CoPt
nanoparticles the initial oxidation must be removed or avoided. With the used
synthesis method avoiding the initial oxidation is not possible, but a ligand ex-
change after synthesis in favor of less strongly binding ligands or a complete
removal of all organic ligands with oxygen and hydrogen plasma treatment may
work. Additionally the oxidation due to aging must be prevented which could
be done by adding a noble metal coating or by a comparable Aluminum oxide
coating to keep oxygen out of the particle. An additional coating layer may as a
bonus even shield the else harmful e�ects of Co on biological systems and might
even open up a new �eld for a possible application of these particles.
Concerning the fundamental research: Unfortunately the calculation power of
state of the art computation facilities is not big enough jet to calculate in a mod-
erate time more than deposited 3d transition metal dimers. Larger and faster
computation facilities may solve this limitation in the future. Until then theoret-
ical calculations are urgently needed still, for already experimentally measured
systems, as Con (n ≤ 3) on Ni/Cu(100). Some theoretical studies about size
dependent changes of the empty d-states would help much to determine absolute
magnetic moments with XMCD. Additionally an theoretical analysis of Tz for
very small clusters should be done to reduce errors in the experimental analysis
using the XMCD sum rules, starting possibly with Con (n ≤ 3) on Fe/Cu(100).
On the experimental side many di�erent materials can be investigated in the
future: Magnetic alloys similar to ConPtm, like ConPdm, FenPtm and other po-
tential base materials for future magnetic application and to enhance the experi-
mental hard proof to benchmark theory. Pure 3d metal oxide cluster that would
help to understand the in�uence of oxidation and could give insight on whether
there is a size threshold for anti-ferromagnetic bulk material as CoO to become
anti-ferromagnetic. The entire zoo of the 4d and 4f elements can be investigated,
which are, due to the large amount of electrons per atom, not computable includ-
ing electron correlation e�ects for theory at the moment. These measurements
may still give important input to improve the theoretical code in the future. More
experimental characterization of substrates and the in�uence due to the deposited
material should be undertaken. In case of small e�ects or low photo absorption
cross sections as for 4d and 4f elements in the soft x-ray regime it may only
be possible to measure at more stable storage rings as for example SLS, ESRF
and soon PETRA III. The smaller the particle beam position �uctuations of the
storage ring, the better for this kind of investigations. A combination of the
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cluster experiment with a fast switching external magnet (≈ 2 T), would allow
to switch the magnetization at each point, which would reduce the requirements
on long term stability of the storage ring. Alternatively a very fast switching
undulator at a storage ring could provide the same advantage, but is seldom
available. Combining the cluster experiments with strong external magnets (7
to 10 T), would allow to measure deposited clusters on non magnetic substrates,
opening the �eld to almost not interacting substrates as oxides, which is bridging
the gap towards free cluster measurements. It would be very advantageous, to
combine high resolution scanning tunneling microscope (HRSTM) with the clus-
ter experiments. Investigating deposited clusters with HRSTM concerning their
arrangement on the surface and their individual moments and to measure the
ensemble average with XMCD would be a perfect complementation and would
improve comparability to theory a lot. HRSTM investigations a smooth surfaces
in needed to distinguish between di�erent cluster sizes [74], while at this point
the magnetic substrates used are rather rough, which makes any size inspecting
HRSTM measurements most challenging if not even impossible. Measurements
of clusters on smooth surfaces as used in HRSTM measurements could be done
using of a strong external magnet. This fusion of integrating x-ray spectroscopic
investigation techniques with a local probe as HRSTM will be an ambitious aim
on the experimental side in the coming years.
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Appendix A

Mass spectra

All mass selected clusters measured in this work were created by sputtering a solid
target with 30 keV xenon ions. The sputtering process itself is quite complex and
since early experiments by Honig in 1958 [63] much investigated, while a good
overview can be found in [62]. Typical mass spectra follow an exponential decay
with increasing mass [131], while often there are e�ects of odd even oscillations
and some other more stable structures due to electronic shell closure. Above
that geometrically highly symmetric structures (magic cluster sizes at geometric
shell closures) as for 13 and 55 atoms usually proof very stable and thus stick
out by higher sputter yields. Most sputtered clusters are neutral, while charged
clusters can easily be extracted by applying a voltage to the target, as it is done
in the cluster source (ICARUS) used for this work. All cluster mass spectra were
taken for positively charged clusters, of which the dominating portion are singly
charged cluster ions.
For the deposition of mass selected ConPtm clusters, two targets with di�erent
stoichiometric ratios of Co and Pt were used. The Co/Pt ratio in atomic percent
were 25/75 and 50/50 and both had a purity of 99.95%. The mass spectra taken
of the two di�erent targets had similar yields for the small clusters, but partially
inverting intensity ratios of succeeding sizes of heavier clusters, as can be seen
in �gure A.3. The stoichiometry of the sputter target a�ects the sputter yield
of the cluster ions. Obviously Co1Pt+2 (mass ≈ 450 u) and heavier clusters have
higher cluster ion currents for the Co25Pt75 target. The Co25Pt75 target produces
decreasing cluster currents from Co1Ptx to Co2Ptx, while at the Co50Pt50 sputter
target the current doubles there.
Trying to explain the trends with the usual jellium model 1 there would be an

1. In the jellium model all lightly bound electrons are assumed to be delocalized and move
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Figure A.1: Mass spectrum of Co25Pt75
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Figure A.2: Mass spectrum of Co50Pt50.
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electronic shell closure for the lightest clusters Pt1Co+
1 (18 delocalized electrons),

which would favor it from Pt1Co+
2 (27 delocalized electrons). For the intermediate

sizes the jellium model will give neither shell closures for PtnCo+
1 nor PtnCo+

2

and thus favor nor explain any trend. Even worse is the situation for the heavier
clusters in the spectrum, where for the Co50Pt50 sputter target the PtnCo+

2 is the
most common in the experiment, while the jellium model would favor the shell
closures at 58 (Pt5Co+

1 ) and 68 (Pt6Co+
1 ). Just approaching the spectra from a

point of stoichiometric distribution of the elements involved one can understand
that Pt2Co+

1 and Pt3Co+
1 are more favorable in case of the Co25Pt75 sputter target

and that for larger clusters an additional Co ad-atom is more likely. For the
Co50Pt50 sputter target the argument of more Co in the sputter fragments would
already to be considered at Pt3Co+

x . Unexplained would remain why PtnCo
+
1 and

PtnCo+
2 are the two dominant sputter classes in the spectra, although it appears

as if for larger clusters in the case of the Co50Pt50 sputter target the peak of Pt+n+1

is dominated by the PtnCo+
3 peak, which is at the same position (within the mass

resolution of the system). Such an increase of the Co3 containing fragments with a
decreasing of the Co1 containing clusters for the sputter target that contains twice
as much Co per volume (or three times as much Co per Pt) at least supports the
approach of including the stoichiometry of the targets. Co+

1 and Co+
2 produce for

both sputter targets large cluster currents 2, while the currents for pure Pt clusters
are almost negligible, which can not be explained by the weight di�erence of the
sputter gas Xe and the target materials Co and Pt, since PtnCo+

1 is even heavier
than Pt+x , but obviously more in the spectrum. The amount of clusters with more
than 3 Co atoms (PtnCo3+m) can not be estimated, since they coincide in the
mass spectrum with the next larger Pt cluster with 3 Co atoms less (Ptn+1Com).
Nevertheless the �rst experiments with sputtering alloys with this cluster source
was successful and has encouraged further investigations with CoPd and FePt
sputter targets so far.
The broader the mass distribution of the natural isotopes an element, the broader
the peaks in the mass spectrum look for each cluster size of this element. Ta-
ble A.4 shows a list of all natural isotopes of the elements sputtered for this work.
Cobalt belongs to the few mono-isotopic elements and is not very reactive, while
Pt being even more inert and rather heavy with only 3 adjacent isotopes con-
tributing to over 90% of the abundance, the CoPt-alloy targets can be considered

in a uniform potential �eld created by the core electrons and the nuclei. In DFT the LDA

correlates to this picture.

2. ∼15 nA is the highest cluster current so far measured with that sputter source for a pure

metal target
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Figure A.3: The stoichiometry of the sputter target in�uences the yield of the

produced clusters. Comparing the mass spectra of Co25Pt75 and Co50Pt50, it is

most obvious that the cluster current heavier clusters is quite di�erent. Co1Pt2

(mass ≈ 450) and heavier clusters show much higher currents for the Co25Pt75

target. Additionally the Co25Pt75 target has a decreasing current from Co1Ptx

to Co2Ptx, while at the Co50Pt50 sputter target the current doubles at the same

transition.

IV



user friendly sputter material.
During the measurements done for this work several other mass spectra were
recorded, since at that point a proof of principle had to be presented, that the
experimental setup was able to produce 4d and 4f transition metal clusters with
su�cient cluster yields. The following �gures show it has proven possible, al-
though in the case of ytterbium (�gure A.12)for instance the reactivity of the
sputter material is too high, that the sputter yield may consist to a large extend
out of oxidized clusters. Typically as shown at the example of cerium (�gure A.8)
the oxide layer is only thin if present at all and can easily be removed by sput-
tering a short while (2-3 minutes in this case).
The best mass resolution of the cluster mass selection is m

∆m
≈ 50. In case of

Ni1 and Cu1 ∆m is about 1.5 u. The mass di�erence between the lighter Cu
isotope 63Cu and the heavier of the two common Ni isotopes 60Ni is 3 u, the mass
spectrum could drop down to 1/20 of the Ni peak height before the Cu peak
rises, taking the contribution of the remaining heavier isotopes of Ni (≈ 5%) into
account. In the mass spectrum of Cu60Ni40 displayed in �gure A.5 one can very
well observe the two peaks of Ni1 and Cu1. Obviously the settings used were
slightly below the optimum.
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isotope abundance weight

(%) (u)
54Fe 5.82 53.939612
56Fe 91.18 55.934939
57Fe 2.10 56.935396
58Fe 0.28 57.933277
59Co 100.00 58.933198
58Ni 68.27 57.935346
60Ni 26.10 59.930788
61Ni 1.13 60.931058
62Ni 3.59 61.928346
64Ni 0.91 63.927968
63Cu 69.17 62.939598
65Cu 30.83 62.927793
92Mo 14.84 91.906808
94Mo 9.25 93.905085
95Mo 15.92 91.905840
96Mo 16.68 91.904678
97Mo 9.55 91.906020
100Mo 9.63 91.907477
96Ru 5.53 95.907599
98Ru 1.87 97.905287
99Ru 12.70 98.905939
100Ru 12.60 99.904219
101Ru 17.10 100.905582
102Ru 31.60 101.904348
104Ru 18.60 103.905424

isotope abundance weight

(%) (u)
136Ce 0.19 135.907140
138Ce 0.25 137.905985
140Ce 88.48 139.905433
142Ce 11.08 141.909241
141Pr 100.00 140.907647
160Dy 2.34 159.925193
161Dy 18.90 160.926930
162Dy 25.50 161.926795
163Dy 24.90 162.928728
164Dy 28.20 163.929171
168Yb 0.13 167.933894
170Yb 3.05 169.934759
171Yb 14.30 170.936323
172Yb 21.90 171.936378
173Yb 16.12 172.938208
174Yb 31.80 173.938859
176Yb 12.70 175.942564
190Pt 0.01 189.959917
192Pt 0.79 191.961019
194Pt 32.90 193.962655
195Pt 33.80 194.964766
196Pt 25.30 195.967315
198Pt 7.20 197.967869

Figure A.4: Natural isotopes of the sputter materials and iron

VI



Cu

Ni

C
lu

st
er

 io
n 

cu
rr

en
t (

nA
)

Cluster mass (u)
0 200 400 600 800 1000 1200 1400

0

2

4

6

5

3

1

Figure A.5: A Target consisting of Cu60Ni40 is a good target to check the

resolution of the mass selection. In the blue highlighted ellipse can be seen that

Ni1 and Cu1 can be separated.

VII



6

5

4

3

2

1

0

C
lu

st
er

 io
n 

cu
rr

en
t (

nA
)

10.09.08.07.06.05.04.03.02.01.00.0

Cluster mass in units of Molybdenum (95.94 u)

     0V retardation
 500V retardation

Figure A.6: Mass spectra of 4d element molybdenum (Mo), of one is the mea-

sured cluster current with the retardation potential (in all measurements in this

work: 500 V) applied, the other without the retarding potential. The typical

decrease of the cluster current when retarding with the sputter target potential

of 500 V is by a factor of 2-3, depending slightly on the sputter target element.

C
lu

st
er

 io
n 

cu
rr

en
t (

nA
)

5

4

3

2

1

0

Cluster mass in units of Ruthenium (101.07 u)
1 2 4 6 8 10 12 14 16 18 20 22

Figure A.7: Mass spectrum of 4d element ruthenium (Ru)

VIII



C
lu

st
er

 io
n 

cu
rr

en
t (

nA
)

Voltage measured at magnet

Figure A.8: Time dependent sputter yield: In cases of reactive targets, the

surface is always covered with an oxide layer. Sputtering these systems the �rst

mass spectrum has a strongly enhanced proportion of oxidized components. In

this example the sputter spot had almost completely eroded the oxide layer af-

ter the second short mass spectrum taken, which can be nicely observed by the

decreasing intensity of CeO clusters.

C
lu

st
er

 io
n 

cu
rr

en
t (

nA
)

Cluster mass in units of Cerium (140.12)

Figure A.9: Mass spectrum of 4f element cerium (Ce)
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Figure A.10: Mass spectrum of 4f element praseodymium (Pr)
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Figure A.11: Mass spectrum of 4f element dysprosium (Dy)
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Appendix B

ICARUS con�guration

Over the years many alterations and improvements were made to the ICARUS
experiment. This was often done to make the frequent mounting and demounting
of this travel experiment easier and more e�cient. Some of those changes need
documentation as they were home made and since old lab books tend to be
unavailable when they are needed most, some of the more important changes and
connection tables are listed here.

Table B.1: All push button and status displays are integrated into one big

connection cable. This table shows the pin con�guration.

pin color function

A red/- +24 V

B blue/- +24 V

C green/grey turbo/spectr.-chamber "`closed"'

D white/pink magnet/prep.-chamber "`open"'

E brown/grey cluster-source/magnet "`closed"'

F white/yellow spectr.-chamber/beamline "`open"'

G -/- (not connected)

H -/- (not connected)

J pink/grey manipulator X-Y-circel

K -/- (not connected)

L grey/- +24 V

continues up to page XXII
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continued from page XX

pin color function

M yellow/pink turbo/prep.-chamber "`open"'

N white/blue manipulator Z positive limit

O -/- (not connected)

P brown/blue manipulator Z negative limit

R green/- +24 V

S pink/- +24 V

T yellow/grey turbo/spectr.-chamber "`open"'

U brown/pink magnet/prep.-chamber "`closed"'

V white/grey cluster source/magnet "`open"'

W brown/yellow spectr.-chamber/beamline "`closed"'

X brown/green +24 V

Y white/green ground

Z brown/red manipulator Y negative limit

a red/blue manipulator Z vent passing

b black/- emergency shuto�

c green/pink turbo/prep.-chamber "`closed"'

d white/- +24 V

e yellow/- +24 V

f brown/- +24 V

g brown/black ω initializing position

h white/black ω vent passing position

i purple/- emergency shuto�

j yellow/blue prep.-chamber/spectr.-chamber "`open"'

k green/blue prep.-chamber/spectr.-chamber "`closed"'

m white/red manipulator X positive limit
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The standard transducer applied has to be change slightly as displayed in the
�gure B.1.
The logic of the automatic emergency shuto� is shown in �gure B.2. This device
build around a separate logic circuit that will cause an automatic emergency shut-
o� of the step motors, if any combination of the limit switch and valve position
signals show that movement could lead to damage of the experiment. This may
for example lesson the thread of anyone to drive accidentally the manipulator
into the closed hand valve which separates the preparation from the spectroscopy
chamber. The system can be switched o� if in case of maintenance works free
movement is required.

pin cable color/# function

A black/11 (not connected)

B black/2 230V AC turbo/spectr.-chamber

C black/8 230V AC magnet/prep.-chamber

D black/3 230V AC spectr.-chamber/beamline

E black/6 230V AC turbo/prep.-chamber

F black/5 230V AC turbo/prep.-chamber

G black/4 230V AC spectr.-chamber/beamline

H black/9 (not connected)

J black/10 (not connected)

K black/1 230V AC turbo/spectr.-chamber

L black/7 230V AC magnet/prep.-chamber

M green/yellow ground

Table B.2: The new chambers had several additional vents of which most are

non-manual. ICARUS being a travel experiment and being moved more often,

for more comfort all of the power connections were combined in one cable. This

table shows pin con�guration.
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pin color function

1 white +12 V

2 green/yellow ground

3 purple TxD

4 blue RxD

5 black signal ground

6 pink +12 V

7 green/yellow ground

8 yellow TxD

9 red RxD

remove
add

Figure B.1: The control unit and the power supplies of step motors and the

control unit communicate via RS232 and RS485 respectively. To match the trans-

ducer input the pin con�guration of this table was applied: The standard trans-

ducer applied has to be change slightly as displayed in the graph above.

A

B

C

D

E

F

G
H
Uinternal

a

b

c

d

e

f

g

h
relais
status

NOT

NOR

ground

relais

lamp

Figure B.2: The logic of the automatic emergency shuto� is shown above.

XV



1

15

2

14

3

13

4

12

5

11

6

10

7

9

8

3

2

1

11

10

9control signal ground
(blue banana plug ended cable)

current monitor
(BNC cable - red label)

current control signal
(BNC cable - red/black label)

reference voltage (5.1 V)
(BNC cable - black & short)

voltage monitor
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Figure B.3: For controlling the new power supply of the mass separating magnet,

a plug is needed that has been build with the above shown pin con�guration
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Figure B.4: Measuring TPD's the QMS signal has to be recorded externally

and thus is only possible using a plug with above shown pin con�guration

XVI



pin color function

1 brown/grey cluster-source/magnet "`closed"'

2 brown/pink magnet/prep-chamber "`closed"'

3 green/blue prep-chamber/spektr.-chamber "`closed"'

4 green/pink turbo/prep-chamber "`closed"'

5 brown/yellow spektr.-chamber/beamline "`closed"'

6 green/grey turbo/spektr.-chamber "`closed"'

7 -/- (not connected)

8 green/white ground

9 white/grey cluster-source/magnet "`open"'

10 white/pink magnet/prep-chamber "`open"'

11 yellow/blue prep-chamber/spektr.-chamber "`open"'

12 yellow/pink turbo/prep-chamber "`open"'

13 white/yellow spektr.-chamber/beamline "`open"'

14 yellow/grey turbo/spektr.-chamber "`open"'

15 -/- (not connected)

Table B.3: Vent status display male plug
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pin color function

1 white cluster-source/magnet "`red light"'

2 brown magnet/prep-chamber "`red light"'

3 grey prep-chamber/spektr.-chamber "`red light"'

4 blue turbo/prep-chamber "`red light"'

5 yellow spektr.-chamber/beamline "`red light"'

6 green turbo/spektr.-chamber "`red light"'

7 - (not connected)

8 black ground for all lights

9 white cluster-source/magnet "`green light"'

10 brown magnet/prep-chamber "`green light"'

11 grey prep-chamber/spektr.-chamber "`green light"'

12 blue turbo/prep-chamber "`green light"'

13 yellow spektr.-chamber/beamline "`green light"'

14 green turbo/spektr.-chamber "`green light"'

15 - (not connected)

Table B.4: Vent status display female plug

connected part fead-through pin

ring around sample 1 F

sample heating 1 I

sample heating 1 J

pin 1 C

segment front 1 B

segment left 1 D

segment right 1 E

ring around pin 2 C

Table B.5: Manipulator connections
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-input - - output -

label chamber position voltage label status lamp color

A vent prep./spectr.-ch. 0/24V a vent open green

B ω vent pushbutton 0/24V b ω in vent position green

C ω moke pushbutton 0/24V c ω in moke position green

D Z moke pushbutton 0/24V d Z limit moke reached red

E Z vent pushbutton 0/24V e Z limit vent reached red

F X-Y-circle pushbutton 0/24V f X-Y-circle limit reached red

G bypass switch 0/24V g bypass activated yellow

H emergency exit signal 0/24V h circuit (not) activated (green) red

Table B.6: Due to several accidents while moving the manipulator in the old

ICARUS chamber and due to the increased complexity of the new chambers, an

automatic emergency shuto� circuit has been constructed. The pin con�guration

(input) of the plug and the displayed functions are listed above
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Appendix C

Abbreviations

Table C.1: List of all used Abbreviations and what they stand for.

abbreviation in full

ASA atomic sphere approximation

ASR augmented space recursion

BR branching ratio

CPA coherent potential approximation

DFT density functional theory

DMFT dynamical mean �eld theory

DOS density of states

DUV deep ultra violett (193 nm/6.4 eV)

EUV Extreme ultra violett (13.5 nm/92 eV)

EXAFS extended x-ray absorption �ne structure

FLAPW full potential augmented plane wave

FP-LMTO full potential linearized mu�n tin orbital

GGA generalized gradient approximation

GMR giant magneto resistance

HF Hartree Fock

ICARUS Ionic Clusters by ARgon spUttering Scource

continues on page XXII
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continued from page XX

abbreviation in full

KKR Korringa-Krohn-Rostocker

LB Langmuir Blodget

LDA local density approximation

LEED low energy electron di�raction

LSDA local spin density approximation

MAE magnetic anisotropy energy

MBE molecular beam epitaxy

MEXAFS magnetic extended x-ray absorption �ne structure

MFA mean �eld approximation

MOKE magneto optical Kerr e�ect

NEXAFS near edge x-ray absorption �ne structure

OPT orbital polarization term

PES photo electron spectroscopy

PMA perpendicular magnetic anisotropy

SCF self consistent �eld

SDW spin density wave

SEM scanning electron microscope

SPMDS spin polarized metastable deexcitation spectroscopy

SRT spin reorientation transition

STM scanning tunneling microscope

TB-LMTO tight binding linearized mu�n tin orbital

TDS thermal desorption spectroscopy

tey total electron yield

TSP titanium sublimation pump

UHV ultra high vacuum

XAS x-ray absorption spectroscopy

continues on page XXII
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continued from page XX

abbreviation in full

XMCD x-ray magnetic circular dichroism

XPS x-ray photoelectron spectroscopy
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