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“Without feelings insignificant decisions become excruciating attempts to compare
endless arrays of inconsequential things.”

A. Leckie
Ancillary Justice



Zusammenfassung

Diese Dissertation ist die schriftliche Zusammenfassung meiner Arbeit am Institut fiir
Angewandte Physik. Diese Arbeit ldsst sich in zwei, miteinander verkntipfte Teile tren-
nen. Das tibergreifende Thema ist dabei die Deposition von Nanopartikeln auf einer
kristallinen Wolframoberfldche. Die Experimente wurden im Ultrahochvakuum durch-
gefiihrt, um jedwede Kontamination der Proben zu reduzieren.

Zum einen wurden 3d-Metall-Nanopartikel erzeugt und ihr Schmelzverhalten un-
tersucht. Dabei wurde die Arbeiten meiner Vorgédnger, Furkan Bulut und Wolfgang
Rosellen, an Eisen, Eisen-Kobalt und Kobalt auf Nickel-Eisen-Legierungen ausgedehnt.
Hier wurde die bestehende Nanopartikelquelle ACIS verwendet.

Der andere Teil dieser Arbeit beschéftigt sich mit dem Aufbau und Inbetriebnah-
me der Magnetronsputterquelle. Diese Nanopartikelquelle selbst und ein zugehdriger
Massenfilter waren vor Beginn der Arbeit beschafft worden. Hierfiir habe ich eine Ul-
trahochvakuumkammer entworfen und aufgebaut. Diese Kammer wurde im Laufe der
Promotionsarbeit schrittweise verbessert und an wechselnde Anforderungsprofile an-
gepasst.

Hierbei zeigten die Nanopartikel beim Erwdrmen ein sukzessives Schmelzverhalten
(unrolling carpet). Dies steht im klaren Gegensatz zu den Ergebnissen meiner Vorgan-
ger, die eine Umformung der gesamten Partikel beobachtet hatten. In der Folge wur-
den weitere Experimente durchgefiihrt, um eine mogliche Kontamination der Ober-
flache als Ursache fiir die Diskrepanz auszuschlielen. Hier lag der Schwerpunkt auf
den Oberflichenverunreinigungen, die bei der Arbeit mit Wolframkristallen am ehes-
ten auftreten konnten. Dies umfasst Kohlenstoff, welcher sich beim Erwdrmen von
Wolfram an der Oberfliche ansammelt, und Sauerstoff, welcher zum Entfernen des
Kohlenstoffs in die Kammer eingeleitet wird oder in Form von Lecks in die Vakuum-
kammer gelangt sein konnte. Beim Anbieten von Kohlenstoff und Sauerstoff wurden
weitere Oberfldchenstrukturen erzeugt. Die Nanopartikel zeigten in der Folge ein ge-
andertes Verhalten, welches aber nicht mit den Beobachtungen meiner Vorgénger tiber-
einstimmt.

Die Herausforderung bestand nicht zuletzt darin, den begrenzten Platz im Labor,
die begrenzten Mittel und die generellen Anforderungen des Ultrahochvakuums in
Einklang zu bringen. Generell hat sich gezeigt, dass die Magnetronsputterquelle in der
Lage ist, Nanopartikel aus einer Vielzahl an Materialien zu erzeugen und dabei eine
grofie Bandbreite an verschiedenen Partikelgrofien bereitzustellen.

Die Nanopartikel beider Quellen wurden auf Wolfram-Substrate deponiert und dort
mit Rastertunnelmikroskopie untersucht. Andere Substrate sind dabei auch méglich,
wie in den Masterarbeiten von Kariman Elshimi (auf einer rekonstruierten Stickstoff-
Kupfer-Oberflidche) und Wolfram Gilbert (auf Graphen) gezeigt wurde.



Summary

This dissertation is the written summary of my work at the Institute of Applied Physics.
This work consisted of two separate, but nevertheless related, parts. The overarching
topic therein is the deposition of nanoparticles on a tungsten crystal surface. All ex-
periments were carried out in an ultra-high vacuum (UHV) environment. This was
necessary to minimize the contamination of the samples.

One part was the production and deposition of 3d-metal nanoparticles. My prede-
cessors, Furkan Bulut and Wolfgang Rosellen, began with iron, iron-cobalt, and cobalt
particles and I have been extending this work towards nickel-iron alloys. The available
nanoparticle source ACIS was used.

The other part of my work was the construction and implementation of the mag-
netron sputtering source. This nanoparticle source itself and its mass-filter had been
purchased prior to this thesis. I've designed and installed a suitable ultra-high vac-
uum chamber. This chamber was optimized over time and adapted to changing re-
quirements.

The nanoparticles exhibited a gradual melting behavior upon heating. This is known
as unrolling carpet and it is in strong contrast to the reshaping of whole particles as ob-
served by my predecessors. Further experiments were carried out to determine a pos-
sible cause of this discrepancy. One explanation could be a contamination of the crystal
surface. The focus was on contaminations which are typically associated with tungsten
crystals. This includes carbon and oxygen. Carbon agglomerates at the surface when
tungsten is being annealed. Oxygen is being used to remove the carbon and could also
reach the surface through leaks in the vacuum chamber. The introduction of carbon
and oxygen gave rise to further surface structures. This had a significant effect on the
behavior of the nanoparticles. This behavior was, however, different from the results
of my predecessors.

The limited lab space, limited supplies and the general requirements of UHV-oper-
ations provided a challenging work. It has been shown that the magnetron sputtering
source is capable of producing a wide range of particle sizes from a number of different
materials.

Nanoparticles from both sources were deposited on tungsten substrates and exam-
ined by scanning tunneling microscopy. Other substrate are possible as well, as it was
shown in the master theses by Kariman Elshimi (on a reconstructed nitrogen-copper
surface) and Wolfram Gilbert (on graphene).
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1 Introduction

Nanoparticles are small objects whose size in each direction is in the range of nano-
meters.

Nanoparticles can be approached in two different ways. One deals with bulk ma-
terial and the other deals with single atoms. The former is characterized by a macro-
scopic length-scale and its properties can be easily accessed. The latter is characterized
by the eponymous atomic length-scale and its properties are described by quantum-
mechanics.

The size of nanoparticles and clusters is between these two ranges. Clusters are rang-
ing from 2 atoms up to approximately 1000 atoms. Nanoparticles are larger and have
a diameter that is ranging from a few nanometers up to several hundred nanometers.

The distinction between nanoparticles and clusters is drawn based on their size-
dependent properties. Each-atom-counts is characteristic of clusters, which means that
the addition of one atom can change a cluster’s properties discontinuously. A well-
known example is the bucky ball made of exactly 60 carbon atoms. Similar structures
with 59 or 61 atoms cannot exist [1, sec. 15.4].

The properties of nanoparticles are changing continuously with size and these prop-
erties are approaching bulk-like values for large sizes.

The size is determining a nanoparticle’s attributes in several ways. One way is the
formation of a shell-like structure, similar to the electron shell of atoms or to atomic
nucleus. This is a characteristic of (small) clusters.

Another way is the plasmon resonance, i.e. illumination by light leads to a coher-
ent oscillations of the nanoparticle’s conduction electrons. The associated resonance
frequency can be in the visible spectrum. This is well-known for gold nanoparticles
which have been in use since roman times to give glass a red color [2]. This effect is
also present in modern displays where e.g. CdSe particles between 1.5 and 5nm can
provide higher contrast and brightness compared to more traditional displays. These
quantum dots can emit light or fluoresce as a result of illumination [3].

Other properties are a result of the larger surface-to-volume ratio of small particles.
This is particularly useful to increase the chemical reactivity for e.g. catalysis.

This thesis is focused on the production and study of nanoparticles made of iron,
cobalt, nickel, and their alloys. The nanoparticles were produced with two different
sources: An arc cluster ion source (ACIS) and a magnetron sputtering source. The
nanoparticles were deposited on different surfaces for further treatment (i.e. heating)
and examined by scanning tunneling microscopy (STM). Deposition, treatment, and
examination were all taking place under ultra-high vacuum condition. Ultra-high vac-
uum is necessary to minimize the contamination of samples.

The scientific work during my doctorate can be split in two major parts: One part
was the construction of a new nanoparticle source. This magnetron sputtering source,
which had been previously acquired but was not yet functional, had to be equipped
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with its own vacuum chamber and all systems necessary for sample preparation. The
other part was less engineering-based and more focused on the physics of nanopar-
ticles. The emphasis was on the influence of the nanoparticles” composition on their
properties and the role of the substrate.

The outline is as follows: Chapter 2 is an introduction to the scientific background
of this thesis. The focus is on the physical systems and effects that I have encountered
during my research. I will introduce the magnetic and structural properties of nano-
particles and the properties of related bulk materials, i.e. magnetic 3d-metal alloys, will
be discussed afterwards.

The substrates, i.e. the nanoparticles” supports, are obviously important. Therefore
tungsten and its carbon and oxygen induced reconstructions are covered. This includes
the discussion of atoms on surfaces. Subsequently I will broaden the discussion on
agglomerations of atoms (i.e. nanoparticles) on surfaces.

The discussion of the broader topics emphasises on textbook cases while the specifics,
that are related to this doctorate, are discussed in relation with recent results of different
groups. The scientific background concludes by introducing the prior results of this
research group, i.e. the results of Fe, FeCo, and Co nanoparticles on tungsten and a
case of a highly contaminated tungsten surface.

Chapter 3 is an introduction to this work’s experimental background. The ultra-high
vacuum system will be discussed, followed by an introduction of the two main mea-
surement systems, STM and low-energy electron diffraction (LEED). The preparation of
the different substrates (for the deposition of nanoparticles) are covered subsequently.
A brief overview of the arc cluster ion source is followed by a more detailed discus-
sion of the magnetron sputtering source. The chapter concludes with a section about
materials and methods, where the experimental procedures are introduced. An inte-
gral part of these procedures are the STM measurements, since the STM was the most
import measurement tool for this thesis and proper data evaluation is crucial to obtain
credible results.

The measurements will be discussed in chapter 4. Nanoparticle preparation and sam-
ple treatment will be specified for each measurement. This also includes the discussion
of the results and of possible explanations. The differences and similarities of my re-
sults and the reports of my predecessors will be discussed. The differences between
the two nanoparticle sources and their influence on the measurement are part of this.

A conclusion is given in chapter 5. The chapter will provide an outlook about re-
maining questions.
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The topic of my thesis is supported nanoparticles and this chapter strives to highlight
their fundamental aspects. The preparation of such a system is straight forward: bulk
material gets evaporated and the resulting vapor is cooled to the point where nano-
particles are condensing. This process is similar to the formation of hail in the earth’s
atmosphere. These nanoparticles are still suspended in the vapor phase. The deposi-
tion on a surface, i.e. a support, simplifies the further treatment and examination.
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Figure 2.1: The fundamental aspects of supported nanoparticles can be explained by consider-
ing its constituents: Nanoparticles are at the threshold between bulk material and
single atoms. The nanoparticles’ support is the surface of bulk material. Atoms
and islands on surfaces also share properties with the much larger nanoparticles on
surfaces.

Figure 2.1 sketches the fundamental aspects of a supported nanoparticle. One ap-
proach to understand nanoparticles is the properties of single atoms as well as bulk
material. Section 2.1 will discuss the properties of (free) nanoparticles with an empha-
sis on magnetic and structural properties. This includes textbook cases as well as recent
research results concerning specific systems.

The bulk materials that were used for nanoparticle production will be introduced
afterwards in section 2.2. The focus is on alloys of 3d-metals.

The next aspect of supported nanoparticles is their support, which means that a nano-
particle is embedded in a matrix or located on a substrate. This thesis focuses on the
latter case. Section 2.3 will hence introduce the properties of tungsten and its oxide and
carbide reconstructions.

The rather complex interaction between the nanoparticles and their support is the
final aspect. A simplified approach is the behavior of small-scale systems on substrates,
i.e. single atoms and thin films. This will be covered in section 2.4 and it will pave the
way to section 2.5 about nanoparticles on surfaces. This includes the general properties,
the influence of the deposition process and the post-deposition treatment.

11
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The technical aspects of the nanoparticle production as well as the theoretical back-
ground of the scientific instruments (e.g. STM, LEED) are covered in chapter 3.

2.1 Nanoparticles and clusters N

The following section will give an introduction to nanoparticles and clusters. Funda-
mental physical properties on the one hand and results from experimental and theoret-
ical research on the other hand will be introduced. The focus is on magnetic as well as
structural properties and nanoparticles from NiFe alloy.

2.1.1 Magnetism of nanoparticles and clusters

The magnetism of bulk alloys will be introduced in section 2.2.3. It should however
be noted that macroscopic objects are usually not homogeneously magnetized. Mag-
netic domains, each with uniform magnetization, will form. The magnetic properties of
nanoparticles will be covered in this section. Several factors contribute to the formation
of domains on small scales. The most important contributions stem from the crystallo-
graphic anisotropy and the form anisotropy of a particle. A magnetization vector will
point along a crystallographic easy axis when then particle is spherical and no external
field is present.

A small nanoparticle will exhibit a single domain with an external stray field. This
stray field increases when the nanoparticle increases in size up to a point when it is
energetically favorable to form multiple domains. This transition depends on the en-
ergy required to form magnetic domain walls and the energy gained by the reduction
of stray fields.

The nanoparticles that have been produced during the work of this thesis are smaller
than 20 nm. These small particles have a single domain of uniform magnetization and
are also referred to as Stoner-Wohlfarth-particles.

Crystallographic structure, form and external influences of a nanoparticle may re-
sult in several energetically equivalent states. The simplest case, i.e. uni-axial magnetic
anisotropy, leads to two equivalent states with anti-parallel orientation. A certain en-
ergy AFE is required for the transition from one state to the other. If the thermal en-
ergy kg7 is similar to AFE, then the magnetization can change spontaneously and will
immediately reorient depending on external fields. This is called superparamagnetism.
The switching rate v for the spontaneous reorientation can be calculated with the Néel-
Brown law
=) 1)

V =1y €exp (_kB_T

with the attempt frequency 1y. The critical temperature, at which fluctuations become
dominant, is called blocking temperature 7§, i.e. the magnetic state is blocked below
Ts. Related to this is the magnetic anisotropy energy. It reflects the tendency of the
magnetization to align along a specific direction.

[4-6]
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2.1.2 Magnetism of free clusters

Billas et al. [7, 8] examined free clusters of Fe, Co, and Ni, their magnetic moment and
its temperature dependence. These clusters were produced by a variable temperature
laser vaporization cluster source. The collimating nozzle was adjusted to tempera-
tures between 80 and 1000 K. The beam of collimated particles was passed through
a Stern-Gerlach-magnet, photoionized, and subsequently detected by a time-of-flight
mass spectrometer. The clusters’ magnetic moment was determined as a function of
temperature and cluster size. Ferromagnetism was found at all sizes. The smallest
clusters, below 30 atoms, had a magnetic moment similar to single atoms.

Larger clusters had a decreased magnetic moment at 78 K. Oscillations of this were
attributed to surface-induced spin-density waves. The magnetic moment approached
the bulk-value at 150 Ni atoms. This corresponds to three atomic shells. Co and Fe
approached bulk-value at 450 and 550 atoms respectively. This corresponds to four to
five shells.

The magnetic moment decreased (independent of cluster size) with increasing tem-
perature. Nickel clusters (7¢ pux = 631 K) retained a low magnetic moment for all
sizes even at 700 K. Similar behavior was found for iron (7¢, pux = 1043 K) and cobalt
(T¢, buik = 1394K). Changes of the magnetic moment of Fe for different sizes indicated
a phase transition from bcc to fcc. This occurs at 1150 K for bulk-iron but the transi-
tion was shifted to lower temperatures as cluster size decreased. The fcc phase is (in
comparison to bec) characterized by a low magnetic moment.

2.1.3 Magnetism of supported clusters

On the one hand free particles offer a good way to examine the propagation from single
atoms to bulk without outer disturbance. Supported and embedded particles on the
other hand are more suitable for technological applications. Two approaches exist to
support particles as they can either be created from the gas phase and then deposited
or they can aggregate from single atoms on a crystal surface. The interaction between
the particle and its support influences the particle’s properties and thus the magnetic
anisotropy energy. Possible factors are hybridization, geometric changes as a result of
the deposition, diffusion, alloying, and interaction between (adjacent) particles. [9]

Gambardella et al. [6] examined cobalt atoms and clusters on Pt(111) at low tem-
perature. X-ray magnetic circular dichroism (XMCD)), i.e. the difference between X-ray
absorption spectra (XAS) of parallel and antiparallel photon helicity with respect to
an applied magnetic field, was used to determine the magnetic properties. One advan-
tage of XMCD is the possibility to discern between orbital moments and spin moments.
This is an advantage over a Stern-Gerlach-magnet which will only yield the total mag-
netic moment. The clusters’ sizes ranged from 3 to 40 atoms and had an increased
orbital momentum, compared to single atoms. The orbital momentum decreased with
increasing cluster size. A strong anisotropy, indicated by an increased XMCD signal at
the out-of-plane magnetization, was observed. This has been attributed to the reduced
coordination of surface ad-atoms, which leads to the localization of 3d-electrons. This
increased the local density of states at the Fermi level and thus the spin-orbit energy.
This is a contribution to the stronger magnetic moment.
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Bode et al. [5] examined Fe islands of different shapes on Mo(110). These islands
of 200 to 600 atoms had an out-of-plane magnetization that was examined by low-
temperature spin-polarized scanning tunneling microscopy (SP-STM). The direction
of magnetization was derived from the d//dU signal. Superparamagnetic switching
was observed for individual islands. Elongated islands were switching 10 to 100 times
faster than compact islands.

Edmonds et al. [10] examined Fe clusters of 300 to 475 atoms (1.89 to 2.20nm) after
their deposition on highly-oriented pyrolytic graphite (HOPG). XMCD measurements
yielded a 4 % increase in spin momentum and an 80 % increase in orbital momentum
in comparison to single atoms. The increased orbital momentum was once again con-
nected to the narrowing of the d-band and an increase in the density of states at the
Fermi level. Other factors included spin-orbit coupling and reduced quenching due to
the reduced symmetry.

Larger Fe nanoparticles have been investigated by Bansmann and Kleibert [11]. They
were produced by an arc cluster ion source (see section 3.5), size-selected between 6
and 12nm, and deposited on ferromagnetic surfaces. Two methods were employed
to determine the magnetism: Transverse magneto-optical Kerr effect (T-MOKE) in the
soft X-ray regime and XMCD. Ni(111) and Co(0001) films were grown on W(110) to
provide the in-plane magnetized substrates. 12 nm large Fe nanoparticles on the Co film
and their element-specific hysteresis curves were recorded. A ferromagnetic coupling
of the particles to the film was found and has been attributed to the film’s exchange
field. The ratio of orbital moment to spin moment was decreasing with particle size.
The largest particles of 12nm had an orbital-to-spin-moment ratio of almost twice the
bulk value. FeCo nanoparticles (7.5 nm) were investigated on Ni(111)/W(110). Spin
moments and orbital moments of both Fe and Co were enhanced compared to their
respective bulk values.

2.1.4 Nanoparticle structure

A number of factors influence the structure of a nanoparticle, which includes the overall
form and the internal lattice structure. Alloy nanoparticles may form complex struc-
tures due to the relative distribution of the different atomic species. The substrate is
(once again) an important contributor to all properties.

This section will briefly introduce the formation of nanoparticles from the gas phase.
The first step is usually the creation of metal vapor from bulk material. This may be
done by heating, sputtering, laser ablation or other means. The vapor then needs to
cool down for the atoms to agglomerate and to form clusters and nanoparticles. The
cooling process is facilitated by the introduction of an inert gas. [9]

More details on the technical process can be found in sections 3.5 and 3.6.

Particle form and Wulff’s theorem

A first approach to describe the form of a single crystal nanoparticle is Wulff’s theo-
rem [12]. According to this, the form of a crystal is determined by the speed at which
its facets are growing. This includes the growth along the surface normal and the tan-
gential spread of the surface. The latter is influenced by the growth adjacent facets. A
direct result of this simple model is, that fast growing facets are spreading slower and
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vice versa. The resulting form is one of minimized total free surface energy, where the
surface energy ~; of each single facet ¢ is proportional to its distance from the crystal
center h;:

% = constant (2.2)

The resulting equilibrium forms of the fcc and the bec lattice at low temperature are
shown in figure 2.2. The fcc structure’s truncated octahedron is terminated by 8 {111}
facets and 6 {100} facets. This form can be further defined by two integers which rep-
resent the number of atoms at the different edges. n is the number of atoms at the edge
of two {111} facets and m is the number of atoms at the edge of a {100} facet. n and
m are equal for macroscopic crystals. m tends towards zero on the nanoscale which
corresponds to the disappearance of the {100} facets. The previously hexagonal {111}

facets become triangular.

(a) An fcc crystal’s truncated octahedron. The  (b) A bce crystal’s thombic dodecahedron. The solid

solid polygon (left) is featuring 8 hexagonal polygon (left) is featuring 12 rhombic {110} facets
{111} facets and 6 quadratic {100} facets. and the hard sphere model (right) is made of
The hard sphere model (right) is made of 671 atoms.

586 atoms with n = m =4.

Figure 2.2: Equilibrium forms of free particles according to Wulff’s theorem. Lines indicate
(100)-like axes.

A higher temperature increases the surface anisotropy and the equilibrium form gets
rounded. The relevance on the nanometer scale and the influence of the substrate have
been discussed in detail by Henry [13].

The discussion above is based on the assumption of an equilibrium form. Different
contribution, e.g. an inhomogeneous influx of material, will affect the geometry [12].
Nanoparticles from the gas phase are grown far from equilibrium. Their surface struc-
ture is a result of the kinetics of crystal growth: A flat surface offers no adsorption sites
and will grow very slowly. A kinked surface oz, to a degree, a stepped surface offers
adsorption sites and spontaneous growth is possible.

Baletto and Ferrando [14] used molecular dynamics (MD) simulations to determine
the structure of transition and noble-metal nanoparticles up to sizes of 40000 atoms.
The simulated materials were Ag, Cu, Au, Pd, and Pt. All of these have fcc structure in
bulk-material. A general trend was found for all materials concerning favorable struc-
tures. For Cu the transition from icosahedral to dodecahedral (to truncated octahedral)
occurred at 1000 (1500) atoms. The transition from dodecahedral to truncated octahe-
dron occurred at more than 30 000 atoms. The other materials showed the same trend
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but at smaller sizes. The truncated octahedron has been identified as an fcc structure
while the other forms are associated with non-crystalline structures.

Barke et al. [15] produced large silver

nanoparticles (several hundred nanometers) Yi
from a magnetron sputtering source (see sec- - ~
tion 3.6). Femtosecond pulses from a soft X- ,

ray free-electron laser were scattered at indi-
vidual, free nanoparticles and a wide vari-
ety of particle structures could be identified
in the scattering patterns. These structures
included those associated with fcc crystals,
such as a truncated octahedron, and decahe- Figure 2.3: Equilibrium form of a sup-
dral and icosahedral structures, which are not ported crystal according to the
associated with low-index fcc facets, as well. Wulff—Ka1shew 'theorem. ) The
High aspect ratios were also observed. :?Tﬁztlgghﬁs?o rlls ep;lr;portg)nal
The' Wulff-Kaischew theorem introduces'the Adapted from [13, fi g%i] adh-
adhesion energy E,q;, i.e. the energy required
to separate the crystal from a substrate. It
yields the equilibrium form of a crystal on a substrate. The surface wetting is increased
as the crystal gets truncated. The relation between truncation Ah (see figure 2.3) and
the adhesion energy can be expressed as

Ah  Eun
hi i

(2.3)

2.1.5 NiFe: clusters and nanoparticles

Nickel-iron alloy has an already complex behavior on the macroscopic scale (see sec-
tion 2.2.2). Nanoparticles of nickel-iron have even more complicated magnetic and
structural properties.

This subsection will give a short overview concerning NiFe nanoparticles and clus-
ters.

Structure

The structure of small NiFe clusters with high concentration of Ni was examined by
Parks et al. [16]. Clusters of 13 to 53 Ni atoms were prepared and the nitrogen adsorp-
tion was analyzed. Less nitrogen was adsorbed when a single Ni atom at the surface
was replaced by Fe, while an Fe atom inside the clusters did not alter the adsorption.
The clusters were created in a pulsed laser vaporization source from an alloy-target.
The nitrogen adsorption took place in a flow-tube reactor. A reflectron time-of-flight
mass spectrometer was used to determine the clusters’ mass and possible Fe content.
Clusters of 13, 19, 20, 23, 26, and 48 to 53 atoms were analyzed. The NiysFe; clus-
ter had a distinctly different form in comparison to Niy, while the forms of all other
Ni clusters were unaffected from the Fe replacement. These small clusters showed
(poly-)icosahedral packing.
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Magnetism

Margeat et al. [17] synthesized NiFe nanoparticles in a wet-chemical environment. The
(2.840.3) nm small particles exhibited a polytetrahedral structure, possibly as a result
of B-Mn structure, a cubic structure with 20 atoms per elementary cell. Larger parti-
cles, (3.8+0.5) nm in size, exhibited an fcc structure with bulk-like parameters. Clusters
of both sizes were assumed to have Fe enrichment on the surface, a Ni core and an
intermediate NiFe shell.

The magnetization was (1.69+0.05) ug per atom, which is identical to the bulk value.
The anisotropy energy was K = 2.7-10° J-m~3, which is slightly less than that of Fe nano-
particles but a hundred times higher than bulk value. The blocking temperature was
Tg =17.6 K.

DFT calculations

Theoretical studies of free NiFe clusters from first principles were done by Teeriniemi
et al. [18]. These density functional theory (DFT) calculations covered clusters of 145
to 147 atoms which was equivalent to 1.5nm in size. Fey45 favored a bec structure. The
switch to icosahedral structure occurred at approximately NipssFeq35. Fcc was energet-
ically unfavorable for all compositions. The relative distribution of atomic species has
also been analyzed. The Fe atoms accumulated at the second outermost shell when the
Ni content was high. Increased Fe concentration shifted more Fe atoms to sites below
the edges and surfaces sites. The most stable cluster in this size range had a Ni core, a
surrounding NiFe shell, and Fe atoms on the surface.

Clusters of approximately 2.0nm size were simulated as well. The low surface-to-
bulk ratio and changed surface sites made these clusters generally more stable. Bcc
was still preferred at low Ni concentrations. 60 % nickel concentration was sufficient
to create stable fcc alloys. The icosahedral structures were metastable at intermediate
concentrations. Fe enrichment in the first sub-surface layer was similar to the previous
findings.

The largest clusters at 3.0 nm size were dominated by fcc geometry. A NiggoFesps clus-
ter featured a structure of alternating layers enriched by Fe or Ni, which is similar to
bulk structure.

Catalyst for SW-CNTs synthesis

An important application of NiFe nanoparticles is the synthesis of single-wall carbon
nanotubes (SW-CNTs) [19]. The nanoparticles were synthesized in a continuous-flow,
atmospheric-pressure microplasma reactor while in-situ measurements were used to
tune the particles” size and composition. The crystal structure was fcc for pure Ni and
Nip7Feg 73 alloy (lattice parameter 2.0 Aand2.1A respectively). Coexistence of fcc and
bee occurred at NigsFeps and at higher iron contents.

These nanoparticles were directed into a furnace where they facilitated the synthesis
of single-wall carbon nanotubes. This required a 600 °C atmosphere of 0.5sccm acety-
lene and 50 sccm hydrogen. The Ni concentration could be used to tune the chirality of
SW-CNTs. This has been related to the concentration dependent lattice sites of Fe (see
above and [18]).
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Other applications

A number of applications exist for FeNi nanoparticles beyond the synthesis of (chiral)
SW-CNTs. Another catalytic application is the generation of hydrogen from hydrous
hydrazine [20]. Hydrazine is a candidate for hydrogen storage as its complete decom-
position releases up to 8 %yeight hydrogen. NiFe would offer a cheap alternative to more
expensive noble metals.

CO methanation is also possible [18, 21]. Nickel surfaces serve as catalysts for the
reaction of CO and 3H, to CH4 and H,O. A double-stepped Ni surface, which may be
found on nanoparticles” edges, can reduce the chemical bond of CO when hydrogen is
present. The resulting CO-H is an intermediate form in the above mentioned reaction.

2.2 Alloys ' | @

This section will give a very brief overview over bulk material made from more than
one metallic species. Its properties can also give insight into nanoparticles with similar
composition.

The most common crystal structures for metallic elements are beg, fcc, and hep. These
structures however do not reflect the complex electron configuration of the constituting
atoms. The individual bonding between atoms, as a result of different electron config-
urations, determines the structure of multi-element compounds.

2.2.1 Terminology

Any mixture of metallic constituents is often called an alloy, but this designation is not
always correct. Alloy designates a mixture of two or more metals and is characterized
by structural disorder. An alloying compound may, depending on various factors, sub-
stitute atoms in the metallic lattice or it may occupy interstitial lattice sites. This can
result in a wide-ranging structure of different grains.

A subgroup of alloys are solid solutions, which are formed when the constituting
atoms differ by less than 15 % in size. The result is a lattice structure where each lattice
point is occupied by an atom of either species. A solid solution has a wide range of
possible mixing ratios. This is also called a substitutional solid solution.

An interstitial solid solution forms when small atoms occupy interstitial defect sites
in a host lattice without changing this lattice.

An intermetallic compound is characterized by a fixed stoichiometry. The con-
stituent atoms form distinct chemical bonds and assemble in a crystal lattice. This lattice
has a short range order which gives a clear distinction to alloys. Covalent bonding may
dominate over metallic bonding.

[23, 24]

2.2.2 Magnetic 3d-metal alloys

The properties of Fe, Co, and Ni are of special interest because these three elements
and their alloys are the only materials that exhibit collective magnetism above room
temperature. The alloys of FeCo, NiFe, and NiCo will be briefly introduced because
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FeCo was the primary material of the previous doctorates, NiFe has been extensively
used during this doctorate and NiCo was used briefly.

Nickel-iron

Nickel-iron-alloys are particularly interesting because of their magnetic properties and
their related thermal-expansion characteristics. The most prominent alloys are Mu-
metal and Invar. The former, also known as Permalloy, contains roughly 70 to 81 %
nickel and is characterized by a high magnetic permeability and low coercivity, which
makes it an ideal material for magnetic shielding. The latter is NigssFeges, which is
characterized by a very low coefficient of thermal expansion.
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Figure 2.4: Phase diagram for (bulk) NiFe alloy. Curie temperatures are indicated by red,
dashed lines. Adapted from [25, fig. 1] and [26, fig. 4.17].

Three different NiFe alloys were in use during this thesis: Commercial grade Per-
menorm with approximately 50 % Ni-content, high purity NigsoFeysy, and high purity
NigosFeg 75. Permenorm had a purity of approximately 95 % while the high purity alloys
were 99.9 % pure.

The phase diagram of NiFe alloy is shown in figure 2.4. The predominant phase is
the y-phase, which is, similar to austenite y-Fe, a solid solution with an fcc structure.
o-Fe only occurs for a Ni-fraction below 5 %, but an a+y-phase exists for medium tem-
peratures below 49 % Ni-fraction. A bcc structure exists below 347 °C. This phase will
be obtained regardless of the cooling rate. [25, 27, 28]

Iron-cobalt

A bcc solid solution can be formed from iron and cobalt. The lattice parameter is 2.85 A
for the Fey5Co( 5 mixture.

The alloy used for nanoparticle production had a Vanadium content of 2 %, but lattice
structure and lattice parameter are not significantly influenced by this. [28-30]
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Nickel-cobalt

Nickel and cobalt atoms form a solid solution with fcc structure as long as the nickel
amount exceeds 30 %. Nip5Cogs has a lattice parameter of approximately 3.53A and a
density of 8850kg-m=3. Additional superlattice ordering has been observed for NizCo
and NiCo. [28, 31]

2.2.3 Magnetic properties

The modern understanding of magnetism is based on the concept of spins: The move-
ment of an electron (or any electric charge) results in an orbital magnetic moment and
an electron’s relativistic description in an external electromagnetic field gives rise to its
spin magnetic moment.

More general, the magnetic properties of iron, cobalt, and nickel are a result of en-
ergy minimization. Electrons at the Fermi surface are transferred from the spin-down
band to the spin-up band. The additional electrons in the spin-up band have an in-
creased kinetic energy. This increase is usually energetically unfavorable but it may
be overcompensated by obtaining Coulomb energy. The so-called Stoner-criterion for
ferromagnetism gives a quantitative description of this condition. This spontaneous spin
splitting is energetically favorable for Fe, Co, and Ni.
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Figure 2.5: Slater-Pauling curve. Adapted from [4, fig.3.12].

The saturation magnetization for 3d-metals and alloys is shown in figure 2.5. This
is also called Slater-Pauling curve. Binary alloys of a ferromagnetic and a paramagnetic
metal show linear behavior: The pure ferromagnet exhibits the maximum magneti-
zation and the magnetic moment per atom decreases linearly when the paramagnetic
amount increases. NiFe and NiCo have an (almost) linear characteristic. FeCo alloy
has a maximum of almost 2.5 15 at Feg7Coy 3, i.e. this alloy has a higher saturation mag-
netization than the pure ferromagnets.

The kink in the curve of NiFe that occurs at approximately 37 % iron (8.7 electrons
per atom) is a result of the fcc-bec phase transition. [4, 5, 26]
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2.3 Tungsten related surfaces - < '

This section will present the defining properties of tungsten. Its oxide and carbide
reconstruction have been used as well and they will be presented in the following sub-
sections.

2.3.1 Tungsten

Tungsten was used most often as a substrate to support the nanoparticles.

Tungsten, symbol W, is a transition metal and has
a melting point of 3422°C. It crystallizes in a body-
centered cubic structure with a lattice parameter of
316.5pm. Different tungsten surfaces have been stud-
ied since the 1960s when ultra-high vacuum became
widely available and opened the door to clean sur-
faces. Among others, the low index-planes —i.e. (100),
(110), and (111) — can be prepared [1, 32-34]. Fig-
ure 2.6 shows the surface structure for a bec(110) facet
in a hard sphere model. The bcc(110) facet has a cen- Figure 2.6: Hard sphere  model
tered rectangular lattice and features the highest sur- for the (110) surface
face density of all crystal planes of tungsten. Two of a bec crystal.
W(110) planes have a distance of 223.8pm (see sec-
tion 3.7.1). The surface energy of the (110) surface is given as 4.005J-m~2 based on
density functional theory [35].

The influence of the surface energy’s landscape on the diffusion of adsorbates is out-
lined in section 2.4.1.

W(110) is used as a substrate in surface sciences because of its high melting point
and its low chemical reactivity. W(110) also has a relatively easy cleaning procedure
(see further below) and does not undergo a surface reconstruction.

2.3.2 Tungsten carbide

The contamination of tungsten with carbon atoms was initially discovered by chance
because freshly cut W(110) surfaces would not exhibit the expected LEED pattern. The
observed pattern (figure 2.7) was identified by Stern [36] as an R(15x3) reconstruction
of carbon.

This structure is a common result of carbon agglomeration at the (110) surface. Flash
annealing at 7" = 2000 K will evaporate all contaminants except carbon [37]. Chemical
means — usually annealing in oxygen atmosphere — are a feasible approach to remove
the carbon (see section 3.4.1 for experimental details).

It was originally proposed, given the LEED pattern, that the C atoms were forming a
superlattice on the W(110) surface. Further studies based on LEED [38], X-ray diffrac-
tion [39], and Auger electron spectroscopy (AES) [40, 41] gave rise to different models.
Bode et al. [42] were the first to publish atomically resolved STM-images with an ob-
served unit cell of (1.30+0.07) nm- (0.79+0.02) nm. The unit cells appeared as lines with
a spacing of 1.3nm at wide-area, low-resolution scans. Their proposed model, which
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Figure 2.7: Diffraction patterns of the R(15x3) structure. W(110) spots are represented by large
dots, small dots represent the reconstruction.

is also consistent with the results of the aforementioned publications, assumes that the
carbon atoms are incorporated in the surface without any stoichiometry. The periodic
deformation of the surface is caused by atoms being shifted normal to the surface plane
to minimize the total surface energy.

A second reconstruction, R(15x12), can also form on W(110). However its prepa-
ration requires either a significantly higher preparation temperature [42] or a sudden
cool-down from annealing [37]. The R(15x12) reconstruction has not been observed
during the work on this thesis and the reader is encouraged to consult the aforemen-
tioned literature for more details.

2.3.3 Tungsten oxide

More than 60 years ago, Germer and May [43] used LEED to produce several recon-
structions of oxygen on W(110) where the formation of the possible reconstructions
depends on the amount of oxygen offered and the temperature.

When W(110) is exposed to oxygen at low temperature (between 300 and 1000 K), the
oxygen dosage influences the surface reconstruction and one of three different LEED
patterns will occur [43-45]. These patterns are related to half, three-quarters, and full
coverage of oxygen. The associated reconstructions are p(2x1), p(2x2), and p(1x1)
respectively. The last being almost identical to the pattern of clean W(110). The p(2x1)
structure was observed after exposure to 1.6 L, while as much as 160 L were required to
create the p(2x2) structure and 300 L for p(1x1). W(110) has four possible adsorptions
sites (figure 2.8(a)): on-top 1, center or long-bridge 2, short-bridge 3, and threefold-
hollow 4 where the last two exhibit site degeneracy. The system’s resulting degeneracy
was studied by Wu et al. [46]. They also reported on the phase diagram which is shown
in figure 2.8(b).

The respective surfaces were observed using STM by Johnson et al. [47]. Low cov-
erage (© = 0.1 ML) lead to p(2x1) domains in the vicinity of step edges while a short
order orientation along the [001] direction was found on terraces.

Oxygen exposure of W(110) at elevated temperatures results in a different set of sur-
face reconstructions. Germer and May [43] gave a systematic overview of the different
structures as observed in LEED. These structures occurred depending on oxygen expo-
sure and temperature. Additional flash annealing lead to further structures. The most
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Figure 2.8: Oxygen on tungsten. (b) adapted from [46, fig.2a].

commonly found structure is the c(14x7) which was created by oxygen exposure of
approximately 75 L at 1250 K. This would degrade to a ¢(21x7) structure at 1400 K, to
a c(48x16) structure at 1650 K, and to a ¢(2x2) structure at 1800 K. Flashing at 2000 K
was sufficient to restore the W(110) surface. The ¢(48x16) was produced by flashing a
half monolayer at 1600 K at po, = 107 Torr. Additional structures were found in more
recent studies as outlined by Radican et al. [48].

The c(14x7) structure is also called (1x1)x12 as itis assumed to be a superstructure of
site-exchanged (1x1) domains with a regular 12-fold periodicity. The oxygen atoms are
sitting in two equivalent threefold-hollow sites (4 in figure 2.8(a)). This structure has
domains along the W(112) direction. Some sources report orientations along W(113)
or W(337). A structure along W(776) has been found too. All these patterns have in
common that each consists of two equivalent overlayers. [47-51]

2.4 Single atoms and thin films - o

Adsorbates on a crystalline surface may grow in an oriented way. This is referred to
as epitaxy or thin film growth when a coverage of one monolayer is exceeded. The
growth is driven by thermodynamics and kinetic behavior. The former is responsible
for general trends with regard to the surface energies. The latter is limiting the growth
rate and results in non-equilibrium conditions. [1]

The deposition of individual atoms (or molecules) is a common approach to thin film
growth. Several techniques exist, such as atomic layer deposition and sputter deposi-
tion. If a nanoparticle sits on a surface, then it may move as whole. A high surface
energy will limit the particles” movement while a low surface energy can facilitate it.
The former has been repeatedly observed for nanoparticles on tungsten [29, 52-55]. The
latter was observed for example on graphene [56].

The general kinetics of nanoparticle movement will not be discussed because this
thesis’ nanoparticles were found to be immobile. The melting of nanoparticles (see sec-
tion 2.4.2) strongly depends on the properties of the substrate. A number of differences
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exist between the growth of a thin film from individual atoms (e.g. atomic layer depo-
sition) and by melting nanoparticles. The most striking difference is the distribution
of source material. Evaporation will result in a stochastic distribution of atoms. The
diffusion of these atoms is also called intrinsic diffusion because it lacks sources and
traps. Nanoparticle deposition results in the stochastic distribution of these nanoparti-
cles which serve as sources of atoms and the resulting diffusion is called mass transfer
diffusion. [1, chap. 13]

The diffusion of atoms is one of the driving mechanisms behind the formation of
surface structures.

2.4.1 Diffusion on W(110)

The structure of the substrate is an important factor for surface diffusion and its crys-
tallographic anisotropy may reflect in a growing thin film. The W(110) surface will be
discussed here as it is most relevant for this thesis.

Figure 2.9 shows the possible diffusion di-
rections of adatoms on W(110). A single, free
atom 1 can hop in any of the (111) directions.
The direct hopping along (001) and especially
along (110) is energetically unfavorable because
it leads over on-top positions. An atom 2 will
therefore not move along the island’s edge be-
cause this would involve the on-top position.
This atom may detach from the island which
means that (110) edges do not grow. An atom 3
ata (111) edge may move along the island. The
atom may stick permanently when it reaches a
kink 4. This mechanism leads to islands that are

Figure 2.9: Diffusion of atoms @® on

elongated along the [001] direction and such is- a bec(110) surface © and
lands will preferably terminate in (111) edges. the resulting island shape.
Kohler et al. have observed this experimentally Adapted from [57, fig. 4(a)].

for Fe on W(110) at 500°C and kinetic Monte
Carlo simulations were in support of the proposed model [57].

The island formation as explained above leads to compact islands because the atoms
can move relatively freely. If the temperature is reduced, the energy of atoms 2 and
3 (figure 2.9) may be insufficient for them to leave their respective positions. More
generally, any atom that arrives at an island will get stuck because the binding energy at
the island will exceed the thermal energy. The hit-and-stick regime is the most extreme
case where any atom that arrives at an island (or even another atom) will achieve a
stable state. The island will form branches of single-atom thickness. [1, sec. 14.2]

An increase in temperature will reduce the number of stable adsorption sites and the
diffusion along island edges will increase, i.e. the branches of a ramified island will get
wider.
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Closed surface layer on W(110)

The formation of islands has been introduced in the previous subsection. So far we have
assumed that the adsorbates form a pseudomorphic surface layer. This assumption is
correct for homoepitaxy. It is generally only true for low-coverages, when discussing
heteroepitaxy. This subsection will exemplary introduce the growth of Co on W(110):
Pseudomorphic growth occurs up to a coverage of approximately 70 %.

Nishiyama-
Wassermann

Figure 2.10: Hard sphere model. Bottom ®: Co(0001) equilibrium surface. Top, ©: W(110)
equilibrium surface. Center: Strained Co forms a (4x1) structure with respect to
W(110). Filled circles @ represent Co atoms in center positions. Empty circles O
represent incommensurable Co atoms. With material from [58].

Figure 2.10 shows the growth mode that occurs at an increased coverage at which
Co[1210] is parallel to W[001]. The Co layer is strained by 0.7 % along Co[1210] and by
2.7% in perpendicular direction. This is called the Nishiyama-Wassermann orientation.
The unit cell of the superstructure is four times larger than the W(110) orthogonal unit
cell (4x1) which is almost equivalent to five unit cells of hcp Co. [58-60]

Morphological anisotropy

The aforementioned diffusion and the subsequent layer growth are further complicated
because a W(110) single crystal does not exhibit a single bcc(110) plane, but many
(110) terraces that are separated by terrace steps. These steps, which are typically one
layer in height, can influence the diffusion on the surface.

The intralayer mass transport is confined to a single terrace and its diffusion mech-
anism has been explained above. The interlayer diffusion is a mass transport across
steps. The energy landscape is, once again, the defining factor. An adatom at the lower
side of a step has an increased coordination number, which results in a deeper poten-
tial well. This makes it more likely that an adatom will stick to the step. An adatom
at the upper side of a step will experience a reduced coordination number because
fewer binding partners are available. The resulting energy barrier is also called Ehrlich-
Schwoebel barrier. The so-called morphological anisotropy is the anisotropy under the in-
fluence of steps. [1, sec. 13.4 & 14.3]

Geguzin et al. [61] (after [1, sec. 13.4]) examined the morphological anisotropy of a
stepped W(110) surface. The steps were aligned along W[001] and the diffusion of Ni
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atoms at 1170 K was analyzed. They could show that the intralayer mass transfer was
significantly higher than the interlayer transfer. The diffusion downstairs was also 50 %
higher than upstairs.

2.4.2 Unrolling carpet effect on W(110)

The unrolling carpet effect (figure 2.11) is characterized by a stable film that surrounds a
source of adatoms (e.g. a high islands or a nanoparticle). The effect is therefore a result
of a strong concentration gradient. This film has a sharp boundary. The assumption is,
that the first layer is tightly bound (possibly chemisorbed) to the substrate. Atoms in the
second layer (on top of the carpet) have a low binding energy (possibly physisorbed)
and behave similar to a two-dimensional gas. The first layer may consist of a single
monolayer (ML) but it can also be thicker. [1, 62]

Figure 2.11: Hard sphere model of unrolling carpet: Atoms from a source (e.g. a nanoparticle)
are spreading over the substrate. A tightly bound first layer has formed and is being
continuously fed by weakly bound atoms on top which constitute a 2d-gas.

Butz and Wagner [63] evaporated 2mm long filaments of Pd on different tungsten
surfaces. Their results concerning the W(110) surface will be discussed here. These
filaments were 100 to 150 pm wide and 15 to 20 ML high. The subsequent annealing
of this quasi-1D system was observed with scanning Auger microscopy (SAM). A heat
treatment at 1068 K created a 1 ML high diffusion zone with more than 1 pm in width
and a sharp cut-off. Two further treatments (at the same temperature) broadened the
diffusion zone and the cut-off softened. The formation of additional layers occurred
only after the initial layer was spread out over several micrometers and this could be
corrected by a longer annealing time.

This effect was studied by Reuter et al. [62] too. Round 3d-metal dots of 100 pm in di-
ameter and 20 ML thickness were evaporated on a W(110) substrate. Dots of different
materials were studied before and after annealing with scanning electron microscopy
(SEM) and SAM. Two effects could be observed for Fe dots after annealing at 970 K. The
dot was surrounded by a single monolayer (the diffusion zone) which was characterized
by a sharp cut-off and had a slightly elliptical shape along W(110). The elongation
was more pronounced after longer annealing (18 min vs. 5min) and was a result of the
crystallographic anisotropy (see section 2.4.1). The dot itself was reformed into a tight
group of 30 ML high islands which were separated by a 1 ML Fe film. These islands
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showed an elongation along W(001). The position of the dot on the substrate (i.e. adja-
cent step edges) had no observable effect.

The experiment was repeated with dots of Co. The diffusion zone was elongated
after 24 minutes at 820 K. The observed dots exhibited different directions of spread-
ing and the authors assume, that the spreading was parallel to adjacent step edges of
the substrate. The anisotropy decreased for higher temperatures (at shorter annealing
times). 1070 K resulted in a slightly elliptical shape which bore a strong resemblance to
the iron’s diffusion zones. Ni dots behaved similar to Co dots but at higher tempera-
tures (i.e. 150 K hotter).

The melting of Cu dots lead to other results: Annealing at 820 K transformed the dot
into a tight group of islands. In between and around these islands was a 2 ML film of
Cu. Around this film was a single monolayer film. Prolonged annealing resulted in the
formation of a 1-ML-only film. This had been reported previously by Bauer et al. [64].

2.5 Nanoparticles on W(110) ° - 4ty « e

Bulut et al. [29] have examined nanoparticles of Fe and FeCo. These had been pro-
duced with the ACIS (see section 3.5) and deposited on W(110) for STM measurements.
Deposition on grids for transmission electron microscopy (“TEM grids”) allowed for
complementary measurements with high-resolution TEM and energy dispersive X-ray
spectroscopy (EDX). Different size regimes were obtained by changing the voltage Usges.
of the quadrupole deflector. The height of the nanoparticles was measured by STM and
compared with the diameter obtained by HR-TEM. The height on W(110) was between
h = (6.2+1.1)nm at Ugep, = 250V and h = (8.4+1.1) nm at Ugen. = 1 kV. The respective di-
ameter was between dasoy = (7.2+0.9)nm and dy v = (10.0£1.3) nm. The aspect ratio
(i.e. the height-to-width ration) was approximately k& = 0.85. This flattening has been
attributed to the surface energy of W(110) which is significantly higher than the sur-
face energy of such nanoparticles. Atoms diffuse immediately after deposition from
the particle to the surface.

The composition of these FeCo nanoparticles was analyzed with EDX. The result was
Fe55C00.44 Vo1 with a relative error of 10 %. The HR-TEM revealed {110} facets which
indicates that the nanoparticles had the form of a truncated rhombic dodecahedron.
This features 12 facets of {110} and 6 facets of {100}.

The alignment of nanoparticles on W(110) was studied by Kleibert et al. [65]. Re-
flection high-energy electron diffraction (RHEED) was used to study Fe nanoparticles
with diameters between 2 and 25 nm. All sizes had a bee structure with a form of a trun-
cated dodecahedron, thus exhibiting {110} and {001} facets. Larger particles (25 nm and
13nm) were found to have a bcc structure while exhibiting a random orientation with
{001} and {110} facets facing upwards. Most nanoparticles of 4 nm size were oriented
with Fe[110] pointing along W[110]. This orientation was found for all nanoparticles
of 2nm size.

2.5.1 Influence of the deposition energy

Haberland et al. [66] used MD simulations to study the impinging of a Moj43 cluster on
aMo(001) surface. Kinetic energies of 0.1, 1, and 10 eV per atom were simulated and the
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structural changes of the cluster and the surface were determined. It was found that
a kinetic energy of 0.1e¢V per atom caused a slight flattening of the cluster while the
substrate remained unaffected. The deposition caused a temperature increase to 596 K.
The conditions for a nanoparticle to retain its original form upon deposition are called
soft-landing conditions. Both nanoparticle sources used during the work on this thesis
(see sections 3.6 and 3.5) fulfill this condition. A kinetic energy of 1eV per atom caused a
strong flattening of the particle in conjunction with a maximum temperature of 1799 K.
The landing at 10eV per atom — referred to as meteoric impact — caused the propagation
of shock waves through the substrate. The cluster was completely destroyed and an
impact crater remained at the landing site while the temperature reached 6607 K.

The measurements of Bulut were extended by Rosellen et al. [53, 67] when a voltage
Usub Was applied to the W(110) substrate. This allowed to accelerate or decelerate the
negatively-charged FeCo particles before deposition, i.e. it allowed the tuning of their
kinetic energy. Voltages between Uy, = —10.0kV and +2.5kV were applied and the par-
ticle height was once again determined by STM. Non-accelerated particles had a height
of 7.5nm. Acceleration of Uy, = +1kV, corresponding to Eyi, < 0.1eV-atom™!, resulted
in an increased height of 8.4nm. This unexpected increase in height was attributed to
the melting of the particles after impact and a subsequent recrystallization. Further ac-
celeration (Ugup, = +2.5kV, Eyin » 0.2eV-atom™!) and slight deceleration (Ugy, = —1.0kV)
caused no change in height. A deceleration at Uy, = —2.5kV lead to a slight increase
in height to 7.9nm, possibly as a result of the reduced deformation during the softer
landing. Usp = —10.0kV was sufficient to repulse all incoming nanoparticles and the
substrate remained empty.

2.5.2 Melting of nanoparticles

The melting point of nanoparticles is generally lower compared to bulk material. This
is correlated to the higher fraction of surface atoms. Ding et al. [68] have shown in a
molecular-dynamics study how clusters are melting. The properties of a Fesgs cluster
were simulated for heating steps of 50 K between 600 and 1400 K. Three temperature
regimes have been found: (1) The cluster was solid up to 850 K. Atoms were increas-
ingly vibrating at rising temperature but kept their original lattice positions. (2) The
atoms at the core were close to their original lattice positions while surface atoms (i.e.
atoms with reduced coordination number) were diffusing along the surface. This sur-
face melting increased up to the melting point (1150K). (3) This point was accompa-
nied by a sudden collapse of the crystal structure and marks the beginning of the third
regime. All atoms were diffusing at this temperature.

For example, Helveg et al. [70] found experimental evidence for surface melting.
Nickel nanocrystals were formed by reduction in a reactive atmosphere and observed
with TEM. The interaction with carbon-nanostructures in the environment was chang-
ing the form of the Ni nanoclusters. Mono-atomic step edges were formed.

Bulut [29, 30] examined the melting behavior of FeCo nanoparticles on W(110). He
found no changes at a temperature of 573 K. A temperature of 923K for one hour re-
duced the particles” heights below 4nm. The onset of a bulk-like melting of the whole
particle (i.e. not just the outer shell) occurred for some particles at 1023 K and for all
particles at 1123 K. The melting occurred as a spreading of the nanoparticles along the
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Figure 2.12: Anisotropic form of FeCo nanoparticles on W(110) after annealing at high temper-
ature. 1.0V; 0.1 nA [69]

W(110) direction (see figure 2.12). Small, one monolayer high islands were spread over
the surface.

This was later extended by Rosellen [67] to Fe and Co nanoparticles of similar sizes.
The effect was once again observed at high temperatures. An additional effect was
found for Fe nanoparticles: 10 minutes of annealing at 640 K resulted in a monolayer
of Fe atoms surrounding the nanoparticles. (See section 2.4.2 for details on the mecha-
nism).

The coexistence of anisotropic, complete melting and unrolling carpet in the same
system was explained by Rosellen by assuming, that a phase transition would occur at
Tuitical = 640 K. Nanoparticles were to recrystallize spontaneously at T itical and orient
themselves along the W[110] axis.

Smaller iron nanoparticles were produced as well and annealed for 15 minutes at
600 K. The annealing was repeated several times and the height was determined every
time by STM. The initial height of 4.8 nm dropped to 3.0nm after the first cycle and
approached a stable value of 2.4nm after several more cycles. A further reduction in
height was not possible.

2.5.3 Anisotropic elongation on tungsten carbide

The results of the master’s thesis of Werner [71] will be discussed in section 4.3.1. His
work included a series of deposition tests with the ACIS, too. The goal was to determine
the nanoparticle beam’s position and the helium’s influence on the particle formation.
The tests were done on four consecutive days at which the surface contamination of the
W(110) visibly increased. As it is not uncommon for quick testing, image quality was
of little concern and the images suffered from tip oscillations, double-tips, and vari-
ous instabilities. The deposition chamber experienced bad pressure (pana ~ 5-107 mbar)
as well. The W(110) substrate was flashed each morning and nanoparticles were de-
posited afterwards. The STM images (see figure 2.13) revealed elongated structures A
after the deposition of nanoparticles P. The elongation was observed directly after de-
position (see figures 2.13(a) and 2.13(b)) and also after annealing (30 minutes at up to
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(a) 2nd day: After deposition, (b) 3t day: After Deposition, (c) 4th day: After annealing

without annealing. Ptlr-Tip; without annealing.  Ptlr- for 30 minutes at up to
1.0V; 0.8nA. multi-Tip; 0.5V; 1.8 nA. 852K. Nanoparticles P’
showed unrolling  carpet.
PtlIr-double-Tip; 0.5V;

1.8nA.

Figure 2.13: Nip 5Feq 5 nanoparticles (P) and anisotropic structures (A) on carbon-contaminated
tungsten surface. Differences in alignment are most likely a result of scanner drift.
The nanoparticles and elongations were duplicated by the double-tip in the same
way. This clearly indicates that the elongations were a real surface-feature and not
a result from a malformed tip.

852K, see figure 2.13(c)). It was roughly parallel to W[111]. These structures have not
reappeared since the oxygen annealing at the end of the test series.

The structures A had a height of up to h.pp. » 7nm and a length of up to 200 nm.
Longer structures were also higher. The images that were taken after annealing re-
vealed unrolling carpet behavior of the nanoparticles (P’). Despite of the high annealing
temperature, the nanoparticles had not completely melted.



3 Experimental background

This chapter will outline the experimental setup that was used for this thesis” work as
well as the experimental procedures involved.

A clean surface is a necessity for good results in the field of surface science. A com-
mon way to achieve a clean environment is the use of an ultra-high vacuum. Sufficient
reduction of pressure reduces the molecular density of the residual gas and thus the
number of atoms/molecules that hit the surface. This effect can be expressed by the
mono-time, which is the time that is necessary to form one monolayer of adatoms when
the sticking coefficient is one!. The mono-time depends on temperature, pressure, and
molecular species. A mono-time of one hour for air at room temperature requires a
pressure of 102 mbar [72]. Pressure below this value is commonly referred to as ultra-

high vacuum (UHV).
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Figure 3.1: Schematic projection to the horizontal plane of the UHV system’s main cham-
bers: A analysis chamber, P preparation chamber, 1 main manipulators, 2 STM,
3 LEED/AES, 4 QMF, 5 MOKE chamber with manipulator, 6 triple evaporator,
7 sputter ion source, 8 electron bombardment heater, 9 leak valve, 10 load lock with
magnetic transporter, 11 magnetic transporter for inter-chamber transport, 12 gate
valve to separate chambers, 13 connection to ACIS, 14 connection to magnetron sput-
tering source. The setup from early 2017 is depicted. With material from [72-76].

This provides the worst-case scenario. A lower sticking coefficient obviously leads to a lower coverage,

thus to a longer mono-time.

31
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3.1 Ultra-high vacuum (UHV)

Common procedures and technologies were applied to reach the UHV pressure range.
The reader is encouraged to consult the available literature [1, 72, 77].

The experimental setup to achieve the required vacuum will be outlined in this sec-
tion. The main parts of the system are two UHV chambers: The preparation chamber
and the analysis chamber (a.k.a. STM chamber). A schematic projection to the horizon-
tal plane is shown in figure 3.1.

Each chamber has a Bayard-Alpert type hot-cathode ion gauge and a set of four vac-
uum pumps. A turbo molecular pump (HiPace 700, Sy, = 6851-s7!) backed by one dual-
stage rotary vane pump (S = 5.561:s71) is employed during pump-down and during
high-gas-load operation. A gate valve can isolate each chamber from its turbo pump.
Anion getter pump (IGP, StarCell 300, Sx, = 2401-s~!) maintains the base pressure with-
out disturbing vibrations? when the turbo pumps are off. Titanium sublimation pumps
(TSP) are installed. These help to keep the pressure down but titanium must not be
sublimated when a measurement is taking place because the released titanium would
contaminate any sample. The pumping effect of a TSP is shown in figure 3.23.
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(a) Sublimation current and pressure during a (b) Long-term effect of the titanium sublima-
sublimation cycle. tion.

Figure 3.2: p(t) curve of a single sublimation cycle.

A manipulator from Vacuum Generators with integrated sample heater and type-K
thermocouples for temperature measurement (section 3.7.4) is installed in each of the
chambers. The maximum continuous heating power is 80 W which yields a typical
temperature of 900 °C. An increase to 90 W yields 950 °C but this is limited to intervals
of 20 minutes [79].

The analysis chamber comes with LEED / AES (SpectaLEED, Omicron) and STM (Mi-
croSPM, Omicron). These are the main tools for surface analysis. A residual gas ana-
lyzer (Prisma 200, Pfeiffer) is additionally installed. The chamber has been prepared for
the installation of a MOKE setup [80].

The preparation chamber is equipped with a triple rod evaporator (EFM 3T, Focus)
and a sputtering gun (ISE 5, Focus) to prepare thin films and clean substrates. An
electron bombardment heater is used when temperatures above 900°C are required.
Gases can be introduced through a leak valve.

2vibrations pose a challenge during STM measurements
3Current is displayed as given by the TSP controller. Other controllers will indicate a different (i.e.
higher) current because of their respective current control techniques [78].
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Magnetic transporters and wobble sticks are used to move samples between the ma-
nipulators and other devices. New samples can be put into the system through a load-
lock.

3.2 Scanning tunneling microscopy (STM)

This section will outline the basics of a scanning tunneling microscope. Gerd Binnig and
Heinrich Rohrer have developed it in the early 1980s and received the Nobel Prize in
Physics in 1986. The underlying physical concept is the eponymous quantum tunneling
effect. A fine tip is brought into such close distance to a surface that electrons can tunnel
between former and latter. A bias between tip and surface will result in a tunneling
current. Its current density j for a situation as in figure 3.3 is given as:
. D).V
J= d :

where V' is the applied bias voltage, D(V') are the electronic densities of state, d is the
effective tunneling gap, and @y is the gap’s effective barrier height. A is a constant
factor.

This relation is used in STM measure-
ments: The tip is biased and brought into
close proximity of the sample until a cur-
rent can be detected. Many microscopes,
including the one I used, are build such
that the surface is facing downwards. The
tip is approaching the surface from below
(Z-direction) and it is then moved paral- Fs
lel to the surface in incremental steps. A
change in current can be attributed to ei-
ther a change in distance d or a change
in the local density of states D(V'). This
will yield an image of the surface encoded and Fermi levels Ep. A negative

with a convolution of topography and lo- voltage V is applied to the tip and
cal density of states. Two basic modes of the sample’s empty states are being

operation exist. The tip is moving only probed. Adapted from [1, fig.7.16].
parallel to the surface in constant-height

mode and the current for each position is recorded and can be converted into a distance
by equation 3.1. The constant-current mode requires the adjustment of the tip-sample-
distance such that the current is matching a preset value. These adjustments in distance
are recorded.

While constant-height mode has the advantage of fast-imaging, its severe disadvan-
tage is the risk of tip-sample collision. This risk is greatly reduced in constant-current
mode because the tip is kept from the sample at an (almost) fixed distance. Readjusting
the tip’s distance is nevertheless time-consuming.

The resolution is determined by several factors. The precise positioning of the tip,
both horizontally and vertically, is one. This is achieved by piezoelectric ceramics
which give a resolution of sub-A over a range of several micrometers. The vertical res-
olution may also be limited by the current detection (pA-range), but properly shielded,

exp (—A-@éﬂ . d) (3.1)

Figure 3.3: Tunneling gap between sample and
tip with work function ®s and ®r



34 3 Experimental background

multi-staged current-amplifiers will not worsen the piezo’s precision. This puts the
vertical resolution into the precision range of the piezo, i.e. sub-A . The horizontal res-
olution is limited by the size of the tip, i.e. a structure smaller than the tip cannot be
resolved. A perfect tip can terminate in a single atom.

The main components for STM can be derived from this: A tip which is atomically
sharp and of well-known composition, a scanner to move the tip with the necessary pre-
cision, and an electronic feedback-loop to control the current and voltage of the gap. A
computer system is controlling and recording the measurements. Additional require-
ments are a coarse motion drive to move the tip over distances outside of the piezo’s
reach and damping systems to reduce mechanical vibrations and electronic noise. [1]

The movement of the tip is typically following a pattern where each line is scanned
in X -direction (fast-scan direction) and these lines are stacked in Y -direction (slow scan
direction). The tip-sample distance is aligned in Z-direction.

Further details, especially the calibration, possible errors during measurements, and
the data evaluation are outlined in sections 3.7.1 and 3.7.2.

3.3 Low-energy electron diffraction (LEED)

Low-energy electron diffraction is a method to determine the structure of a crystal sur-
face. A surface structure may be identical to an equivalent crystal lattice plane in the
bulk, but it can differ considerably. The differences are due to a number of reasons,
among them surface relaxation, surface reconstruction, and adsorbates. Low-energy
electrons have two main advantages when probing surfaces at an atomic scale: On the
one hand electrons at Fi, = 30 to 200 eV are surface sensitive because their penetration
depth is in the order of a few monolayers [81]. On the other hand the corresponding
de Broglie wavelength is similar to the periodicity of atomic dimensions and therefore
suitable for diffraction (100eV 2 1 A).

A

Figure 3.4: A plane (electron) wave is getting diffracted at an ordered surface with surface vec-
tors d; and ds. Reciprocal surface vectors are denoted @ and ds;.
IN incident beam k( with perpendicular and parallel components.

(00) specular reflection, Tf(l)lo = I%”,

(01) first-order diffraction, E('ll = l%g + go1 with go1 = a3,

(02) second-order diffraction, EgQ = Igg + o2 with g2 =2-d3.
Adapted from [82, fig.3.2].
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Electrons are elastically scattered by the crystal lattice. Elastic scattering of a wave at
a crystal lattice can be described by considering conservation of momentum and energy.
This yields two relations between incident wave k and diffracted wave k:

?T‘l

ke~ ko = Gni

= [kl

Fi

where gy, is a reciprocal vector of the crystal lattice.

Low energy electrons have a typical penetration depth of no more than 10 to 20 A and
the lattice involved in the scattering experiment is therefore mostly two-dimensional.
In addition, the de Broglie wavelength of low-energy electrons is in the order of a few
angstrom and is as such quite suitable for diffraction on an atomic scale. The reduction
to two dimension reduces the conservation of momentum to the in-plane components
and the scattering condition becomes:

V=Y = g (3.4)

The momentum vector component into/out of the surface is no longer conserved. Fig-
ure 3.4 shows the incident and diffracted waves in reciprocal space. [1, 82]

3.3.1 Experimental requirements

The experimental system (see figure 3.5) requires an electron gun (1) to produce a nar-
row beam of monochromatic electrons. The electrons are typically emitted from a hot
cathode and a set of adjustable lenses is used to form the electron beam. The hot cath-
ode is usually placed in such a way that its light cannot reach the sample surface.

The beam is diffracted at a sample sur-
face (2) and the diffracted electrons are col-
lected on a retarding-field analyzer. This is
a spherical sector screen, which consists of
four semi-transparent grids (3) and a flu- Q
orescent screen (4). The first (inner-most)
grid is grounded to keep the space between
sample and screen free from electric fields
which could disrupt the imaging. The sec-
ond and the third grid, the so-called sup-
pressor grids, are at a retarding (negative)
potential to reject lower-energy electrons
from inelastic scattering. Only a narrow
range of elastically scattered electrons can
therefore pass the suppressor. The fourth
screen is grounded to shield the high potential of to the fluorescent screen (+6kV). It
accelerates the electrons and stimulates fluorescence. The pattern of diffracted elec-
trons can then be observed on the screen. The screen may be observed from the back
or from the front.

It should be noted that the incident beam has a diameter of at least 0.2mm. The
observed pattern may therefore be a superposition of different surface domains from
within the incident beam. [1, 73, 82]

Figure 3.5: LEED instrument: 1 electron gun,
2 crystal surface, 3 four-grid sup-
pressor, and 4 fluorescent screen.
With material from [73].
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Figure 3.1 (3) shows the position of the LEED in the vacuum chamber. Further details
concerning the operation of a LEED system are outlined in section 3.7.3.

3.3.2 LEED pattern

The spots of a diffraction pattern would be infinitely sharp if the measurement would
be done on a perfect, rigid, and infinitely extended crystal surface with a perfect device.
The deviations of both the substrate and the device from perfection contribute to the
widening of the spots. The incident electron energy is not perfectly mono-energetic.
This results in a finite distribution of corresponding wavelengths which in return re-
sultin a finite distribution of diffraction angles. The incident beam is also not point-like
because the electron source has a finite diameter and a finite distribution of angles of
incident. Lastly the spatial resolution of the detector is limited. These factors are sum-
marized in the instrument response function.

The sample may contribute to wider spots because of its finite size and the finite
size of its crystal terraces. Contamination will widen the spots too. Inelastic electron
scattering can also contribute.
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Figure 3.6: Real space lattices (on the left of each subfigure) and LEED patterns (on the right) of
different surfaces.

The pattern itself is (as mentioned before) a reciprocal representation of the surface
lattice. The translation of a simple crystal plane is therefore straightforward and can
be done easily (see figure 3.6(a)). The back-translation is similar. A more complicated
pattern of a p(2x1) reconstruction of bec(110) is shown in figure 3.6(b). Such a pattern
would usually not be observable because two rotational domains co-exist (figure 3.6(c)).
Recognizing a superstructure based on a given LEED pattern is significantly more dif-
ficult as a number of similar structures may exist. [1, 82]

3.4 Surface preparation

This section introduces the experimental details of surface preparation. W(110) is the
most important surface, as it was used for most of the experiments. The other surfaces,
i.e. W-carbide and W-oxide, can be prepared from clean W(110).

3.4.1 Preparation of a clean tungsten surface

The experiments in this thesis were based on two tungsten crystals with (110) orien-
tation. These were used as a substrate for thin film growth and for the deposition of
nanoparticles.



3.4 Surface preparation 37

Rapid heating to a temperature above 2000 K, so called flashing, is generally used
to prepare a clean W(110) surface. Most contaminants evaporate at this temperature.
Only carbon forms stable structures and cannot be removed by mere heating. The re-
sulting W(110)/C-R(15x3) reconstruction was first described by Stern [36]. The car-
bon can be removed by oxygen annealing. An oxygen atmosphere of 10-6 to 10~ mbar
and a surface temperature of 1500 K are necessary for the carbon to form CO and CO,
which can be pumped away. Tungsten oxides are forming in the process. These can be
removed by subsequent flashing above 2000 K [83].

3.4.2 Preparation of tungsten-carbide

As mentioned in the previous subsection (3.4.1), carbon agglomerates on a W(110) sur-
face by diffusion from the bulk and must be removed by oxygen annealing to achieve
a clean tungsten surface.

The intentional preparation of tungsten carbide is therefore quite simple: The sample
will be annealed to promote the diffusion of carbon impurities from the bulk to the sur-
face. Bode et al. prepared the W(110) /C-R(15x3) reconstruction by heating a tungsten
single crystal under UHV conditions at 2400 K. A different reconstruction, R(15x12),
was found at 2600 K [42].

A temperature of 2000 K was chosen for the work in this thesis and was suitable to
provide a reproducible W(110) /C-R(15x3) reconstruction. Only one of the two tung-
sten crystals was suitable for this work as the other one had been de-carbonized quite
extensively as outlined in section 3.7.5.

See section 2.3.2 for details of the tungsten-carbide surface.

3.4.3 Preparation of W(110)/O-p(2x1)

The W(110) /O-p(2x1) surface can be prepared by offering oxygen to a W(110) sub-
strate at room temperature. Oxygen on W(110) may result in one of several surface
structures as outlined in section 2.3.3. The p(2x1) structure will occur at intermediary
rates of exposure, i.e. several Langmuir. The results of the preparation are outlined in
section 4.1.2.

3.4.4 Preparation of W(110)/O-((1x1)x12)

Annealing at approximately 1500 K in oxygen atmosphere results in the formation of
W(110) /O-((1x1)x12) as outlined in section 2.3.3. A two step process is required when
starting from a contaminated W(110) surface. The first step is cleaning W(110) by flash-
ing, followed by oxygen annealing at 10~ mbar and subsequent flashing (see subsec-
tion 3.4.1).

The oxygen reconstruction is then prepared at 10-" mbar. The pressure in the prepa-
ration chamber may exceed 5-10~? mbar after the preparation. A quick transfer of the
sample into the analysis chamber is therefore required. The results of this preparation
method are shown in section 4.1.3.
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3.5 Arc cluster ion source

The continuously-working arc cluster ion source* (ACIS) has first been described by
Methling et al. [85, 86]. Figure 3.7 shows the ACIS itself and figure 3.8 shows its inte-
gration into the overall vacuum system. A hollow cylindrical cathode is made from the
desired target material. In its center is a copper anode. A bias of several hundred volts
is applied to the anode while argon is introduced through the back of the cathode. The
resulting pressure is sufficient to spark an arc discharge between anode and cathode.
This arc discharge is removing material from the cathode’s inner wall. A dense plasma
of metallic ions is forming as a result. Three-body collisions of metal atoms and argon
remove the heat from the plasma and facilitate the condensation of clusters.

Figure 3.7: Schematic view of the arc cluster ion source. Inert gas is getting injected into the
cathode 1 through port 2. A voltage at the anode 3 has ignited an arc discharge 4. The
arc discharge is removing material from the cathode’s inner wall and this material is
condensating to nanoparticles and clusters. The gas flow is sweeping these particles
through the extender 5. Two apertures 6 and two skimmers 7 are forming a narrow
beam of nanoparticles while removing the majority of the inert gas. The cathode’s
housing 8 is water-cooled 9 and the anode is water-cooled too. The solenoid 10 can
produce a magnetic field which improves the movement of the arc discharge. Port 11
is providing a bypass for faster pump-down.

Several modes of operation are possible, which can be classified by the voltage drop
during operation (cathode fall). A voltage of 11 to 16V indicates a Type I focal spot.
It forms as a result of contamination or oxidation of the cathode’s surface. The arc
discharge will remove the contaminant and this leads to the Type II focal spot. It can
only occur on a clean surface and is characterized by a cathode fall of 20 to 25 V. [87]

The gas is leaving the hollow cathode through its front channel and is taking the
clusters along. Further growth can occur during the clusters” acceleration. The extender
marks the end of the ACIS itself. An adiabatic expansion of the carrier gas leads to
further acceleration and cooling. Two skimmers, each equipped with vacuum pumps,
collimate the cluster beam and reduce the pressure. The result is a narrow velocity
distribution of the cluster beam.

“The term continuously-working should emphasize the difference to the pulsed arc cluster ion source
(PACIS) [84]. It is not a continuously-working source in the strictest sense because the operation time
of the ACIS is typically limited to a few minutes.
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Figure 3.8: Schematic projection to the horizontal plane of the ACIS system:
A) analysis chamber (see figure 3.1 for details),
Q) quadrupole chamber with electrostatic quadrupole and shielding grid
(not shown: ion gauge, IGP, TSP),
S) ACIS (see figure 3.7 for details),
1) 15t skimmer,
2) gate valve with roots pump (42.51-s71) and scroll pump,
3) 2" gkimmer,
4) turbo pump (2301-s7!) and rotary vane pump,
5) gate valve with turbo pump (3301-s7!) and rotary vane pump
6) gate valve to cut off ACIS from quadrupole,
7) connection tube with grid for current detection, TEM grids can be placed here,
8) gate valves to detach the connection tube,
9) deposition substrate on manipulator,
10) bypass for faster pump-down of the ACIS,
11) gas inlet (argon and helium),
12) bypass for pump-down of the connection tube. With material from [72, 76, 88].

About 50 % of the clusters are charged [85]. This and the narrow velocity distribu-
tion open the way to mass-selection in an electrostatic field. This field is generated
by a quadrupole with a voltage Ugen. = +(0...5) kV. Nanoparticles and clusters of se-
lected size are deflected by 90° towards the analysis chamber. The pressure gets fur-
ther reduced by another pump. A fine grid is connected to a picoampere-meter to
measure the current of nanoparticles. The particles are landing on the substrate af-
terwards. [30, 85, 87, 89]

The tube connection between the chambers can be removed to allow vibration free
STM operation. A bypass connects this tube to the end of the ACIS for pump-down after
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reattachment. Another bypass connects the end of the ACIS to the second stage’s turbo
pump. Both bypasses must be closed during cluster production. The turbo pumps may
operate with separate fore-pumps (as shown in figure 3.8) but a shared rotary vane
pump (S = 4.41:s7!) is also sufficient®. Water cooling of anode and cathode is necessary
due to the high-power arc discharge (500 to 1000 W).

3.6 Magnetron sputtering source

Figure 3.9: Schematic view: Magnetron sputtering source NCU200U (1-7) and quadrupole mass

filter QMF200 (8-10).

1) magnetron (cathode) with internal magnets (red/blue), internal water-cooling (not
shown), and sputtering target at the front (copper-colored),

2) anode (green), argon gas is getting injected through the gap between anode and
magnetron,

3) water-cooled aggregation region,

4) expansion nozzle (green, exchangeable, different diameters available), exit of the
aggregation region to the first pumping stage,

5) aperture (green, exchangeable, different diameters available), entrance to the quad-
rupole mass filter,

6) edge-welded bellow to adjust the length of the aggregation region,

7) isolator, helium gas is getting injected here,

8) quadrupole rods,

9) triple stack of plates: grounded shield, ion collector plate, focusing lens,

10) XY -steering plates (green).

The magnetron sputtering source (figure 3.9), also called Haberland-source, was first
employed by Haberland [91]. It is a combination of a magnetron sputter discharge to
create an atomic vapor and a gas aggregation region in which said vapor condenses to
clusters and nanoparticles. The growth of the nanoparticles depends on diffusion and
drift inside the aggregation region. The diffusion is caused by the high pressure and is
driving the formation of the nanoparticles through collisions. The drift is caused by the
gas flow from the gas inlets to the expansion nozzle (i.e. the outlet) and the growth will
stop when the nanoparticles are swept out. In the standard setup (as it is used here)
argon gas is introduced into the region directly above the sputter target while helium

>Beware of accidental venting! [90]
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gas is introduced into the aggregation region to facilitate the particle condensation. The
resulting sizes are logarithmically-normal distributed (see section 2.1.4).

The flow inside the aggregation region is relatively stable, but this assumption does
not hold true when considering the flow close to and inside the nozzle. The properties
of the nanoparticles leaving the nozzle have been studied by several groups. Smirnov
et al. [92] used an aggregation chamber with an additional electrode around the orifice
to generate a secondary plasma in the aggregation region. Kousal et al. [93, 94] used
electrostatic deflection plates downstream of the nozzle to widen the particle beam with
respect to charge, mass, and velocity. Transmission electron microscopy (TEM) images
were taken at different positions in the beam. The spatial distribution of particles is
obviously a direct result of the nozzle’s form and diameter. They found a velocity range
from 30 m-s~! for large particles (50 nm) to more than 200 m-s~! for particles smaller than
7nm. The latter was a result of the acceleration inside the nozzle. The particles were
either neutral or were carrying a single positive /negative charge.

3.6.1 Sputtering

Sputtering, i.e. the bombardment of a substrate with charged ions, has several applica-
tions. All have in common that atoms will be mechanically removed from the substrate.
Inert ions are produced by a plasma discharge and accelerated in an electric field. The
kinetic energy of these ions must be higher than the binding energy of the substrate,
usually 10 to 100 times higher. The pressure (of inert gas) must be low enough to pro-
vide a mean free path for the acceleration of the ions and high enough to ignite a plasma.
The amount of ions is obviously related to the sputtering yield. [95]
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(a) Photo of a Co target: 50.8 mm (b) SEM image of a NigsFes tar- (c) Magnification of (b): Craters
diameter. get: Part of the circular ero- in the erosion rill.
sion rill.

Figure 3.10: Erosion of sputtering targets at different magnifications.

The magnetron sputtering source requires a pressure that is also sufficient to pro-
mote the growth of nanoparticles due to collisions between sputtered atoms and the
gas (as explained further below). The effect of sputtering on a target is shown in fig-
ure 3.10. X-ray fluorescence spectroscopy was used to determine the composition of
the NijsFegs-alloy targets before and after their use. The composition was unaffected
by the sputtering and this is a clear indication that the sputtering yield of Ni and Fe is
very similar. The nanoparticles’ composition should therefore be identical to the com-
position of the sputtering target.
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Sputtering can also be used to remove impurities from a substrate and thus to ob-
tain a clean surfaces (which usually requires subsequent annealing to heal the surface)
and was first described by Farnsworth et al. [96]. This should not be confused with
sputtering deposition.

3.6.2 Particle growth

The sputtering process releases atoms (and possibly small clusters) as a supersaturated
vapor. This vapor is metastable and three-body collisions occur between two atoms
(A) from the sputtering and one atom (G) from the buffering gas. The atoms (A) can
form a dimer (A,, called nucleus), when the gas atom removes the excess energy and
thus satisfying the conservation of energy and momentum. The dimer may continue
to grow via additional collisions. Smaller nuclei may also break up, depending on the
experimental conditions. The critical size denotes the nucleus’ size that it requires to be
stable. This process is also called nucleation.

Larger clusters will grow from the nuclei by means of four different processes [97, 98]:

* Free atoms (A) may collide with the nuclei (4,) which is called attachment of atoms.

* Coalescence happens when smaller clusters evaporate and adjacent larger clusters
are growing by absorbing the evaporant. This process occurs close to the critical
size (see above) and is also known as Oswald ripening.

¢ Two liquid drops, nuclei A, and A,,, may come into contact and form a single,
larger drop (A,+m). This is called coagulation.

* Two solid clusters may come into contact and form a single, larger cluster, which
is called aggregation. The primordial clusters may partially retain their structure
and thus are forming fractal aggregates. Fractal aggregates were neither observed
during this thesis’ work nor are there any reports from other groups working with
this nanoparticle source [15, 99, 100].

3.6.3 Size distribution

The size of the nanoparticles is determined by the time spent in cooling. This resi-
dence time is stochastically distributed, due to the diffusion of nanoparticles in the gas
and the overall drift towards the exit of the aggregation region. The result is a log-
normal size distribution (e.g. Granqvist et al. [101]), i.e. a Gaussian distribution plotted
against an exponential abscissa. The mechanism inside the gas aggregation region was
explained by Kiss et al. and validated in numerical simulations [102]. Their model is
based on the assumptions, that (1) the growth of a particle is proportional to its surface
area and that (2) the residence time inside the grow-zone is log-normally distributed.
This holds true when taking both diffusion and drift into consideration.
The log-normal height distribution f(d) can be expressed as

(Ind -1In dO)Q)

H=tot e \/ﬁ Ino exp( 2-(Ino)’
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where d, denotes the mean diameter, o is the standard deviation and A is a scaling
factor. fy is the vertical offset of the distribution, e.g. the average underground. The
size distribution of nanoparticles does not exhibit an underground, i.e. f, = 0. [101]

The size distribution will retain its log-normal form after mass-filtering since a con-
volution of a log-normal distribution (from the nanoparticle source) with a Gaussian
distribution (from a mass-filter) is still log-normal.

3.6.4 Size selection — The quadrupole mass filter

A quadrupole mass filter (QMF) consists of four parallel rods arranged in a quadratic
manner. These rods should have a hyperbolic profile for an ideal field geometry. Ac-
tual rods are commonly round cylinders. The radius 7,4 of each rod is 1.144 times
larger than the so-called field radius ro, i.e. half the distance between opposite rods
(see figure 3.11(a)). Opposing rods form pairs of the same potential and a voltage of

Vauad = U + V- cos (w - t) (3.6)

is a applied between the two pairs.

The full solution of the equations of motion will not be given here [103, 104]. A short
outline of the solution will be introduced and the practical applications will be dis-
cussed. Two parameters are introduced

ae 22U (37)
m-ry-w
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where () is the charge of an ion with mass m. These parameters are used to solve the
Mathieu equation which describes the ion trajectories. A trajectory is stable if its am-
plitude is smaller than . An ion with a higher amplitude will touch a quadrupole rod
and neutralize there. Stability in z- and y-plane can be considered independently due
to the symmetry of the quadrupole. An ion will pass the filter if it fulfills the stability
conditions in both planes. The motion upon entering the QMF has no influence on the
stability of the trajectory.

Figure 3.11(c) shows the stability diagrams for the parameters a and ¢. The regions
of stable trajectories in z and in y direction are highlighted separately. The regions of
overlap (1-3) corresponds to stability in both directions. Region 1 is of special interest
for the operation of a quadrupole. Figure 3.11(b) shows the upper half of this region.
Assuming single charged ions and with a/q = 2U/V follows that all masses are aligned
on the operation line and the masses in the stable region have stable trajectories. Tuning
the ratio U/V is changing the resolution Am/Q. Am approaches zero when the opera-
tion line is crossing the tip of the stable region at 2¥ = 2237 = (.336. Any mass of ¢ < 0.92

= 0.706
has a stable trajectory when the operation line is horizontal, i.e. U = 0. [103-105]

3.6.5 Experimental realization

A commercially available magnetron sputtering source from Oxford Applied Research
has been installed, tested and utilized during the work of this thesis. The NC200U was
designed for UHV environments and optimized for high sputtering rates [106].
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(c) Stability diagram of a QMF. Adapted from [103,
104].

Figure 3.11: Quadrupole mass filter.

A quadrupole mass filter with cylindrical rods is installed downstream of the cluster
source. It is a QMF200 by Oxford Applied Research which is designed to analyze and
filter the charged particles from the NC200U [107].

The parameters of the source can be controlled via computer with the QUVI2 soft-
ware provided by Oxford Applied Research. This includes all the parameters for the nano-
particle generation, except the aggregation length. The software can also control the
QME. The frequency f = 3= = (3...100) kHz and the AC-voltage V' = (1...250) V can be
adjusted and the software will calculate the corresponding mass. The nanoparticles’
atomicity based on the atomic weight and the expected diameter based on the density
of the sputter target’s material will be calculated as well. The filtering width Am/m can
be adjusted between 2 % and 100 % and the U-V -ratio is set accordingly.

The necessary deflection voltage of the XY-steering plates was determined experi-
mentally by changing the voltage between 0 and 100V for a given particle mass until
the current on the sample was maximal. The value was then generalized to

nce AX 80mm

Vi = 0627V 1000 T " AZ

(3.9)

where VY is the voltage to deflect a nanoparticle made of n¢, Co atoms. The sample
is at position AX off the central beam and at a distance AZ from the deflection plates
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Figure 3.12: Deflection of nanoparticles in X-direction at the exit of the QMF.

A

(figure 3.12). The face of the quadrupole’s exit flange is used as a reference position for
the deflection plates. The steering plates for the Y-direction work in the same fashion.

Several different setups have been realized during the work for this thesis, each being
an improvement over the previous one. This section will highlight the two latest setups.
It should be mentioned that the preparation chamber is not sufficiently equipped to
directly attach the cluster source.

Classical setup

Figure 3.13 shows the setup as it was used during the majority of experiments. It fea-
tures a rather long distance between the QMF 2, 3 and the substrate for deposition 5
(~ 0.8m). This setup is based on the deposition concept of the ACIS (see section 3.5),
i.e. separate vacuum chambers for particle production, mass filtering, and deposition.

The connection between source and preparation chamber 6 has flexible bellows on
both sides 7, i.e. the connection will adjust when the source is repositioned. Thus it is
possible to deposit in and outside of the source’s central axis. The maximum deflection
angle is shown in the figure. The position of the deposition substrate can be checked
with a gold-plated mirror® inside the connector. This mirror can be retracted so that
it is not blocking the particle beam. The connection can be vented and evacuated 8, 9
without breaking the vacuum of neither source nor preparation chamber. The connec-
tor’s venting and decoupling is necessary to reduce mechanical vibration of the STM.
Ion getter pump (IGP) and titanium sublimation pump (TSP) are preserving UHV con-
ditions when the turbo pumps are off. The bypass 10 can be opened in this case and is
enhancing the pumping of the second stage.

Three turbo pump stages are reducing the pressure from the aggregation region to
the preparation chamber. Two turbos with Sy, = 5201:s7! turbos” 12 are handling the
main gas-load ahead of the QMF in combination with a dual-stage rotary-vane pump
of S = 5.561s7!. Similar fore-pumps are provided for the Sy, = 2501s7! turbo 13 after
the QMF and the Sy, = 6851:s7! turbo at the preparation chamber (not shown).

%Special thanks to Stefan Manderla for manufacturing the mirror.
7 A single TMU 520 would provide sufficient pumping speed but may not handle the high gas flow.



46 3 Experimental background

My—

1\

Figure 3.13: Schematic view of the classical setup:
1) magnetron sputtering source (see figure 3.9 for more details),
2) quadrupole mass filter,
3) ion collector plate, focusing lens, XY-steering plates,
4) preparation chamber (see also figure 3.1),
5) fixed aperture, deposition substrate on manipulator,
6) connection tube with retractable mirror for substrate inspection,
7) bellows to adjust the connection tube,
8) gate valves to detach the connection tube,
9) bypass with valve for connection tube,
10) bypass with valve for faster pumping of the
11) shutter,
12) 1%t turbo stage (2x 5201:s™!) with gate valve,
13) 2" turbo stage (2501-s7!) with gate valve,
14) fore-pumps. With material from [72, 76, 88, 108].

2nd stage,

One advantage of this setup is the easy integration into an existing vacuum system,
because a small flange (CF40) is sufficient at the preparation chamber and the sample
transfer is kept simple. The differential pumping stage at the QMF is reducing the
operational pressure at the substrate by a factor of about 20.

The major drawbacks are the long distance from QMEF to substrate and the small an-
gle to separate charged from neutral particles. The former does not pose a problem in
itself other than a reduced particle yield. The latter was considered negligible. Other
groups had reported smaller angles (e.g. 2° in [109]) and initial testing indicated a com-
plete separation at an angle of a = 1.6° (see section 3.6.7). It should be noted that this
does not hold true for all cases even at « = 5° (e.g. sections 4.2.1, 4.2.2, 4.2.3). It should
also be noted that the widening of the (neutral) particle beam depends on the diameters
of the magnetron’s nozzle and aperture. Diameters larger than 3 mm require additional
consideration.
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Figure 3.14: Schematic view of the brand-new setup:
1) magnetron sputtering source,
2) quadrupole mass filter,
3) ion collector plate, focusing lens, XY-steering plates,
4) deposition substrate on manipulator,
5) 1% turbo stage with gate valve (2x 5201-s71),
6) 2™ turbo stage with gate valve (520 1s71),
7) fore-pumps. With material from [72, 76, 108].

Brand-new setup

Figure 3.14 shows the brand-new setup. It was introduced to alleviate the problems of the
previous one (figure 3.13). The substrate’s position, roughly 7cm downstream of the
QMF-exit 3, is the key improvement. The higher gas load during operation is getting
compensated by purer gas (6N instead of 5N) and a larger turbo pump (Sy, = 5201-s7*
instead of Sy, = 2501s71). Substrates can be transported through a new connection
(not shown) from the preparation chamber into the source chamber.® The deposition
area has been equipped with it's own IGP and TSP. That is why the bypass has been
removed.

The manipulator 4, which is now holding the substrate, allows movement along the
vertical axis (X-axis with respect to the QMF) and rotation around the same. The sub-
strate can thus move into and out-off the source’s central axis and rotate to deposit
nanoparticle under different angles.

This manipulator will be further improved by L. Knaup by the addition of a second
axis of rotation. The axis is horizontal and parallel to the substrate surface. This will
allow a surface-normal deposition of nanoparticles even if the sample is outside of the
central beam. It will also allow the deposition under any angle from every direction,
i.e. it is possible to vary the angle of elevation and the azimuth angle.

81t is possible (but untested) to connect the source to the institute’s Hydrogen and SPLEED chambers in
the other labs.
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3.6.6 Practical considerations

A strong magnetic field is required for an efficient ionization of the argon gas. Employ-
ing a ferromagnetic sputter-target will partially shield the magnetic field and therefore
sets additional requirements for the operational parameters. Typical gas flow param-
eters, as reported by e.g. Hartmann et al. [100], are not feasible because the reduced
magnetic field demands a higher argon flux (Fa, g 60sccm). These fluxes are quite suf-
ficient to produces larger nanoparticles but are not suitable for smaller nanoparticles
and clusters.

Nanoparticles agglomerate over time on all beam-facing components and can create
an insulating film. This effect is the strongest for the aperture after the first pumping
stage because the particle flux is highest at this point and will quickly create an insulat-
ing layer. Subsequent charge build-up creates a repulsive electric field that disrupts the
particle beam. This may resultin a beam degradation or even a complete (spontaneous)
cut-off. It can be prevented by employing apertures that are larger in diameter than the
aggregation-nozzle’ or by a careful alignment of said apertures. Particle build-up also
affects the quadrupole mass filter.

The new setup alleviates these problems. A larger nozzle (dnoz1e = 5mm) in com-
bination with a much thinner sputter-target (et = 1 mm) opens the way to a lower
gas flux (Fa, £ 40sccm). The quadrupole and the second pumping stage rest on lin-
ear guides. The quadrupole can now be removed without disassembling the second
pumping stage.

3.6.7 Exemplary results

This section will present exemplary results to highlight the technical capabilities of the
magnetron sputtering source and its quadrupole mass filter. The sputtering target was
made of Permenorm (NipsFegs) and the substrate for deposition was W(110).
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(a) Ion current from the quadrupole mass filter in comparison with the distri- (b) After 5 minutes of
bution of particle heights from STM (right image). deposition. ~ W-Tip;
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Figure 3.15: Ion spectrum from the quadrupole mass filter and apparent height of the nanopar-
ticles after deposition. The ion spectrum was obtained before deposition and the
QMF was off during deposition.

One of the first results is shown in figure 3.15(b). The magnetron was set to a sputter-
ing current of 160 mA at gas fluxes of 80sccm Ar and 5 sccm He. This resulted in a mag-

9Ingo Barke, personal communication, March 2016
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netron power of 48 W. The aggregation length was set to maximum. The quadrupole
mass filter was set to 10 kHz and was used to measure the ion current spectrum. It was
off during deposition to obtain unfiltered particles. The substrate was positioned in the
center of the beam axis.

The ion spectrum had a bimodal distribution with two maxima (red curves in fig-
ure 3.15(a)). One at domr = 1.4nm and one at domr = 4.0 nm. The latter can be associated
with the actual nanoparticles as seen in the histogram obtained from the STM. The for-
mer is an artifact from insufficient filtering. The AC voltage V' of the quadrupole is
below 20V at this particle sizes. This voltage may be too low to remove the heaviest
nanoparticles over the finite length of the QMF rods. Alternatively the DC voltage U
may be lower than the minimum output value of the controller. The U/V-ratio may be
lower than expected as a result. The controller also exhibits unstable output behavior
when a voltage is about 10V or less.

The STM data yielded a log-normal height distribution with a similar average height
but a distribution that was about twice as wide. It is not entirely clear what causes
the increased width. One possibility is that the conditions in the magnetron source are
changing over time. A spectrum taken after deposition revealed that the number of
larger particles was slightly reduced.!® Another possibility is size-dependent charging.
Larger nanoparticles have a preference to carry a positive charge. The positive charge
may result in a net-zero current at certain particle sizes which effectively masks the
actual particle current. Another possibility are particles that are double-charged.

Figures 3.16(a) to 3.16(c) show the height distribution of the nanoparticles after depo-
sition. The magnetron’s parameters were identical to the previous experiment but the
mass filter was set to an AC-voltage of V' = 108V, 161V, and 230V respectively. This
corresponds to particle sizes of domr = 3.5nm, 4.0nm, and 4.5nm. The resulting spectra
are a superposition of the neutral particles’ broad distribution and the narrow distribu-
tion from the QMF. The number of charged particles can be estimated by comparing the
peak of size-selected (and therefore charged) nanoparticles with the expected neutral
background. This yields a charging ratio of approximately one third.

The magnetron source was moved to offset the substrate out of the beam of neutral
particles. A deflection voltage of 10V was sufficient to deflect the pre-selected 4.0-nm-
particles from the QMF by 1.6° to the substrate. The height distribution is shown in
figure 3.16(d). The major peak of the distribution is at App,, 15t max = (3.89£0.21) nm and
is represented by a total of 95 nanoparticles. The width of the distributionis Ad/d = 10 %
or AV/V = 32%. This is in good agreement with the QMF setting of Am/m = 20% if
we consider the broadening of the height as a result of the STM measurement and the
data analysis (see section 3.7.2).

A second, smaller peak is at happ, 20d max = (5.10+£0.16) nm and is represented by 8 par-
ticles. These nanoparticles have approximately twice the volume compared to the
larger peak:

=58.9nm?
=132.7nm? (3.10)

3
Vist max o happ., 1st max

3
Vénd max happ,, 2nd max

9The shift in particle size was a result of a charge build-up on beam facing components. This problem
was solved for later operations.
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(c) Charged particles selected for domr = 4.5nm and (d) Charged particles selected for domr = 4.0nm
neutral particles of all sizes. and separated from the neutral beam by 1.6°.

Figure 3.16: Apparent height of nanoparticles under different deposition conditions. The blue
curve is representing the height distribution of the unfiltered particle beam from
figure 3.15(a).

A nanoparticle with exactly twice the volume of the a 1%t-peak-particle would have a
height of

1
_ 3 3
hexpected, 2nd max — (2 ' happ., 1st max)

= \3/5 : happ., 1st max
=4.90nm (3.11)

The difference between calculated and observed height is most likely due to the low
number of 2"-maximum-particles, i.e. the height is statistically not very reliable. An
agglomeration of nanoparticles seems very unlikely because the surface density is less
than 0.6 nanoparticles per square-micrometer at a deposition time of 15 minutes. It
seems more likely that these particles carried a double charge when passing through the
QME. The relative amount of double charged particles can be calculated by comparing
the amounts of single and double charged particles (95 versus 8) and by taking into
consideration the log-normal distribution (see figure 3.15(a)). Approximately 11 % of
the charged nanoparticles carried a double-negative charge.

Figure 3.16(d) shows no nanoparticles outside of the selected size range. This implies
that the angle of 1.6° was sufficient to separate the charged particles from the neutral
beam.
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3.7 Materials and methods

The section will give an overview of the calibration and possible errors involved in the
measurements. The methods of data acquisition and data analysis will be discussed.
The latter includes, if applicable, the computer software. The reader is encouraged to
skip forward to chapter 4.

3.7.1 STM measurement

STM imaging involves several factors that can influence image quality and scientific
significance. The user’s influence on the data processing (e.g. [110]) will not be dis-
cussed.

Tip form and gap voltage

An STM image is always a convolution of the surface’s topography and the tip’s form.
A blunt tip will therefore blur surface features. If a tip has multiple ends (a multi-tip)
then some (or all) surface features will appear once per tip-end. Such a condition can
be difficult (or even impossible) to detect. Multi-tips are particularly troublesome if the
surface has a high aspect-ratio, e.g. individual nanoparticles on a flat surface. A multi-
tip may have no influence on a flat surface because the longest tip is always close to the
surface while the secondary tips are far away. The effect of the shorter tip is particularly
small considering the tunneling current’s exponential dependence on the distance (see
equation 3.1). Figure 3.17 shows an image taken with a multi-tip. Each of the nanopar-
ticles appears as a group of approximately 11 elevations. The W(110) far away from
the nanoparticles can be mapped easily nonetheless (figure 3.17(b)).

(a) Globally tilted for maximum flatness, linear  (b) Z-drift was removed by aligning rows by
color mapping. Z-drift at the lower end of median of differences. Globally tilted for max-
the image. imum flatness, non-linear color mapping.
Strong bending of tungsten step-edges at
the lower end of the image indicates XY-

drift.

Figure 3.17: STM image of eleven NiFe nanoparticles on W(110), PtIr-multi-tip; 1.0 V; 0.8 nA.

Several techniques have been utilized to sharpen the STM tips and they will not be
outlined here. Tip sharpening was done when images appeared blurry (blunt tip) or
when features were found multiple times (multi-tip).
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The gap voltage and, to a lesser extend, the tunneling current are influencing the
topological imaging. This is a well known property of any STM.

Three different kinds of tips were used. Etched tungsten tips by Omicron, tungsten
tips etched in-house, and cut Ptlr tips. Self-manufactured tips were carefully cleaned
and baked at > 120 °C for at least 12h in ultra-high vacuum.

Tip material, gap voltage and tunneling current will be stated for each STM image in
this thesis.

i 1 i 1 i 1
0 10 20 30
X-position / nm

(a) STM image, adaptive non-linear color (b) height profiles as designated in (a)
mapping; Ptlr-tip; 1.0 V; 1.8 nA

Figure 3.18: STM image of an annealed NiFe nanoparticle on W(110), encircled by oscillations
due to adsorbates at the tip’s sides (see section 4.3.1 for details).

Adsorbates at the sides of a tip can create an additional problem. This can cause
intermittent tunneling when the tip is close to a steep object (e.g. a nanoparticle) and
results in strong vertical oscillation of the tip (see figure 3.18).!! This problem is gener-
ally much more prominent in Ptlr tips.

Adverse effects Blunt tip: A structured surface may appear flat when the tip is wider
than the surface features. A flat surface in STM is therefore not conclusive as to the
actual surface flatness.

Multi-tip: A single feature (e.g. a nanoparticle) will appear once each time per tip.
Twice as many nanoparticles would appear during scanning with a double tip. A height
distribution from such an image would be swamped with as many artifacts as real data
points.

Tip oscillations: height reading may be too high or generally unreliable.

Drift

STMs are prone to drifting as many users of STMs can confirm. That is, the tip is show-
ing unintended movement in addition to the X'Y-scanning and the constant height may
not be constant. The resulting images are distorted along one or more axes. X-drift (Y-
Drift) is particularly strong after wide positional changes in X-direction (Y -direction).

The drift (and related image distortions) will disappear after some time (of scanning)
at one position (see figure 3.17). Waiting thus helps. Either a scan gets restarted when

"Heinz Hovel, personal communication, March 2016
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XY -drift is reasonably low or a scan gets repeated (and the first image may be dis-
carded) or a pre-set delay time between change in position and scanning is used. It
should be noted that drift in Z-direction is almost impossible to spot during scanning
and is mostly visible in post-measurement evaluations (see 3.7.2).

Adverse effects XY -drift: Directions and orientations cannot be reliably identified.
Y -drift: The scanned area can be to large or to small. Z-drift: Height distribution may
be affected.

Noise

Mechanical vibrations and electronic noise can influence the imaging process. Due to
scanning, a periodic signal (in time) will show as a periodic signal in space. Electronic
noise is reduced by filters, reduction of ground-loops, and shielding of microscope and
control unit. Mechanical noise is reduced by two sets of dampers. Sources of vibrations
are eliminated when possible, i.e. turbo pumps and fore-pumps are off and fore-pumps
in adjacent labs are put on steel springs.

Calibration

The piezos of an STM need to be calibrated to determine the relation of spatial deflection
to applied voltage. This relation can be expressed as a (3x3) matrix:

XX XY 0
YX YY O (3.12)
0 0 ZZ

The diagonal components are describing the sensitivity for each direction, i.e. the volt-
age required to attain a certain tip-deflection. The off-diagonal components are called
crosstalk, i.e. XY is describing the movement in X-direction when a voltage at Y is
applied. Cross-talk between Z and the other directions is almost always zero.

(a) STM image, Ptlr-tip; 0.1V; (b) LEED pattern, 69.8eV
1.5nA

Figure 3.19: Highly oriented pyrolytic graphite (HOPG).

The sensitivity can be attained by imaging a surface with a well known structure.
Atomically resolved highly oriented pyrolytic graphite (HOPG, figure 3.19(a)) is a com-
mon surface for X- and Y-calibration. This surface was prepared by exfoliation and
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subsequent transfer into the vacuum system. Fast scanning speed and small image size
pose significant problems for calibration on HOPG. Non-negligible drift (see above)
occurred throughout the imaging. HOPG substrate does not have a globally uniform
orientation of its crystal axes (figure 3.19(b)). It should also be noted that the deflection
of the piezo is not strictly linear and re-calibration is explicitly recommended when
scanning micrometer sized areas [111].

Because of these obstacles, calibration was done on a tungsten carbide surface (see
section 3.4.2 for preparation). Tungsten carbide can be observed at scanning conditions
similar to those employed for nanoparticles. This calibration was therefore deemed
more important but both surfaces returned the same calibration factors.

Figure 3.20: STM image of both orientational domains of tungsten carbide, PtIr-tip; 1.0 V; 0.8 nA.

The first step in the calibration was the selection of a suitable surface area. An area
where, both rotational domains were visible, was selected and repeatedly scanned to
reduce the drift as far as possible. Figure 3.20 shows the final image from this measure-
ment set. Both domains were Fourier-transformed and the distance between the lines
was determined by the position of their respective features in Fourier-space. The ex-
pected periodicity of (1.30+0.07) nm has been reported by Bode et al. [42]. Adsorbates
have been found on the zigzag lines only. The well-known orientation of both domains
gave additional confidence concerning the reliability of this calibration.

The Z-component was calibrated on clean W(110).!? The step height was determined
with Gwyddion 2.45. Multiple (i.e. less than 20) profiles were drawn across different
terrace steps in fast-scan (X) direction. The smooth bent step fit function was used to
determine the step height in each profile and the results were averaged.

The expected step height can be calculated from bulk density, atomic weight, and
crystal structure:

Mep 2mw

Vo = =3.1717-107 m? (3.13)
Pw Pw

a(100) = \3/ V@ =316.5 pm (314:)

a(110) = % *A(100) = 223.8 pm (315)

12Images were globally tilted but not processed in any other way
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with lattice constant aog) and distance between neighboring (110) facets a1y which is
the terrace step height.

The resulting calibration has a margin of error below 3 % in drift-free conditions. This
calibration has been entered into the STM acquisition software (Scala 5.0). Images that
were taken before the calibration was done have been corrected afterwards.

Actual calibration Calibration measurements for X and Y were done on 8 April 2016
on tungsten-carbide and reference measurements on HOPG were done on 5 April 2016.
Already existing images of clean tungsten have been used for Z-calibration. The result-
ing calibration (relative to the factory settings) is:

0.761 0 0
My =| 0 0465 0 (3.16)
0 0 0.900

This has been entered into the Scala software and new images are automatically scaled
accordingly.!® Please note that the Scala software takes the inverse values of matrix 3.16.

Coarse position

The coarse position must be taken into consideration during the evaluation of STM
images. The coarse movement is (unlike the fine position) not along X, Y, and Z, but
along R, ®, and Z [111]. This means that any sidewards movement results in a slight ro-
tation. The coarse XY -movement is limited to a circular area of 6 mm diameter. Sample
rotation is therefore limited to ® ~ +6.7°. A substrate itself may exhibit a slight rotation
with respect to its holder.

The change of the coarse position allows the scanning of different substrate areas.
Different areas on the sample may yield different results, which depends on the ho-
mogeneity of the sample treatment. The rotation of the sample must be taken into
account when the orientation of surface structures gets analyzed. The crystal surface
axes — as given in the images — are aligned without regard to this effects. Two different
approaches were taken for precise angular measurement: (1) The axis orientation was
determined by LEED. (2) The angle between different structures on the same images
was determined with high precision.

The tungsten crystal itself is mostly, but not everywhere, in perfect conditions. Some
scratches hinder imaging. Images were only taken when tungsten step edges were
found. Images of nondescript surfaces were not taken into consideration and a new
coarse position was chosen.

3.7.2 STM data evaluation

The typical steps to process an STM image will be outlined in this subsection. This will
be explained for Gwyddion (version 2.35 and later). SPIP (version 5.1.11 by ImageMetrol-
ogy A/S) has also been used on occasion and any special consideration regarding this
software will be mentioned.

3The calibration of the STM at the time of any measurement can be checked in the parameter file (.par).
The scanner description name in the parameter file should be MICROH1_N_2017-06.SCA. The factory
calibration is called MICROH1_N.SCA.
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First step is the plane leveling or facet leveling to compensate for the tilt of the substrate
with respect to the STM. The alignment of rows by median of differences can be employed
to reduce Z-drift or a bending in Z-direction (see figure 3.17). Re-leveling might be
required. The advantages of each leveling methods are outlined in the Gwyddion user
Quide [112].

Acquisition of particle heights

The height of the nanoparticles has been determined by three different methods. The
simplest method is to draw a profile line over a selected nanoparticle and determine
the height difference between substrate and the nanoparticle’s peak. The profile should
be drawn in fast-scan direction and the substrate should be flat (leveled) around the
nanoparticle. The profile must cross the peak of the particle, i.e. the nanoparticle’s
peak position must be properly selected. The average substrate elevation has to be de-
termined based on the single profile. The method will work under difficult conditions,
such as an oscillating tip (see figure 3.18) but it requires several estimates on the side
of the user. The manual selection of measurement points is making this method slow
and unreliable.

A faster approach is to manually draw a mask around each nanoparticle in a picture.
The difference between maximum and minimum elevation inside a mask relates to the
height of the nanoparticle. This method depends on a low-noise surface which is locally
flat around each nanoparticle. A local slope will increase the calculated height and must
be avoided. The effect of noise can be calculated by drawing masks of similar size at
empty surface areas. The difference between maximum and minimum elevation will
yield the error bars of this method. This method requires a medium amount of work
from the user and is not overly sensitive to (possibly wrong) estimates.

The fastest method to process nanoparticles is Gwyddion’s automated Grain Anal-
ysis method called Mark by Otsu’s. This method will split the height data of an entire
image in two classes. Areas of high data are assumed to be particles [112]. This method
works very well on flat surfaces but it will fail on surfaces of high curvature. Exhaustive
flattening, typically low-order polynomial background subtraction, is necessary. This
method will return several parameters of the detected grains. The height can be calcu-
lated by subtracting the average surface elevation from each nanoparticle’s maximum
height. The surface must be as flat as possible. This can be achieved by excluding the
nanoparticles from the further flattening process'* and then applying high-order poly-
nomial background subtraction. The substrate’s root mean square elevation yields the
error bars of this method. Nanoparticles which are close together will be recognized
as a single grain. Manual splitting of grains is the standard solution and not overly
time-consuming.

The last two methods can be combined: Mark by Otsu’s is used to draw a (small) mask
around each nanoparticle. Every mask is then expanded by a few pixels to include its
surrounding surface. The maximum height difference inside a mask yields the height
of the respective nanoparticle. This method utilizes the fast particle recognition of Mark
by Otsu’s but it does not require extensive background subtraction.

4Excluding nanoparticles is simple because they have been highlighted.
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Acquisition of island size and equivalent spherical diameter

The analysis of a single monolayer high islands requires several steps:

First the surface area A of a given island is determined by means of thresholding, also
known as flooding. That is, any area in the image which exceeds a certain height is
highlighted.

The size of this area is converted into a number of atoms: The surface density can be
estimated based on pseudomorphic growth on the W(110) surface. That means that the
number of atoms per area N,iom in the island is equal to the number of surface atoms
of W(110):

Natom = Nwio) = 14.1 atomsnm ™2 (3.17)

This is just a rough estimate because the growth mode of an island — especially at
a varying coverage — is not always known. Fe, Ni, and Co atoms are smaller than W
atoms and thus the surface density of these atoms will be higher than or equal to that
of W(110). (See also section 2.4.1). The total number of atoms in a given island is

Natom = A- Natom- (318)

The number of atoms needs to be converted into an equivalent volume. This is based
on the bulk density p of the corresponding material. The total volume of the island is

V' = Natom - ‘/single atom

M
= Natom ° (319)
p

with the atomic weight M. The weighted average is used in case of an alloy.
The volume can be converted into the diameter dequiv, Of a sphere:

V:?_,rﬁ

~ dequiv. = \3/ § -V (320)
s

Some islands were accompanied by a nanoparticle. The volume of the nanoparticle
was estimated based on its apparent height and the equivalent diameter was calculated
from the combined volume of island and nanoparticle.

3.7.3 LEED

A LEED system does not require an overly complicated calibration but some consid-
eration is required nonetheless. The parameters were taken from the calibration sheet
for the given instrument and the system was operated as outlined in the manual [73].
Voltages for the lenses were adjusted until sharp spots were achieved. The energy of
the incident electron beam is stated for every LEED image that was taken and the beam
was focused on the center of the substrate unless stated otherwise. Every substrates
was grounded to avoid charging. The SpectaLEED is a rear-view LEED, i.e. the electron
gun is blocking the view on the central spot in most images.
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The patterns were recorded with a hand-held digital camera. Image] was used to
crop the images and adjust the brightness. The images were also converted to gray
scale and inverted. No correction was made for the spherical projection of the LEED
screen. Blurry images are mostly a result of camera shake or improper focusing. It will
be stated if blurriness was not a result of image capturing.

3.7.4 Sample heating and temperature measurement

The temperature has significant influence on the dynamic behavior of a sample. It is
therefore necessary to get precise temperature readings and to know the properties of
the heating systems. This section gives an overview of the different types of thermome-
ters and introduces the different heaters.

Thermocouples

A thermocouple operates on the Seebeck effect and requires a physical contact at its
point of measurement. Both of the main manipulators are equipped with two thermo-
couples of Type K. The points of measurement are adjacent to the sample where the
distance between substrate and thermocouple causes a difference between actual tem-
perature and read-out. The response time can be in the order of several minutes as
shown in figure 3.21.

Radiation thermometers

Radiation thermometers, also called pyrometers, offer an optical (i.e. non-contact) way
to measure temperatures. A black-body of non-zero temperature emits (infrared) light
and the spectral density is described by Planck’s law. The optical properties of real-life
objects are not those of a black-body. These are called gray-bodies and the difference in
emission between gray- and black-body is expressed as the emissivity (A, T). Knowl-
edge of the emissivity is necessary to calculate the actual temperature based on the
spectral emission. [113, 114]

Two pyrometers have been used. The Ircon Ultimax Plus UX 20P is a narrow band
radiation thermometer, i.e. it determines the temperature by measuring the emission
at a single, fixed wavelength. The wavelength of measurement is A = 0.96 pm and this
results in a temperature range of 600 to 3000 °C. The standard use-case is the electron
bombardment heating (flashing) and oxygen annealing of tungsten substrates. High
temperature annealing of nanoparticles at 7' ~ 1000 K is another application.

The Raytek MI3 2M operates at A = 1.6 um which puts it at a temperature range of 250
to 1400 °C. It's main use-case is the annealing of substrates.

A number of experiments have been done to determine the precise emissivity of var-
ious metals. This depends not just on the composition of the material but on the tem-
perature, the angle of emission and on surface corrugation [115]. Pending further de-
velopment in this field, the emissivity is set to ¢ = 0.3 for measurements on polished
tungsten crystals. Measurements are done at normal emission when possible (e.g. on
the manipulators). The angle for electron bombardment heating is roughly 55° from
the surface normal vector.
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Sample annealing on the manipulators” integrated heaters

Samples were usually annealed on the integrated heater of the manipulator in the anal-
ysis or preparation chamber (see section 3.1). The electric current to reach the desired
temperature was selected from a calibration sheet (see table A.2) and previous measure-
ments were taken in consideration. A laboratory power supply was set to the desired
current with a precision of 0.01 A (least significant digit). The current was adjusted
during annealing when necessary.
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Figure 3.21: Temperature curves for the sample heater in the analysis chamber. Open symbols:
0.85A / 3.4W. Closed symbols: 2.4 A / 45 W. Annealing duration: 1 hour.

The annealing duration as given in chapter 4 is the time between activation and
deactivation of the power supply. Figure 3.21 shows the typical response time for two
different currents. The annealing temperature is the highest observed temperature
while the power supply was on.

3.7.5 Tungsten substrates and their cleaning

Two different tungsten single crystals were used. Both have a (110) surface with dif-
ferent in-plane orientations. The larger one, edge length approximately 6 mm, has the
[001] in horizontal direction, i.e. parallel to the STM’s X -axis. The smaller one (~ 5 mm)
has its [001] direction pointing to the upper left corner at 45°. The laboratory diary and
other records refer to the smaller one as Diisseldorfer and the larger one as Dortmunder.

Carbon has been thoroughly removed from the larger one’s bulk by annealing in
oxygen atmosphere for one week, courtesy of W. Rosellen. Further oxygen annealing
is therefore rarely required. 50 flashing cycles at up to 2000 K were done during testing
without changes of the LEED pattern. Oxygen annealing is carried out more often than
that and it is safe to assume a carbon-free surface. Such thorough cleaning has not been
carried out on the smaller one and oxygen annealing is therefore regularly required.
Repeated annealing results in the W(110) /C-R(15x3) pattern as outlined in section 3.4.
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The larger one was used regularly for this thesis and annealed when deemed appro-
priate. The smaller one was used on occasion and has been oxygen annealed regularly.
Oxygen annealing was carried out before each deposition of NijsFeys nanoparticles
when subsequent tempering had been planed. See section 4.3.1 for these measure-
ments.

3.7.6 Software

Data analysis was done with two different software solutions. LibreOffice Calc was used
to accumulate data (e.g. nanoparticle height) and to perform simple calculations. Orig-
inPro 9.0G was used for graph plotting, data fitting, and statistical analyses.



4 Results and discussion

This chapter covers the detailed results of my measurements. It includes the prepa-
ration of the substrates, the deposition and annealing of cobalt nanoparticles on these
substrates, and the deposition and annealing of nickel-iron nanoparticles on W(110).
Nickel-cobalt nanoparticles will be touched as well.

The section for each measurement also includes a short paragraph about the prepa-
ration steps and will conclude with a discussion of the results.

A brief overview of all results and a short discussion will be given in section 4.5.

4.1 Tungsten related surfaces

This section will introduce the preparation of the tungsten related surfaces for the later
deposition of nanoparticles.

4.1.1 Carbon on W(110)

Sample preparation

The W(110) substrate with the higher carbon content (Diisseldorfer) was repeatedly an-
nealed at 2000 K as outlined in section 3.7.5.

Results

The W(110) /C-R(15x3) reconstruction formed as a result of the annealing. LEED pat-
tern and STM image are in perfect agreement (figure 4.1). The particular LEED image
was selected because one of the rotational domains is better visible than the other. This
is a typical case when the electron beam is close to the edge of the substrate (e.g. [36]).
The STM image was selected because both rotational domains are visible on adjacent
terraces.

This is in perfect agreement with the results of Bode et al. [42] as outlined in sec-
tion 2.3.2.

4.1.2 Oxygen on W(110) at room temperature

The distinct pattern of the p(2x1) is well suited to find oxygen contamination (i.e. air)
in the vacuum system. Accidental production of p(1x1) is unlikely due to the large
amount of oxygen required. This is of particular significance during deposition of
nanoparticles. The connecting tubes between the main chambers and the nanoparti-
cle sources have to be removed to allow vibration-free STM. These connections do not
feature pressure gauges but they are vented, re-sealed, and baked before every depo-
sition by different (and sometimes inexperienced) operators. Figure 4.2 shows LEED

61
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#

(a) LEED image (134 V) (b) STM image: The rotational domain on the left terrace corre-
sponds with the diffraction pattern of the LEED image. Ptlr-
Tip; 1.0V; 0.8 nA

Figure 4.1: C-R(15x3) reconstruction on W(110) after repeated annealing.
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Figure 4.2: Oxygen structure on W(110) after exposure to low amounts of oxygen. Left: After
co-deposition of Co nanoparticles and air. O-p(2x1) has formed after 18 minutes of
exposure. Nanoparticles are not visible in LEED. Right: after 40 minutes of operation
while the particle beam itself was blocked. Rotational domains are highlighted.
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and STM images with a known leak in the connection between the magnetron sputter-
ing source and the preparation chamber. A very rough estimate puts the exposure to
ambient air at 8L and 18 L.

The high gas load during particle deposition will mask a possible leak. An observant
operator will nevertheless observe the increased base pressure upon completion. The
reconstruction and its preparation are in agreement with previous publications (see
section 2.3.3).

STM of p(2x1) reveals a highly irregular surface without long-ranged orientation(s).
This makes it difficult to interpret data from the deposition and annealing of nanopar-
ticles.

4.1.3 Oxygen on W(110) at elevated temperatures

w110

EVEEE Y

(a) LEED image: Tungsten struc- (b) STM image: Highly ordered (c) STM image: Both rotational
ture with satellite spots of oxy- step edges of tungsten oxide. domains of oxidation lines.
gen (126 eV) Ptlr-Tip; 1.0V; 0.8nA Ptlr-Tip; 1.0V; 0.8nA

Figure 4.3: W(110) after 20 minutes of annealing at 1500 K and 1.1-107 mbar oxygen pressure.

Figure 4.3 shows the LEED and STM image that were obtained after annealing at
1500K in oxygen atmosphere (po, = 1.1-10-"mbar, 100L). The orientation of the satel-
lite spots in LEED (figure 4.3(a)) is in agreement with the oxidation lines in real space
(figure 4.3(c)). These lines are oriented at an angle of ~+23° with respect to W[001]. This
is in good agreement with the (1x1)x12 reconstruction which has an expected value of
+25.24°, i.e. orientation along W(113) (see section 2.3.3). The surface exhibits a better
ordering than clean W(110) with long straight terrace steps. The observed line distance
is (1.45+0.07) nm which is similar to STM observation by Johnson et al. (~20 A) [47]. Tt
should be noted though that they did observe reconstruction along the W(112) axes.

The (1x1)x12 along W(113) is the only high temperature reconstruction of tungsten
oxide that could be observed during this thesis” work.

4.2 Cobalt nanoparticles

This section covers the production of cobalt nanoparticles in the magnetron sputtering
source, their deposition on different substrates, and their annealing.
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4.2.1 Cobalt nanoparticles on W(110)

Previous publication The measurements for this subsection were part of J. Schubert’s
bachelor’s thesis [116]. I have analyzed the resulting data independently and without
his help.

Composition of raw material The nanoparticles were produced in the magnetron
sputtering source. The sputtering target from Hauner was made of Co with a purity
of 99.99 %.

Sample preparation

The W(110) surface was cleaned by flashing before the deposition of nanoparticles. The
detailed procedure can be found in section 3.4.1.

The nanoparticles were produced in the magnetron sputtering source. Two deposi-
tions were made at different positions of the substrate. The quadrupole mass filter was
adjusted to different particle masses for both depositions. One deposition, on the left
side of the substrate, was set to a mass of mqur ~ 6.51-10°amu and a filtering width
of 10 %. This is equivalent to a mean particle diameter of approximately 6.08 nm. The
other deposition was set to maumr ~ 1.08:106 amu 2 domr = 7.19nm. The deflection volt-
age of the steering plates was set accordingly.

The samples were analyzed by STM after deposition and subsequently annealed for
15 minutes at a pre-selected heating current. Comparative STM measurements were
done when the samples were back to room temperature. Some samples were annealed
several times and they were scanned each time after cool-down. The nanoparticles
were annealed at temperatures ranging from 533 to 927 K.

Results

Annealing at the lowest temperature (T' = 533 K) was sufficient to start the melting
process. This sample was then annealed a second time at identical conditions to further
the melting process. This resulted in particles as shown in figure 4.4(a). The melting
process resulted in an unrolling carpet. The height distributions of the particles after
deposition and after both annealing steps are shown in figure 4.5. The initial heights are
smaller than the diameters that were derived from the mass filter’s parameters. This
can be attributed to two factors: The calculation of a particle’s diameter from its mass
is based on the assumptions of bulk density and a spherical form. Both assumptions
are just loose approximations. Flattening upon landing can cause a deviation from the
spherical form (see section 2.5).

The distributions are characterized by a shift towards smaller heights. The shifting
occurs for all observed particle heights. The loss of height increases approximately lin-
ear with annealing time. No material is lost to evaporation as atoms diffuse from the
nanoparticles’ surface to the surrounding diffusion zone. The relatively small diffusion
zone indicates that the annealing temperature was just barely higher than the temper-
ature required for surface melting.

The diffusion zone 1 and the adjacent nanoparticle were analyzed in more detail. The
particle had a height of 7, = 5.6 nm and the diffusion zone contained enough material
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(a) After two annealing steps at 533 K: The (b) After annealing at 593 K: Monolayer is-
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Figure 4.4: STM images of Co nanoparticles on W(110). Pre-selected particle diameter was
domr = 6.08nm. W-Tip; 1.0V; 0.8 nA

for a spherical, bulk-like particle with a diameter of dequiv. # 4.1 nm. The combination
of these two would yield a nanoparticle with dequiv. # 6.2nm. Therefore, the diffusion
zone could stem from the adjacent particle or it could be a remainder of another nano-
particle. The bimodal height distribution for this sample is shown in figure 4.5(a) and
can support both theories. The melting of one particle seems more likely because the
diffusion zone at other nanoparticles (e.g. 2, dequiv. # 2.1 nm) is significantly smaller.

Figure 4.4(b) shows the result of 15 minutes of annealing at up to 593 K. This tem-
perature was sufficient for the nanoparticles to melt completely. One monolayer high
islands were remaining. Similar results were found for all higher annealing temper-
atures. An increase in temperature lead to an increased diffusion. The islands were
therefore further spread across the surface and started to agglomerate at the substrate’s
step edges.

The annealing at 593K also created vacancy islands (see 5 in figure 4.4(b)). One
should expect that islands are merging upon contact (see section 2.4). A possible ex-
planation may be that these islands have different crystallographic orientations, which
is only possible if the island growth is non-pseudomorphic. Strain-induced disloca-
tions which make it energetically unfavorable to fill these gaps are another possibility.
The wedge-shaped islands downstairs of the terrace steps were another characteristic.
These had one edge which was almost parallel to the step edge and one which met the
step edge at a steep angle.

The surface area of the islands was examined: Island 3 (figure 4.4(b), diameter accord-
ing to QMF: domr = 6.08 nm) contains enough material to create a spherical, bulk-like
nanoparticle with diameter dequiv, ~ 4.1 nm. If we consider that some material had ag-
glomerated at nearby step edges, then we can assume that this islands is the remainder
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Figure 4.5: Distribution of apparent height for Co nanoparticles on W(110) based on STM mea-
surements. Heights were recorded after deposition and after two annealing steps at
533 K. The wide, bimodal form of the height distribution is a result of the insufficient
separation between size-selected and neutral particles (see also section 3.6).

of a nanoparticle. Island 4 had a five times larger surface area. The corresponding di-
ameter would be dequiv. # 7.0nm. Given these results one can assume that each island
represents the remainder of one nanoparticle.

In general, island edges were oriented along the W(111) axes. Annealing temper-
atures of up to 783K (figure 4.6(a)) lead to sharper island corners and the edges’ ori-
entation became more pronounced. The wedges were elongated perpendicular to the
terrace steps. This indicates a transition towards step meandering (e.g. [117, sec.4.7.2])
and it indicates a significantly increased surface mobility of the Co atoms.

The highest temperature (927K, see figure 4.6(b)) caused a complete melting of all
nanoparticles. Most Co atoms were attached in an even line at the terrace steps. The
widest terraces (100nm and wider) featured large monolayer island. These islands
showed a preferred orientation along the terrace step edges, which is an indicator of
morphological anisotropy.

There was no indication of an anisotropic melting as it has been reported by Rosellen
for nanoparticles with an average height of 9.5nm [67, sec.4.6.2]. The nanoparticles
in this work have a very wide size distribution up to a height of A, » 12nm (see
figure 4.5). This means that the differences of the melting processes cannot be explained
by a difference in height.
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Figure 4.6: STM images of Co nanoparticles on W(110) after high-temperature annealing. The
remaining Co structures are one monolayer high and are indicative of a high surface
mobility. Pre-selected particle diameter doyr = 7.19nm. W-Tip; 1.0V; 0.8 nA

4.2.2 Cobalt nanoparticles on W(110)/C-R(15x3)

Composition of raw material The nanoparticles were produced in the magnetron
sputtering source. The sputtering target from Hauner was made of Co with a purity
of 99.99 %.

Sample preparation

The tungsten carbide surface was prepared by repeated annealing of a W(110) crystal.
This caused the agglomeration of carbon at the surface and resulted in the formation
of the C-R(15x3) reconstruction (see also section 2.3.2).

The nanoparticles from the magnetron sputtering source were selected to a mass of
maowmr ~ 1.08-106 amu which corresponds to a particle diameter of doumr ~ 7.19nm. The
steering plates were used to deflect the charged particles towards the substrate. This
setup is identical to the setup for the larger particles in section 4.2.1 .

Two samples were prepared. One was repeatedly annealed at increasing tempera-
tures and was examined at room temperature after each annealing step. Each annealing
step lasted 15 minutes and the temperature was increased in the following steps: 518 K1,
533K, 544 K, and 556 K. A final annealing step of 573 K lasted 60 minutes.

The other sample was annealed once for 15 minutes to 550 K. This sample was ex-
amined in more detail to obtain a height distribution with high statistical significance.

This temperature has been estimated based on the heater’s typical response.
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Results of the 1%t sample: temperature dependence

The nanoparticles on tungsten carbide had an initial height distribution similar to the
distribution that was observed on W(110) (see section 4.2.1). This indicates, that the
change in substrate did not affect the particles itself at deposition. No significant change
in height or form of the nanoparticles was observed at 544 K and below. Typical results
of the first sample, annealed at 556 K, are shown in figure 4.7(a). Unrolling carpet could
be observed for some of the nanoparticles but others were still intact. The area of se-
lected diffusion zones was analyzed. The combined volume of the diffusion zone 1
and its adjacent nanoparticle would yield a sphere of dequy. # 6.3nm. 2 would yield
dequiv. # 7-9nm. Both of these values are well within the initial size range. This suggests
that each diffusion zone stemmed from the adjacent nanoparticle only.

(a) After annealing for 15 minutes at up (b) After annealing for 60 minutes at up

to 556 K. Some nanoparticles have a re- to 573 K. Some nanoparticles are com-
duced height as a result of unrolling pletely transformed to islands. Other
carpet. nanoparticles (not shown) are still in-

tact.

Figure 4.7: STM images of Co nanoparticles on W(110)/C-R(15x3) after annealing. W-Tip;
1.0V;0.8nA

The melting continued at the next higher annealing step. Some nanoparticles turned
into ramified islands (figure 4.7(b)) but other nanoparticles were still intact (not shown).
The ramified shape makes it difficult to ascertain where the material came from, i.e. at
what position the original nanoparticle was.

Results of the 274 sample: site dependence at 550 K

The second sample was annealed and subsequently examined in more detail. The
height distribution, that was taken before the annealing, was obtained at the sample’s
center (figure 4.8(a), blue). It is known from previous measurements that the area of
examination does not affect the results as long as that area was exposed to the beam
of nanoparticle. The height distribution that was taken before annealing is therefore
representative of the overall ensemble. Figure 4.8(b) shows the different positions on
the substrate. Position A was slightly above the center and was virtually identical to
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Figure 4.8: Second sample of Co nanoparticles on tungsten carbide. Height distribution after
deposition (position A) and cumulative height distribution after annealing at 550 K
(positions A and C-F).

the position which was examined before the annealing. Position B, at the right edge of
the sample, contained less than 5 nanoparticles per square-micrometer. This position
was obviously on the edge of the particle’s beam and will not be discussed any further.
Position C was at the bottom edge of the substrate a third to the right. Position D was
at the substrate’s left edge. Position E was at the substrate’s upper edge and position F
was midway between positions A and E.

An annealing temperature of 550 K was chosen because it was just below the temper-
ature at which melting had started on the first sample. The number of intact nanopar-
ticles varied significantly. Less than half of the nanoparticles in area F (figure 4.13(b))
were intact and the remainders showed unrolling carpet behavior or had been reduced
to a monolayer island. Area E exhibited a similar degree of progression (figure 4.12(b)).
Almost all nanoparticles were intact in areas C (figure 4.10) and D (figure 4.11) where
just a few percent showed signs of (complete) melting. Area A (figure 4.9(b)) resembled
the average distribution.

The height distribution after annealing (figure 4.8(a), red) shows that many nano-
particles had retained their original height but some had shrunk. The number of intact
nanoparticles was diminished but there was no general movement towards smaller
sizes as it was observed for Co on W(110). This effect was most pronounced at posi-
tion F (figure 4.13). Some particles were melting earlier than others. This is in strong
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(a) Position A: slightly above center

Figure 4.9: Second sample of Co nanoparticles on tungsten carbide. Height distribution before
and after annealing at 550 K.
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Figure 4.10: Second sample of Co nanoparticles on tungsten carbide

. Height distribution before
and after annealing at 550 K.
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Figure 4.11: Second sample of Co nanoparticles on tungsten carbide

. Height distribution before
and after annealing at 550 K.
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Figure 4.12: Second sample of Co nanoparticles on tungsten carbide. Height distribution before
and after annealing at 550 K.
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Figure 4.13: Second sample of Co nanoparticles on tungsten carbide. Height distribution before
and after annealing at 550 K.

contrast to the behavior on clean tungsten where all nanoparticles displayed signs of
melting (see section 4.2.1).

The melting behavior showed a general trend with respect to the position on the
substrate: Nanoparticles on the left side were predominantly intact while more nano-
particles on the right side had melted. This is probably a result of a slight temperature
gradient caused by the manipulator’s heating stage. The sample is isolated from the
heating stage by a small gap and radiation is the primary mechanism of heat transfer.
The sample holder has a round hole for the radiation to reach the sample’s bottom.
The edges of the sample are in contact with the sample holder and, as such, are shielded
from the radiation. The direct contact with the sample holder and the reduced radiation
may be sufficient to introduce a small temperature difference. The measurements of the
first sample had determined the melting point with an accuracy of better than 10 K. Itis
feasible, that the temperature was slightly below the melting point or that the heat-up
was slower on the edges of the sample.

(a) (b)

Figure 4.14: Co nanoparticles on tungsten carbide after annealing at 550 K (second sample, po-
sition E). The STM images show some areas that feature intact nanoparticles and
other areas that are covered with islands. W-Tip; 0.15V; 0.8 nA
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Two images, taken at the upper edge of the substrate (position E), are shown in fig-
ure 4.14. A size analysis of selected islands (3-7) revealed, that each of the smaller
islands contained enough material to form a sphere of Eequiv_ = (7.88+0.35) nm. This
value is in good agreement with the height of the nanoparticles after deposition, i.e.
these islands are each a remainder of one or possibly two nanoparticles. Wide ranging
diffusion can be excluded because it would have lead to islands of arbitrary sizes.

This area was characterized by similar numbers of intact nanoparticles and mono-
layer islands. These two species were not evenly distributed. Some areas were covered
with islands while other areas contained only nanoparticles. This split-up in differ-
ent domains could indicate different substrate domains, such as different states of car-
bonization. Another, more likely explanation is that the split-up was the result of an
avalanche-like melting. This could work like this: The melting point of the Co nanopar-
ticles on W(110) /C-R(15x3) was 30 K higher compared to clean W(110). (One might
also say that the carbon had a stabilizing effect on the nanoparticles.) One nanopar-
ticle would start melting at some point and an unrolling carpet would spread around
it. This diffusion area could reach other nanoparticles in its vicinity. The carbon’s sta-
bilizing effect would then be diminished and these nanoparticles would start melting
too. The resulting unrolling carpet could reach further nanoparticles and the melting
would spread even further.

The boundaries between empty and island-covered substrate can give further in-
sights into the mechanisms. Figure 4.14(a) shows a straight boundary roughly parallel
to W[110] across the central terrace. This boundary could indicate a diffusion barrier,
such as a phase boundary.

4.2.3 Cobalt nanoparticles on W(110)/O-((1x1)x12)

Composition of raw material The nanoparticles were produced in the magnetron
sputtering source. The sputtering target from Hauner was made of Co with a purity
of 99.99 %.

Sample preparation

The W(110)/0O-((1x1)x12) surface was prepared by oxygen annealing at (1500+75) K
of a clean W(110) single crystal (see also section 4.1.3).

A first oxygen annealing was carried out to remove carbide from previous measure-
ments. This was done for 20 minutes at po, = 2-10-% mbar, followed by titanium subli-
mation to reduce the pressure and two subsequent flashing cycles at 2000 K and 1700 K.

The O-((1x1)x12) structure was prepared before each nanoparticle deposition. This
was done at po, = 1077 mbar for 20 minutes (90 L). The substrate was then quickly trans-
ferred to the analysis chamber (pana < 3-10-19 mbar) for LEED ( e.g. figure 4.3(a)). Tita-
nium sublimation was carried out during this time to reduce the preparation (deposi-
tion) chamber’s pressure to pyre < 2:107° mbar.? The sample was transferred back to the
analysis chamber after 20 minutes of deposition.

2This is the best pressure that could be achieved within reasonable time. Later modifications of the
magnetron sputtering source have eliminated this problem.
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sample processing step ‘ t / min ‘ T/K ‘ notes & observations
oxygen annealing 20 1500 | -
LEED - RT | W(110)/O-(1x1)x12
nanoparticle deposition 20 RT | -
STM - RT | Co nanoparticles
annealing 15 465 | estimated temperature
LEED - RT | W(110)/O-(1x1)x12
STM - RT | no apparent change
annealing 15 495 | estimated temperature
LEED - RT | W(110)/O-(1x1)x12
ST™M - RT | no apparent change
A annealing 15 524
LEED - RT W(110)/O-(1x1)x12
STM - RT | no apparent change
annealing 15 543
LEED - RT | W(110)/O-(1x1)x12
STM - RT | no apparent change
annealing 15 554
LEED - RT | W(110)/O-(1x1)x12
STM - RT | no apparent change
annealing 15 569
STM - RT | slight height reduction
oxygen annealing 20 1500 | -
LEED - RT | W(110)/O-(1x1)x12
nanoparticle deposition 20 RT |-
B STM - RT | Co nanoparticles
annealing 15 581
STM - RT | height reduction
annealing 15 718
STM - RT | further height reduction
oxygen annealing 20 1500 | -
LEED - RT | W(110)/O-(1x1)x12
nanoparticle deposition 20 RT |-
C STM - RT | Co nanoparticles
annealing 7 1061 | -
STM - RT | height reduction, particle elon-
gation, surface reconstruction
LEED - RT | satellite lines along W[110]

Table 4.1: Steps for preparation and examination of each sample.
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STM measurements were done to determine the nanoparticles’ sites and height dis-
tribution. Each sample was annealed at different temperatures and STM images were
taken after sample cool-down. Procedures for each sample are outlined in table 4.1.

Results

Neither did the Co nanoparticles on sample A show any change nor did the LEED
pattern change below 560K. A slight reduction in apparent height was observed at
the final temperature step of 569K (see figure 4.15). The average height shifted from
(8.4+1.6) nm to (7.4+2.3) nm. Itis questionable if this change was statistically significant
due to the broad height distribution on the one hand and a very low number of scanned
nanoparticles on the other hand (50 particles at 569 K). The nanoparticles appeared as
round objects without any visible orientation and without signs of unrolling carpet.
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Figure 4.15: Sample A: height distribution before and after annealing. STM image was taken
after annealing at 569 K.
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Figure 4.16: Sample B: height distribution before and after annealing. STM image was taken
after annealing at 581 K.

Two additional samples, B and C, were prepared under identical conditions and an-
nealed at higher temperatures. These were scanned more thoroughly to improve the
statistical quality. Figures 4.16 and 4.17 show the distributions of apparent height. A
distinct shift towards smaller sizes occurred at each annealing step. The average par-
ticle density per image on sample B dropped from pnp = (154+5) um=2, after the first
annealing, to pnp = (122+38) w2, after the second annealing. Density readings before
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Figure 4.17: Sample B: height distribution before and after annealing. STM image was taken
after annealing at 718 K.
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Figure 4.18: Sample C: height distribution before and after annealing. STM image was taken
after annealing at 1061 K.

annealing were not available due to strong, non-linear drift. Similar drift, although not
as strong, was responsible for the large standard deviation after the second annealing.
The nanoparticles lost height but they did not gain in width3. The formation of islands
around existing particles or at terrace steps was not observed. A likely explanation
for this behavior is, that the Co was incorporated into the surface structure. The low-
est terrace in figure 4.16(b) exhibited two different domains which indicates a surface
reconstruction too.

Sample C (annealed at 1061 K) showed a stronger reduction in height which was
accompanied by a decrease in nanoparticle density from pnp = 93 um=2 to 35 pm=2.4
The STM image 4.18 revealed elongated particles and a reconstructed surface struc-
ture. Roughly one third of all nanoparticles were sufficiently elongated to determine
their orientation. The angular distribution is shown in figure 4.19(a). This distribution
had two maxima pointing along the W[111] and W[111] directions. The mean angle of
these maxima was +(36.4+10.3)° with respect to W[110]. This direction is similar to the
aforementioned W(111) axes along +35.26°.

In conclusion, if we assume, that the oxygen reconstruction is responsible for the
orientation of the particles, then the two particle-directions each corresponded with a

*Changes in width are generally difficult to observe due to STM-tip convolution.
*This corresponds to a total number of particles of 226 and 988 respectively.
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Figure 4.19: Nanoparticle orientation and surface coverage after annealing at 1061 K (sample C).

surface-domain. If we assume that the tungsten surface is responsible for the orienta-
tion, then the two particle-directions were a result of the two-fold symmetry of W(110).

Surface reconstruction Figure 4.20 (see also 4.18(b)) shows, how the melting of Co
nanoparticles caused a reconstruction of the tungsten-oxide surface. Horizontal lines
had appeared. LEED in the center of the sample showed vertical satellite lines along
the tungsten spots which are in agreement with the STM image. This new pattern was
observed in the center of the sample, i.e. where nanoparticles had been deposited. The
W(110) /O-((1x1)x12) pattern was still visible at the edges of the sample, i.e. outside
of the area of deposition. This is a clear indication that the tungsten-oxide itself was
stable at 1061 K, which is in agreement with previous reports [43, 49]. The additional
Co nanoparticles /atoms are therefore responsible for the reconstruction.

(a) STM image: W-Tip; 1.0V; 0.8nA (b) LEED image (86 eV)

Figure 4.20: Sample C after annealing at 1061 K: Formation of horizontal lines along W[001] as
a result of surface reconstruction.
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The distance between lines was djines = (2.99+0.59) nm which was obtained from a fast
Fourier transform of STM images (resolution of 949 pm-pixel~!). According to this, the
line distance is approximately 6.68 times larger than the lattice spacing of tungsten in
[110]-direction or 2:6.68 = 13.36 times larger than the distance between adjacent W[001]-
rows. The distance between adjacent satellite spots of the LEED image is approximately
13.8 times smaller than the distance between tungsten spots in [110]-direction.

The satellite spots were fainting further away from the main spots. This fainting
and the non-integral number of unit-cells indicate a short-ordered relation between the
tungsten and the surface reconstruction.

The maximum surface coverage from the melting of nanoparticles is an important
factor to understand this process. The number of Co atoms N¢, per area can be calcu-
lated as follows:

1 anlmi
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with apparent height b, the flattening (i.e. the height-to-width ratio) k, density pc, =
8900kg:m~3, and atomic weight mc, = 9.78609-10-26 kg [118]. The summation® included
all particles in area A before annealing. It was based on the assumption that the ob-
served height distribution was representative of the whole sample. The assumed geo-
metric form is shown in the inset of figure 4.19(b).

The number of atoms obtained from this calculation had to be put in relation to the
number of free sites. Pseudomorphic growth on W(110) was assumed to get a first
estimate. The corresponding surface density is N¢, = 14.1 atomsnm=2. Figure 4.19(b)
shows the number of cobalt atoms per surface area and the relative coverage 6 for dif-
ferent aspect ratios k. For the given sample the relative coverage on W(110) would be
6 = 0.19 for an aspect ratio of k£ = 0.85 [119].

4.2.4 Cobalt nanoparticles on W(110)/O-p(2x1)

Composition of raw material The nanoparticles were produced in the magnetron
sputtering source. The Co sputtering target from MaTecK had a purity of 99.9 %.

Sample preparation

The W(110)/O-p(2x1) surface was prepared as outlined in section 4.1.2. Air was in-
troduced at the connecting tube between the source chamber and preparation chamber
during deposition. Two depositions were made on the same substrate. The QMF was
set to domr = 6.35nm for deposition on the lefthand side and dgoumr = 8.30nm on the
righthand side. Four annealing steps were done at temperatures of 553, 573, and two
times 593 K. Each annealing lasted 15 minutes.

The p(2x1) structure was identified by LEED at the end of the measurements (fig-
ure 4.21(a)).

>This is equivalent to an integration over the height distribution in figure 4.18(a) before annealing.
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Results

The deposition resulted in a particle density of pnp = 167 um~2 on the lefthand side of
the sample, compared to 92 um~-2 on the righthand side. The development throughout
the annealing steps is shown in figure 4.22. The lowest temperature was already suf-
ficient to start the melting process of the nanoparticles. Some nanoparticles displayed
an adjacent monolayer, an indicator of unrolling carpet behavior. Some nanoparticles
had a rectangular form. The orientation of these nanoparticles was rotated by approxi-
mately 45° with respect to W[001]. An orientation along W(110) could also be possible
but this seems less likely.

W[110]

W[001]

(a) LEED pattern at the end of the mea- (b) STM image of the righthand side. W-Tip; 1.0V; 0.8 nA
surements. (112eV)

Figure 4.21: Co nanoparticles, deposited on oxidized W(110), after the final annealing step.

The next annealing step (573 K) enhanced the previously observed effects: The un-
rolling carpet was spreading over tens of nanometers and monolayer islands formed.
Areas with many islands had a reduced density of the nanoparticles and vice versa.

The distribution of heights (figure 4.22) gives some additional insight into the sta-
bility of different heights. The first few annealing steps caused a continuous height
reduction on both sides of the sample. The nanoparticles reached an average height of
roughly happ. = (3.1£1.9) nm after two annealing steps on the right side and after three
steps on the left side. The additional annealing steps did not reduce the height but a
steady drop of the area density occurred. The lefthand side required more annealing
steps because the initial height was larger than on the righthand side.

Figure 4.21(b) shows the surface on the righthand side after the final annealing steps.
The islands had a ramified shape. The islands’ edges were predominantly oriented
along W(112). The corners were more round and the shape was more compact in com-
parison to the melting on carbide (see section 4.2.2). Most of the remaining nanopar-
ticles were located on small terraces. A likely explanation is that step edges had con-
stituted a diffusion barrier (Ehrlich-Schwoebel barrier). Thus the cobalt concentration
remained high because the diffusion was partly suppressed.
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Figure 4.22: Co nanoparticles on oxidized W(110). Development of apparent height h,pp. and
area density pnp of the nanoparticles as a result of the annealing.

4.2.5 High coverage of cobalt nanoparticles on W(110)/O-p(2x1)

Composition of raw material The nanoparticles were produced in the magnetron
sputtering source. The sputtering target from MaTecK was made of Co with a purity of
99.9 %.

Sample preparation

The QMF was set to a particle diameter of domr = 7.7 nm. Five minutes of deposition on
the whole substrate were followed by 10 minutes of deposition on the righthand side
only.

The W(110)/O-p(2x1) surface was prepared as outlined in section 4.1.2. Air was
introduced during deposition at the connecting tube between the source chamber and
preparation chamber. The p(2x1) structure was identified by LEED before the first an-
nealing step. Two annealing steps were done, each lasting 45 minutes at a temperature
of approximately 613K. The LEED pattern was continuously monitored during the
second annealing which means that the sample was thus facing the LEED screen and
that the temperature could not be measured pyrometrically. The sample was exam-
ined in STM for another day and a half. Another LEED measurement concluded the
measurements.
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Results

The deposition resulted in an already high particle density of 325 pm~2 on the lefthand
side of the sample and 470 pm~2 on the righthand side. This gradient was expected be-
cause the deposition on the left side lasted only 5 minutes, compared to 15 minutes on
the righthand side. The righthand side however did not have three times the density
because the intensity of the nanoparticle beam had decreased over time. The aver-
age height was happ. = (8.3+1.5)nm and h,pp, = (8.84£2.1) nm respectively. The LEED
image, that had been taken before annealing, revealed the p(2x1) pattern (compare
figure 4.2(a)).

. \ % 10 : 0 10 20 30
B 3 \ 2 X-position / nm
(a) STM image: The group of 6 remaining (b) Height profiles of hexagonal Co islands
Co nanoparticles on oxidized W(110). as designated in (a). Profile 1 has a height
The surrounding area was free of of 8 hep Co layers, profile 2 of 7 hep Co
nanoparticles. W-Tip; 1.0 V; 0.8 nA layers. Gray lines represent W terraces.

Figure 4.23: Left side of the sample after annealing for 45 minutes at up to 613 K.

The first annealing caused an almost complete melting on the lower-coverage, left-
hand side and very few nanoparticles remained: The density dropped 70-fold to pnp =
4.5um? and the height dropped below %, = 2.4nm. A careful analysis showed
that the nanoparticles had a hexagonal form (figure 4.23(a)) and a flat top surface (fig-
ure 4.23(b)). Their heights h; were integral multiples of h¢, = (203+6) pm:

h,i =MN;- hCo (42)

where n; was between 5 and 12. hc, is virtually identical to the distance between the
hexagonal lattice planes of Co. The location of these nanoparticles was highly inho-
mogeneous. A total area of 1.5 um? was examined but 6 out of 7 nanoparticles where
bunched together in an area of approximately (90-70) nm? = 6.3-10~2 pm? (figure 4.23(a)).
That means that 85 % of the nanoparticles were in 0.4 % of the area. The available data
cannot tell why this group of highly localized particles had not melted. One could
speculate about inhomogeneities of the substrate. A more likely explanation is how-
ever, that these multilayer islands were the last remains of much larger concentration
of nanoparticles. Ie. the overabundance of Co prevented the unrolling carpet and these
islands were the result.
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The Co from the melting process
was distributed in a monolayer across
the substrate. Most of the mate-
rial was attached to the lower edge
of the terrace steps. Some vacancy
islands existed while some parts of
the monolayers were protruding in
WJ[001] direction. These shapes re-
sembled the results of Co on W(110)
(see end of subsection 4.2.1). Two dif-
ferences were revealed in STM: The
corners were more round and the
height difference between a tungsten
terrace and the adjacent cobalt layer
appeared slightly higher.

Figure 4.24: Right side of the sample: STM image of
Co nanoparticles on oxidized W(110)

The density on the rig.h’Fh.and side after annealing for 45 minutes at up to
decreased to 32 % of the initial value. 613 K. The surrounding area was simi-
The majority of the nanoparticles lar. W-Tip; 1.0V; 0.8 nA

melted to a monolayer. The appar-

ent height of the remaining particles

dropped to (2.4+0.9) nm. Figure 4.24 shows a typical image of the surface: The remain-
ing nanoparticles were relatively evenly distributed. Most featured a hexagonal form
and a flat top facet. One side of the hexagonal islands was generally aligned in direc-
tion of W[001]. A few particles had an octagonal form with a round top (e.g. on right
edge of figure 4.24). This form can be associated with a truncated octahedron with one
square facet facing upwards. The square facet’s edges are parallel/perpendicular to
Ww[001].

Similar results were obtained at the second annealing. The nanoparticle density de-
creased to 2.7 um2, i.e. to 0.6 % of its initial value. The apparent height decreased to
Papp. = (2.1£0.9)nm. The remaining nanoparticles were unevenly spread across the
surface. The particles were further apart compared to the left side of the sample. The
remaining particles were on terraces that had a width of less than 40nm. These par-
ticular terraces were fully covered by a monolayer of Co (or an oxide thereof). Wider
terraces (figure 4.25(a)) were free of nanoparticles and multilayer islands.

This kind of distribution supports the aforementioned theory that the multilayer is-
lands were remainders of fluctuations in the initial concentration. Multilayer islands
only occurred /remained after the substrate had been covered in one monolayer. The
2-dimensional diffusion on wide terraces was not hindered by step edges and the Co
spread quickly. Small terraces limit the available area for diffusion and a high local
concentration will take significantly longer to disperse.

The morphological anisotropy influences the islands’ shape as well. The effectively
higher concentration on small terraces lead to compact islands while the islands on the
wide terraces showed a high degree of ramification.

The LEED pattern was also recorded during the second annealing. The initial pattern
was the p(2x1) structure, which can be associated with oxygen and it was observed for
12 minutes during annealing. Additional satellite spots were observed after 15 minutes
and they intensified for the rest of the annealing process and remained after cool-down
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(a) STM image: Monolayer island of Co. (b) LEED pattern: A superposition of
W-Tip; 1.0V; 0.8 nA O-p(2x1) and Co(0001) on W(110).

(132eV)

Figure 4.25: After two times annealing of Co nanoparticles on W(110) /O-p(2x1).

(figure 4.25(b)). This additional pattern is a result of a closed monolayer of Co(0001) on
W(110). The satellite spots were observed by e.g. Fritzsche et al. for 1 to 4 ML Co(0001)
on W(110) [60]. The orientation of this film is Co[1120] parallel to W[001] and it is
called Nishiyama-Wassermann (see also section 2.4.1).

The difference between the two sample positions can be explained by two factors.
(1) The righthand side featured a higher particle density, which puts certain constraints
on the film growth. (2) The righthand side was closer to the fixture of the manipulator
and the temperature might be slightly lower there.

4.3 Nickel-iron nanoparticles

Nickel-iron nanoparticles were successfully prepared with both nanoparticle sources.
Particles from the ACIS were used for the annealing tests.

4.3.1 Nickel-iron nanoparticles on W(110), (0.50/0.50)-alloy

Previous publication: The measurements in this subsection were performed as part
of the master’s thesis of M. Werner [71]. My data analysis was done independently
from his results. The results of this analysis have been published [54]. This paper was
written by me. A round-up of this section is pending publication [120]. The main-body
of that article was written by me.

Composition of raw material: The NiFe nanoparticles were produced in the ACIS.
Permenorm made by Vacuumschmelze GmbH® was used as the cathode’s raw material. Its

%The alloy was acquired from Sekels GmbH.
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metallic composition was given as 47.50 % Ni, 0.48 % Mn, 0.19 % Si, and a remainder of
Fe. No statement could be made concerning the amount of carbon or other impurities.

Sample preparation

The samples were prepared in accordance with section 3.7. The temperature of some
annealing steps was lower than the lower temperature limit of the radiation thermome-
ter. The respective temperatures were estimated based on the linear behavior of the
heater and they were readjusted under consideration of the temperatures at higher
heating power.
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Figure 4.26: NisoFe nanoparticles: height distribution after deposition with different deflection
voltages.

Figure 4.26 shows the height distributions of the nanoparticles’ at deflection voltages
of Ugert. = —250V and -500V. The 250-V-distribution was accumulated over six consec-
utive measurements. The average height was happ. = (11.9£4.5) nm and (11.6+3.8) nm
respectively. This is in agreement with other measurements from the ACIS [71, 90],
which show that the voltage-to-volume ratio is increasing at |Ugen | § 500 V.

Annealing

The lowest annealing temperature was estimated to be around 490K. No change in
height or form of the nanoparticles was observed after 30 minutes of annealing.

The next higher temperature step was at approximately 520 K. Two samples were
prepared and annealed for 30 minutes and 120 minutes respectively. The results are
shown in figure 4.27. Both samples showed islands of one monolayer in height. Some
of these islands had a small remainder of its original nanoparticle on top. The islands
had a ramified shape after 30 minutes and the area of the islands in figure 4.27(a) was
examined: Islands 1 and 2 contained enough material for a sphere of dequiv. ~ 6.3 n1m and
dequiv. # 6.91m respectively. Islands 3 featured a small nanoparticle of h,pp. = 3.3 nm. It
would yield a sphere of sphere of dequiv. # 8.2nm. Some material had already accumu-
lated at the terrace step close to this islands.

The number of atoms that diffused away from the islands increased during the longer
annealing time. This reduced the diameter of the islands by a factor of two. Islands 4
and 5, including the visible agglomerations at terrace step edges, would have yielded
equivalent spheres of dequiv. # 7.5nm and dequiy, # 6.6 nm. The remaining islands were
more compact and the diffusing atoms had agglomerated at the step edges of the tung-
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(a) 30 minutes of annealing: ramified is- (b) 120 minutes of annealing: compact is-
lands as a result of unrolling carpet. lands. Agglomeration at step edges.

Figure 4.27: STM images of Nij 5oFe nanoparticles after annealing at 520 K: PtIr-Tip; 1.0 V; 0.8 nA

sten substrate. Step edges without adjacent islands were covered, too. This indicates a
high mobility of these atoms at 520 K.

Figure 4.28(a) shows the result of annealing for 30 minutes at up to 553 K. It can be
considered to be a step between the two previous measurements because the tempera-
ture was higher but the duration was shorter. Some islands still exhibited ramification
but compact shapes existed too. Ramified shapes were more common in areas of nar-
row terraces and in areas of higher nanoparticle density. This can be explained when
considering the free area around a nanoparticle: The probability for an atom to return
to its origin is significantly higher when its diffusion is constrained by step edges. The
shrinking of the islands due to particle loss is an indicator for the hit-and-stick regime [1,
sec. 14.2.2]. The diffusion along the islands’ edges is not favorable when compared to
free diffusion across the W-surface. This may be a direct result of the islands’ pseu-
domorphic growth on W(110). The resulting strain is reducing the binding energy
between the Ni/Fe atoms.

Seventeen islands from figure 4.28(a) were analyzed to estimate their average size
and the corresponding spherical diameter. The average was C_iequiv = (7.2+1.2) nm. The
height distribution is shown in figure 4.28(b) in comparison with the cumulative height
distribution. The equivalent diameters were smaller than the pristine heights. This
height loss was most likely a result of the surface diffusion. Some atoms had already
moved away from the islands. Inaccurate calculation of the equivalent spherical diam-
eter dequiv. could have contributed, too.

All three measurements have in common that they showed a slight preference for
diffusion along the W[001] axis. Diffusion across step edges did not occur. This is
particularly obvious when considering the nanoparticles/islands on narrow terraces
(see lower right half of figure 4.28(a)).

The result of annealing at 1029 K is shown in figure 4.29. The surface was covered
with small islands with an average equivalent diameter of dirqe = (13.06+5.37) nm and
an average surface area of A ~ 156 nm?. That means that an average islands contained
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(a) STM image: Nanoparticles have melted. Islands have compact shapes on wider
terraces (upper left half). Ramified islands are prevalent on narrow terraces
(lower right half). PtIr-Tip; 1.0 V; 0.8 nA
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(b) Height distribution after deposition in comparison with height distribution af-
ter annealing. The number of remaining nanoparticles after annealing has been
amplified 10-fold for better visibility. Monolayer islands are being represented

by their equivalent spherical diameter.

Figure 4.28: Nig 50Fe nanoparticles after 30 minutes of annealing at 553 K.
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W[110]

W[001]

Figure 4.29: STM image after 30 minutes of annealing at 1029 K: NigsoFe nanoparticles have
melted completely and small islands are uniformly distributed. W-Tip; 1.0 V; 1.8 nA
1: This tungsten substrate is covered with small NiFe islands.
2: These agglomerated NiFe surfaces are covered with small NiFe islands.

about 2200 atoms or roughly 2 % of an average nanoparticle. The relative coverage on
the low terrace 1 was 6 = 17%. The total coverage O can be calculated based on
the particle distribution before annealing. The first step is to calculate the number of
available Fe and Ni atoms Nyjre per area, analog to equation 4.1:

1 Zz 1 ml
A MNiFe

leFe zn:

T A minie MNiFe o
PNiFe T .3
_ ) ) z:h 4.3
A * TN'NiFe 6 . k2 i-1 ! ( )

with apparent height ., flattening factor k = 0.85 [119], bulk density pnire = 8240kg-m™3,
and an average atomic weight myire = 9.509785-10-26 kg. The total coverage can be esti-
mated to:

N NiFe =

S

0 NNire
total NNiFe ( 0= 1)
with surface density Nyire(6=1) = 14.1 atomsnm~=2 under the assumption of pseudomor-
phic growth. The total coverage 6ioral Was below 1 ML, which means that the surface 1
below the islands was tungsten. The islands covered only ¢ = 17 % of the surface. The
remaining material had formed wide terraces 2. The terraces 1 and 2 exhibit a similar
density of islands.

~ 41 % (4.4)

4.3.2 Nickel-iron nanoparticles on W(110), (0.25/0.75)-alloy

Previous publication: The measurements for this subsection were part of K. Scheiff’s
bachelor’s thesis [90]. T have analyzed the resulting images independently and without
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his help. A round-up of this section is pending publication [120]. The main-body of that
article was written by me.

Composition of raw material: The raw material from MaTecK had a nominal compo-
sition of 25 %, Ni and 75 %, Fe with a purity exceeding 99.9 %. A cathode for the ACIS
was lathed in-house.

Sample preparation

The W(110) surface was prepared in accordance with section 3.7. The nanoparticles
were produced in the ACIS and the ACIS’s quadrupole deflector was set to a deflection
voltage of Ugen. = 750V. The nanoparticles were analyzed after deposition by STM.
Each sample was annealed on the manipulator’s integrated heater if the area density of
nanoparticles had been deemed to be sufficiently high. The effects of these annealings
were analyzed in STM after cool-down.

Each annealing lasted 15 minutes. The temperature was between 546 and 929 K. The
measurement at lower temperatures was repeated for two different sizes of nanoparti-
cles by changing the voltage Ugen. of the mass selector to 700 and 850 V.

Results
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(a) STM image: Unrolling carpet behav- (b) Height profiles of nanoparticles as des-

ior. The arrows indicate nanoparticles ignated in (a). Nanoparticle 1 has round
that were significantly affected by step form. Smaller nanoparticle 2 has a flat
edges. See figure 4.32(c) for height dis- top.

tribution. W-Tip; 1.0V; 0.8 nA

Figure 4.30: Nig»5Fe nanoparticles on W(110) after annealing for 15 minutes at up to 553 K.
Crystallographic and morphological anisotropy influence the diffusion depending
on the nanoparticles’ position.

Figure 4.30 shows an STM image of nanoparticles after annealing at 553 K. A single-
monolayer diffusion zone had formed around each nanoparticle. The zones had an
average length of 40 to 50 nm along W[001] and 30 to 40 nm along W[110]. The general
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shape beared close resemblance to the NipsFe-results (see figure 4.28). Pointed ends
(one or more) appeared in the W(001) directions. Nanoparticles in the vicinity of step
edges (indicated by arrows in figure 4.30(a)) experienced the influence of the morpho-
logical anisotropy and their form was affected. The Ehrlich-Schwoebel barrier prevented
diffusion across step edges but diffusion along the step edge was significantly faster.

The diffusion zone of each nanoparticle in figure 4.30 was analyzed. An equivalent
sphere would have had an average diameter Eequiv. = (7.1+0.4) nm. This would put the
size at the lower end of the height distribution before annealing (see figure 4.32(c), blue).
The loss of material was mostly likely due to diffusion to adjacent step edges. A further
analysis revealed some additional details: Nanoparticles of happ. 2 3.5nm had a round
top, similar to nanoparticles before annealing. Smaller nanoparticles of h,pp. § 3.5nm
had a flat top surface (figure 4.30(b)).

A i

Y

Figure 4.31: STM image of Nij »5Fe nanoparticles on W(110) after annealing for 15 minutes at up
to 580 K: Molten nanoparticles have turned into compact islands. Crystallographic
and morphological anisotropy influence the diffusion depending on the nanopar-
ticles” position. Islands 2, 3, and 5 have each a remainder that is higher than one
monolayer. W-Tip; 1.0 V; 0.8 nA

Annealing at 580 K resulted in the complete melting of all nanoparticles. Figure 4.31
shows the compact islands that were remaining. These islands were one monolayer
high. Nanoparticles located close to terrace steps had spread on both terraces. Some
islands, preferably those close to terrace steps (e.g. 2, 3, 5), had a small peak in its center.
This was a remainder of the original nanoparticles and it was not observed at 658 K or
higher. The nanoparticles 1 to 4 were analyzed concerning their area. Their equivalent
diameter was Eequiv. = (8.9+0.7) nm, which is similar to the apparent height before an-
nealing (figure 4.32(b)). The narrow terraces had been suppressing the diffusion and
this had limited the loss of material.

The higher temperatures (not shown) always resulted in compact islands. Diffusion
increased at rising temperatures.

Figure 4.32 shows the height distribution before and after deposition. Deflection
voltages of 700, 750, and 850V resulted in nanoparticles of approximately the same
height of 9nm. A temperature of less than 550 K was sufficient to start the melting
process. This caused the unrolling carpet effect and in turn a reduction in height. The
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(a) Before annealing: happ. = (9.5+1.2) nm. After annealing: Particle density
remained constant. 34 % of the particles showed an unrolling carpet effect.
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(b) Before annealing: hpp. = (8.9+1.2) nm. After annealing: Particle density
reduced by 26 %. Slight height reduction. 15 % of the particles showed an
unrolling carpet effect.
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(c) Before annealing: Eapp, = (9.3+1.2) nm. After annealing: Particle density
reduced by 34 %. More than 99 % of the particles showed an unrolling car-
pet effect. (See figure 4.30)

Figure 4.32: Height distribution of NipssFe nanoparticles on W(110). Heights were log-nor-
mally distributed before annealing.
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last sample (figure 4.32(c)) revealed a high amount of particles in the regime of 2 to 4 nm.
The area density after annealing had been reduced by one third. This strongly suggests,
even though the STM did not reveal any monolayer islands, that the 2-to-4-nm-regime
is not stable but simply an intermediary step before the complete meltdown.

It should be noted that the differentiation between particles with and without diffu-
sion zone is difficult because the convolution of tip and sample is making it impossible
to map the vicinity of a nanoparticle. For the purpose of this work, nanoparticles were
classified as “unrolling carpet” when the diffusion zone was visible in STM, i.e. when
it extended out of the area of uncertainty.

The particle size, i.e. the mass, before annealing did not dependent linearly on the
deflection voltage. The wide distribution in figure 4.26 is a testimony to this. The effect
was observed before [71, 90]. The linearity of mass versus deflection voltage holds true
when exceeding a certain threshold. It is however interesting to see, that the larger
nanoparticles were melting slightly earlier than the smaller ones.

4.4 Nickel-cobalt nanoparticles on W(110)/O-p(2x1)

Composition of raw material: The nanoparticles were produced in the magnetron
sputtering source. The sputtering target from MaTecK had a composition of 50 %, Ni
and 50 %, Co with an overall purity of 99.9 %.

Sample preparation

The surface was prepared as outlined in section 4.2.4 by introducing air into the con-
necting tube between source and preparation chamber during deposition. The nano-
particles were deposited on a W(110) substrate. Three depositions with different set-
tings of the quadrupole mass filter were done: A particle diameter dovr = 3.8nm at
a resolution of Am/m = 30%, domr = 5.4nm at Am/m = 10%, and dovr = 5.4nm at
Am/m = 100%. The two batches of 5.4 nm large nanoparticles were deposited on the
same substrate: The nanoparticles with a resolution of Am/m = 10% were deposited
on the lefthand side and the wider resolution Am/m = 100% was deposited on the
righthand side.

4.4.1 Results for smaller nanoparticles

The surface structure was verified by LEED after deposition and after every annealing
step. The structure was p(2x1) each time.

The height distribution resulting from the first deposition is shown in figure 4.33(a)
and has a bimodal form with maxima at approximately f,pp. = 3.4nm and A,pp, = 4.8 nm.
The peak at the smaller size can be attributed to the filtered particles. The larger sizes
could be a result of non-perfect separation between neutral and charged particles but
the well-defined peak suggests, that these nanoparticles were charged and that they
were passing the quadrupole mass filter due to their higher mass (see also section 3.6).
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Figure 4.33: NiCo nanoparticles on tungsten oxide. Height distribution before and after anneal-
ing. STM image was taken after annealing and reveals ramified diffusion zones
around nanoparticles as a result of unrolling carpet behavior.

Tempering

Figure 4.33(b) shows the surface after a short annealing for 15 minutes on the resistive
heater (0.80 A / 3.12W). The temperature was below 523 K for the entire time. A precise
temperature cannot be given because the response of the thermocouples is too slow
at this low power and the temperature is below the threshold of the pyrometer. The
nanoparticles exhibited unrolling carpet behavior. The resulting diffusion zone had a
ramified shape. This is similar to the results that were obtained from Co nanoparticles
(see section 4.2.4)

The particle density was 58 pm~2 before annealing and 60 pum-2 after. This means,
that a complete melting or complete evaporation of nanoparticles can be excluded. Both
maxima of the distribution (see figure 4.33(a)) show a broadening shift towards smaller
sizes. This suggests, that the temperature for surface melting (in this size regime) was
independent of the size.

The coverage was far too low to determine possible growth-modes by LEED.

4.4.2 Results for larger nanoparticles

The nanoparticles of these two samples had a log-normal height distribution (see up-
per panel in figure 4.34(a)) with a mean of happ, = (5.4+1.1) nm and happ. = (5.8+£1.1) nm
respectively. Le. the average height increased when the resolution widened. This is

in agreement with the characteristics of quadrupole mass filters as outlined in sec-
tion 3.6.4.

Tempering

The same heating power as for the smaller nanoparticles was used for the first tem-
pering step. The temperature of the substrate was below the detection threshold of the
pyrometer which means that a precise temperature reading is not available. The result-
ing height distributions are shown in the central panel of figure 4.34(a) and were similar
to the previous distribution as far as the shifting towards smaller sizes was concerned.
A segregation of smaller and larger nanoparticles had occurred, i.e. a bimodal distri-
bution had formed. The area density of nanoparticles was the same before and after
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Figure 4.34: Larger NiCo nanoparticles on tungsten oxide. The histogram shows a shift towards
smaller sizes as a result of the annealing. Some large nanoparticles are remaining
after annealing. The two annealing steps facilitate a transformation from individ-
ual nanoparticles over individual monolayer islands (b) to spread-out, meandering
islands (c).

tempering. Most nanoparticles displayed a surrounding diffusion layer as a result of
unrolling carpet behavior (figure 4.34(b)). This diffusion layer had a ramified shape.

The second tempering step was done with the same heating current but for one
hour instead of 15 minutes. The pyrometer reported a maximum temperature of 543 K.
LEED was used to monitor the sample surface throughout the heating process and no
change in the diffraction pattern occurred.

The STM measurement after cool-down revealed a small number of remaining nano-
particles. The apparent height on the lefthand side (figure 4.34(a), lower panel) was
between 0.8 and 2.0nm and the area density was reduced 13-fold. The area density
was reduced 20-fold on the righthand side. The separation in a group of small nano-
particles (h,pp. < 3nm) and a group of large nanoparticles (f,pp. > 51nm) had increased.
A closer look at the respective STM images revealed that the remaining large particles
were not surrounded by a diffusion layer. This indicates that these particles had an
increased melting point.

Islands with one monolayer height were spread over the surface. They featured
rugged and highly irregular shapes (see figure 4.34(c)).
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Particles smaller than 3nm were probably not stable, but simple represented the last
stage before the transition to a monolayer-only form.

4.5 Discussion

Table 4.2 gives an overview of the melting of the nanoparticles. The unrolling carpet ef-
fect was observed for all materials on all surfaces except on W(110)/O-((1x1)x12). Co
exhibited a slightly lower melting temperature than the other materials but the overall
differences were small.

material substrate temperature

TNioA50Fe <H20K
Co, NiFe W(110) Tco < 530K
TNio,%Fe < 550K

more notches in W[001] direction, 3 agglomeration of material at nearby step
edges.

Co W(110)/C-R(15x3) T ~ 550K

4 monolayer diffusion zone with ramified shape, 5 remaining, intact nanoparti-
cle. (Diagonal stripes are an artifact from scanning).

TNio,50C0 < 520K

Co, NiCo W(110)/O-p(2x1) Teo < 550K
Co

6 nanoparticle with reduced height, 7 ramified monolayer diffusion zone, (Co
forms hexagonal, multilayer-high islands in areas of high-concentration.)

Theight reduction ~ 570K

Co W(110)/O-((1x1)x12) | 8" o 60K

8 nanoparticle with reduced height and elongated parallel to W(111), 9 new sur-
face reconstruction.

Table 4.2: Overview of the nanoparticles’ melting behavior on different substrates.
Direction of W[001]: —
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4.5.1 Shape of the diffusion zone on W(110)

The influence of the substrate becomes obvious when comparing clean W(110) with
W(110) /O-p(2x1). Unrolling carpet occurs in the same temperature range but the dif-
fusion zone is different. It has a compact form on W(110), which indicates a high mo-
bility of atoms on the surface and at the edges of the diffusion zones. Agglomeration of
nanoparticle material at nearby tungsten step edges indicates a high surface mobility,
too. Interlayer diffusion can be excluded. The diffusion zone’s edges on W(110) are
roughly parallel to W(112). The reason for this orientation is not immediately obvi-
ous because the most stable edges are expected to be along W(111) for pseudomorphic
growth (see figure 4.35(a) and section 2.4.1 for details). The hexagonal shape is not in
agreement with the measurements.

S
45
WI[001]
(a) Pseudomorphic  growth: (b) Nishiyama-Wassermann  reconstruc-
(Almost) hexagonal islands. tion: Different, low-index island
edges.

Figure 4.35: Orientation of edges: Hard sphere model of Co(0001) on W(110). © W atom, ® Co
atom at a center position, © Co atom at an incommensurable site.

An alternative explanation is based on the Nishiyama-Wassermann reconstruction
which was observed for high-coverage Co on W(110) (e.g. Ociepa et al. [58]). Fig-
ure 4.35(b) shows this reconstruction and possible edges of an island. These edges
have low-indices, i.e. the edges are formed from the connections of more stable, center-
position atoms. In reality, one must assume that the atoms close to the edge are not
positioned as highlighted but further relaxation is expected. Nevertheless, this is a
good model to explain the edges” directions.

The termination in W[001]-direction requires a more complex explanation. Given
the reconstruction in figure 4.35(b), one might expect that an edge in W[110] direction
would be particularly stable because it can be easily created by connecting center po-
sitions (figure 4.36(a)). To understand this discrepancy, one must understand that the
mechanism of edge formation is based on a vastly simplified model. The Co top-layer
is strained as a result of the lattice misfit. The strain is just 0.7 % parallel to W[001] but
it is 2.7 % parallel to W[110]. A reconstruction of the edge, as shown in figure 4.36(b),
reduces the stress by introducing a ragged edge.

The general form is similar to the shape reported by Kohler et al. for Fe/W(110) [57]
at similar temperatures. Elongation along the substrate’s step edges at high tempera-
tures is in perfect agreement with the results of Reuter et al. [62].
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Figure 4.36: Formation of cogged edges: Hard sphere model of the Nishiyama-Wassermann
reconstruction of Co(0001) on W(110). © W atom, ® Co atom at a center position,
© Co atom at an incommensurable site.

4.5.2 The diffusion zone on other substrates

The diffusion zone on W(110)/O-p(2x1) has a ramified shape. This and a slightly
higher melting temperature are both indicators of a reduced mobility on the substrate.
A possible explanation is that the oxygen on the surface is chemically more active and
thus forming bonds with the nanoparticles” atoms. This is similar to the hit-and-stick
(see section 2.4.1) but with one difference: The atoms are moving on-top of the is-
land / diffusion zone and they stick, when they reach the substrate after leaving the
diffusion zone. That means, that the Ehrlich-Schwoebel barrier must be taken into ac-
count.

The effect on W(110)/C-R(15x3) is a continuation of this trend: A higher melting
temperature is accompanied by an increased ramification. Measurements of Co films
on this surface were done by Bettac et al. [121]. It was shown that Co film forms a rough
fcc(001) layer as opposed to smooth hep(0001) films on clean W(110).

The uneven melting is an additional effect: Some nanoparticles are melting while
others remain unaffected from increasing temperatures. The difference between these
two groups is not directly obvious but a number of typical differences between the
nanoparticles could explain it. This includes differences in form/crystallization and
differences in landing sites/substrate surface structure. Another, in my opinion more
likely explanation, is a thermally induced phase transition. Le. an initial energy is re-
quired to start the unrolling carpet.

On the one hand one could assume that the inhomogeneous distribution of these
two groups may indicate a site dependence. But on the other hand, these areas of
molten/unmolten nanoparticles are much wider than typical surface domains. Fur-
ther investigations are necessary to solve this mystery.

Very high coverage (more than 1 ML after melting) results in the formation of yet
another new surface. This was observed for Co nanoparticles which formed a closed
Co(0001) surface after melting. The remaining Co nanoparticles took the form of hexa-
gons.

A similar mechanism is present for Co nanoparticles on W(110) /O-((1x1)x12). An
unrolling carpet does not occur but a new surface structure is forming at high temper-
atures. This is possibly a cobalt-oxide or Co-W-oxide compound. The remaining nano-
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particles show a characteristically elongated form (see 8 in table 4.2) which indicates a
strong influence of the surface.

4.5.3 Experimental differences between the nanoparticle sources

My results and those of my predecessors were obtained from two different nanoparti-
cle sources. Our diverging results concerning the melting behavior could be resulting
from these experimental differences.

Bulut used the ACIS but my cobalt measurements were done with the newly installed
magnetron sputtering source. If this has an actual effect on the formation or contamina-
tion of the nanoparticles is still unclear. The operational pressure was an order of mag-
nitude higher but it was, given the high purity of the inert gases, not sufficient to alter
the substrate surface’s composition. Extra-long depositions and deposition-like tests
were conducted to rule out contamination from the deposition. A rather far-fetched
theory may be that the inert gases were momentarily sticking to the substrate and thus
softening the landing of the nanoparticles.

Influence of noble gas atoms on the nanoparticles

The bombardment of the nanoparticles with inert gas atoms was suggested as an ex-
planation of the discrepancy between the results. The substrate at the magnetron sput-
tering source is exposed to a higher pressure compared to the substrate at the ACIS.
The pressure is equivalent to an increased number of atoms hitting the substrate.

Ion bombardment (i.e. sputtering) has a significant influence on a surface (see sec-
tion 3.6.1). However, sputtering works at high ion energies. To get an estimate of the
kinetic energy in this situation, one can follow the path of an argon atom. The sput-
tering process will ionize and accelerate the atom. The impact at the sputtering target
will certainly increase the temperature but the collisions in the subsequent aggrega-
tion process will cool the gas down to room temperature. The average velocity vyms of
an atom after thermalization can be calculated if one assumes a Maxwell-Boltzmann
distribution:

3kgT
Urms =
m
= Urms(He) = 1367 m-s™!
= Urms(Ar) = 433 m-s™! 4.5)

A similar (argon) velocity was reported by Kousal et al. [94], based on theoretical cal-
culations and experimental measurements.
The kinetic energy i, can be calculated as well:

2

mov
Ekin = T
= Flin = Skl = 38.8meV (4.6)

This energy can be checked against the bonding energy in a cobalt cluster. The cluster
with the lowest energy is the Co, dimer with a bonding energy of 1.139eV [122]. Larger
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clusters (which includes the Co nanoparticles of this thesis) have higher bonding en-
ergies. This means, that the kinetic energy of an impinging atom is at least 30 times
smaller than the lowest possible bonding energy. A gas atom may experience collisions
before it reaches the substrate. These collisions will not increase the average kinetic en-
ergy because all beam-facing components are at room temperature. In fact, collisions
are necessary because there is no clear line of sight between the aggregation region and
the deposition substrate.

Influence of noble gas ions on the nanoparticles

It has been shown that the kinetic energy of noble gas ions is utterly insufficient to
have any effect on the nanoparticles. However the calculation above does not include
the ionization energy. The first ionization energies of helium and argon are Fi(He") =
24.5874eV and Ey(Ar") = 15.7596¢eV. These values are significantly higher than the
kinetic energy but still lower than the total kinetic energy of a nanoparticle Ey;,(NP) at
soft-landing conditions.

The Co nanoparticles in section 4.2.1 had a mass of approximately 10 amu:

2

Ein = % = 6350V
2(.075eV-atom™ 4.7)

at an assumed velocity of 350 m-s~! [94]. Therefore, the deposition of a nanoparticle is
about 30 times more energetic than the energy of a noble gas ion.

However, this calculation is based on the idea that noble gas ions can reach the sub-
strate at all. The magnetron sputtering source offers two possibilities two obtain ion-
ized gases: On the one hand, collisions can occur between charged nanoparticles and
neutral gas atoms but a charge transfer is very unlikely due to the higher ionization en-
ergy of the noble gases. On the other hand, an ion from the magnetron discharge could
retain its charge and hit the substrate. However, this is similarly unlikely because that
ion would be passing the quadrupole mass filter. The sole purpose of the QMF is the re-
moval of ions of wrong masses. Therefore, most of the ions will loose their charge when
they hit the quadrupole rods. The number of gas ions passing through the QMF can
be estimated from the spectrum at the ion collector plate, too. A large, constant influx
of positive ions would shift the spectra towards positive values. This is not reflected in
the spectra that were obtained before the depositions (e.g. figure 3.15(a)).

One can assume from this that the current of ionized noble gas is below the detec-
tion limit of the ion collector but the current of nanoparticles is obviously well above
the detection limit. Therefore, the number of argon/helium ions must be significantly
lower than the number of charged nanoparticles. The chance that a nanoparticle on the
substrate gets hit by one of these rare ions is completely negligible. Even if every sin-
gle gas ion would find its way to a nanoparticle, the number of affected nanoparticles
would still be small compared to the overall number of nanoparticles.

It should be mentioned that certain operational conditions lead to a constant, positive
ion spectrum. I assume that these were situations of very high ionization in the mag-
netron. The quadrupole was either incapable of handling the current on the quadrupole
rods or the space charge between the rods was reducing the filter’s effectiveness. No
successful deposition was achieved under these conditions.
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An overview of the results was given in the final section of the previous chapter. This
section is the conclusion to my thesis and some of the accomplishments will be empha-
sized. The focus is on the setup of the magnetron sputtering source and the continua-
tion of the work concerning the anisotropic melting.

5.1 Magnetron sputtering source

The installation of the magnetron sputtering source was successful. A number of differ-
ent setups were tested and I have shown that it is possible to produce nanoparticles in
a range from h,pp. = 3.5nm upwards. The limiting factor for the upper size (d ~ 10 nm)
is not the source itself, but the quadrupole mass filter. Particles in the range of up
to happ. # 15nm were produced but the lack of proper size-selection was a significant
drawback.

Outlook

The magnetron sputtering source is currently fully operational and, given regular main-
tenance, will continue to be in the future. The upcoming addition of a five-axes-manip-
ulator gives an additional degree of freedom for the deposition of nanoparticles. The
independent setting of elevation angle and azimuth angle is going to allow the de-
position of nanoparticles from every direction. A reduced elevation angle can open
the field to a fine-grained control of the deposition energy. The reflection of nanopar-
ticles on hard substrates is another experiment-to-be. The correct orientation of the
manipulator may allow the specular reflection of size-selected nanoparticles towards a
secondary substrate on the magnetic transporter.

It is possible to move the source into the other two UHV labs. Moving it to the Hy-
drogen-Lab would result in one STM per nanoparticle source. Moving the source to the
XPS/SPLEED-Lab could give access to the eponymous spectral analysis tools.

Further improvements of the source are not necessary, although additional pumping
stages are always helpful. The pumping stages should however be accompanied by
ion-guides to reduce particle loss.

5.2 Anisotropic melting

The anisotropic melting (15 in table 5.1 and section 2.5.2), as reported by Bulut [30] and
Rosellen [67] for Co, could not be reproduced. A number of differences in experimental
conditions may explain this.
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material substrate temperature
Theight reduction = 600 K
Fe W(110) T IO K

10 nanoparticle with reduced height, 11 monolayer diffusion zone, slightly elon-
gated in W[001] direction, 12 monolayer meandering diffusion zone, 13 double
layer, 14 tiny islands/atoms around the diffusion zone. Published in [67], image
from [123].

Theight reduction = 923 K

Fe, Co, FeCo | W(110) T, 1023K
melting =

15 elongated nanoparticle, 16 nanoparticle with reduced height, 17 tiny is-
lands/atoms scattered across the surface. Published in [29, 30, 67], image from
[124].

Table 5.1: Previous results of the nanoparticles’ melting behavior on different substrates.

The W(110) crystal that was used in this thesis had been thoroughly cleaned and was
virtually free of carbon contaminants. This is in strong contrast to the previously re-
ported carbon contamination that occurred during the prolonged annealing [30, p. 76].
The influence of the carbon contamination on the melting of nanoparticles was dis-
cussed in section 4.2.2. T have shown that the W(110)/C-R(15x3) reconstruction was
able to increase the melting point by several tens of Kelvins. This increase is still far
away from the temperatures reported for anisotropic annealing.

Significant high-temperature stability was observed on W(110)/O-((1x1)x12) (see
section 4.2.3). The Co nanoparticles exhibited a significant anisotropic spreading and
a height of a few nanometers after annealing at 1000 K. The preferred orientation, par-
allel to W(111), is however at odds with the previously reported orientation and the
completely new surface structure has not been reported yet.

The base pressure for deposition was not significantly different compared to Bulut’s
work [30, p.80]. The possible influence of oxygen contamination has been thoroughly
examined and yielded new, interesting results. Another sample was prepared and an-
nealed immediately after deposition. This quick processing was intended to further
reduce the contamination and it did not yield different results.

Outlook

A first step would be to reproduce the original measurements with the ACIS. The main
obstacle at is the rather long manufacturing time for new cathodes which has recently
increased from several month to more than a year. The old, existing Co cathodes are
incompatible with the current setup.
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The influence of the kinetic energy can be easily checked as soon as the new manip-
ulator for the magnetron sputtering source is finished.

The very-soft landing of nanoparticles on inert gas layers is a well-known practice
at low temperatures for a layer of frozen argon (e.g. [125]) but is unknown for a single
monolayer adsorbate. This might be, if deemed useful, examined by inducing inert gas
directly into the deposition chamber.



A Appendix

A.1 List of abbreviations

ACIS
AES
bcc
CNT
DFT
EDX
fcc

hcp
HOPG
HR-TEM
IGP

L

LEED
MD
ML
MOKE
QMF
RHEED
SAM
sccm

SEM
SP-STM
STM
SW-CNT
TEM
TSP
UHV
XAS
XMCD

KB

Arc cluster ion source

Auger electron spectroscopy

body-centered cubic

carbon nanotube

density functional theory

energy dispersive X-ray spectroscopy

face-centered cubic

hexagonal closed-packed

highly-oriented pyrolytic graphite

high-resolution TEM

ion getter pump

Langmuir (unit of exposure): 1L = 1 uTorr- 1s

ctron diffraction

molecular dynamics

monolayer

magneto-optical Kerr effect

quadrupole mass filter

reflection high-energy electron diffraction

scanning Auger microscopy

standard cubic centimeters per minute (unit of flow):

1scem = 1 em3-min~! at standard conditions (7" = 273 K, p = 1.01-10° Pa)
scanning electron microscope / scanning electron microscopy
spin-polarized STM

scanning tunneling microscope / scanning tunneling microscopy
single-wall carbon nanotube

transmission electron microscope / transmission electron microscopy
titanium sublimation pump

ultra-high vacuum

X-ray absorption spectroscopy

X-ray magnetic circular dichroism

Bohr magneton: jip = 22

2me

Table A.1: List of abbreviations
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A.2 Nomenclature of alloy composition

The composition of alloys and alloy nanoparticles is not always clear. A value like
NipsFe;s may designate an alloy of 25% Ni and 75 % Fe but it may also designate a
cluster of 25 Ni atoms and 75 Fe atoms. Additional ambiguity is created as percentage
may be given with respect to the total mass (%yeight) Or with respect to the number of
atoms (%, ).

The following nomenclature was used in this work:

* Integer values represent the total number of atoms. e.g. NixFess designates a
particle of 25 Ni atoms and 75 Fe atoms.

* The atom count is not given, if it is equal to one. e.g. NisFe designates a particle
of 25 Ni atoms and 1 Fe atom.

¢ Fractional values below one represent fractional concentrations. e.g. NigsFe 75
designates an alloy with a nickel concentration of 25 %, and an iron concentration
Of 75 %at..

e If the concentration of a compound is not given, then its concentration accounts
for the remaining amount. e.g. NigsFe designates an alloy of 25 %, nickel. The
remainder, i.e. 100 % — 25 % = 75 %, is iron.

A.3 Scaling of ordinates in histograms

The number of nanoparticles nyp that can be examined by STM depends on two factors:
The number of scanned images and the number of particles per image.
From this follows:

nnp = Astm - pp (A.1)

where pnp is the average area density of nanoparticles and Asmy is the total area of the
scanning. The former is an intrinsic property of the sample while the latter is indepen-
dent of the sample.

A histogram of the height distribution is therefore a result of both factors, but Agmm
carries no information about the sample. This complicated the comparison of his-
tograms which are based on nynp. One option is to use the normalized particle count
L. This has the advantage that two histograms (e.g. taken before and after annealing)
will reveal a shift in height and a change of the total number of the particles. The disad-
vantages are that the total number of particles is lost — a number that carries statistical
significance — and that the data-evaluation is greatly complicated.

My approach is using each histogram its own ordinate (y-axis). This is accomplished
by by either having one ordinate on the left and one on the right side of the diagram
or by stacking diagrams vertically. This method reveals the changes in particle height
and total count.
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A.4 Temperature reference sheet

I/A  T/°C T/K| I/A T/°C T/K
0.1 86.717 359.717 23 703.355 976.355
0.2 114.746 387.746 24 731.384 1004.384
0.3 142.775 415.775 25 759.413 1032.413
0.4 170.804 443.804 2.6 787.442 1060.442
0.5 198.833 471.833 2.7 815471 1088.471
0.6 226.862 499.862 2.8 843.5 1116.5
0.7 254.891 527.891 29 871.529 1144.529
0.8 28292 555.92 3.0 899.558 1172.558
0.9 310.949 583.949 3.1 927.587 1200.587
1.0 338.978 611.978 3.2 955.616 1228.616
1.1 367.007 640.007 33 983.645 1256.645
1.2 395.036 668.036 34 1011.674 1284.674
1.3 423.065 696.065 3.5 1039.703 1312.703
1.4 451.094 724.094 3.6 1067.732 1340.732
1.5 479.123 752.123 3.7 1095.761 1368.761
1.6 507.152 780.152 3.8 1123.79 1396.79
1.7 535.181 808.181 39 1151.819 1424.819
1.8 56321 836.21 4.0 1179.848 1452.848
1.9 591.239 864.239 4.1 1207.877 1480.877
20 619.268 892.268 4.2 1235.906 1508.906
2.1 647.297 920.297 || 4.3 1263.935 1536.935
2.2 675326 948.326 44 1291964 1564.964

Table A.2: Reference table for manipulator temperature and required heating current.
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