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1 INTRODUCTION

Most of the intersting phenomena in physics canbeoéxperienced by human senses -
like x-rays, radioactivity and in general propestand interactions on the atomic scale.
Only the use of detectors or microscopes enablepproach to the microcosm. On the
way to solid state physics - the world which canelperienced with human senses -
another field of interest is hidden. A group of m&- namedcluster - changes the
physical properties of a special element dependmthe number of atoms per cluster.
Generally the term “cluster” denotes a group of $hene or similar elements gathered
or occurring closely together.

This is abottom-upapproach to cluster physics, a large field indsaliate physics,
which became popular in the 1980s. One purposéh@frésearch was to study the
gradual development of collective phenomena whiwdracterize a bulk solid, e.g. the
color of a body, its electrical conductivity, it®isty to absorb or reflect light, and
magnetic phenomena. It was found that collectivenpimena break down for very
small cluster sizes. The approach from the bulkdsi a cluster is calletbp-down
approach.

The study of atomic and molecular clusters alsoefienthe developing field of
nanotechnology. If new materials are to be madeobutanoscale particles, such as
nanocatalysts [1,2], nanoscale electronics [3]ssen[4], magnetic recording devices
[5] and quantum computers [6, 7], the propertiehefnanoscale particles - the clusters
- must first be understood.

Within this thesis size selected Ag clusters whigre deposited onggfunctionalized
surfaces were studied concerning their electronpgrties, geometrical structure and
thermal stability. The Ag clusterég system was studied using scanning tunneling
microscopy (STM), scanning tunneling spectroscop$TS) and ultraviolet
photoelectron spectroscopy (UPS). This projectaslboration with the experimental
group of BERND VON ISSENDORFF from Universitat Freiburg and with IRHAEL
MoseLERfrom Universitat Freiburg, the Fraunhofer Instiguid the Materials Research
Center in Freiburg, respectively, who performs roolar dynamics (MD) simulations
and atomistic calculations in addition to the expental data. The project is part of the
priority program SPP 1153Clusters in Contact with Surfaces — Electronic Stuve
and Magnetism” of the German Research  Foundation (Deutsche
Forschungsgemeinschaft — DFG) [8] combining thecakt and experimental
investigations of the electronic and magnetic prige of clusters on surfaces.
Additionally to size selected Ag clusters Ag and Rtands grown on a &
functionalized metal surface were investigated eomag their thermal stability and
compared both to each other and to size selectedusters.



1 Introduction

One aim of our studies is the comparison of sitected clusters on surfaces with size
selected clusters in a free beam which are invastiin the group of B:ND VON
ISSENDORFFWith photoemission spectroscopy (Figurel.l).

ffree clusters\ Glusters A
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Figurel.l : The Dortmund-Freiburg project: Photo emission spectroscopy (PES) of free clusters in
comparison with PES, STM and STS studies of clusteron surfaces.

Photoemission spectra of free size selected Ag @hér metal clusters taken in
Freiburg show that every cluster size has a typdaracteristic spectrum which
identifies the cluster like a fingerprint. The otwiof using silver as cluster material for
the experiments presented within this thesis esabldirect comparison to the results of
free size selected Ag clusters [9].

Geometrically magic clusters with closed atomic lishare well suited for the
deposition on surfaces due to their stability afetteonic and geometric properties,
which were studied in detail by e.g. photoemissgpectra. A soft landing of
geometrically magic clusters on surfaces is needHs necessary to avoid
fragmentation. Therefore, suitable substrates toe tluster deposition are g
functionalized surfaces. Due to the van der Wagksaction betweenggmolecules it
works as a buffer layer and supports a soft landdwmglitionally Gso has a diameter of
about 1 nm and thus a large corrugation period khiaders cluster diffusion on the
surface. The room temperature stability @ @d the electronic decoupling of clusters
from e.g. metal or graphite substrates are opticoalditions for the investigation of
clusters on surfaces.

Another ambition of our studies is the utilizatiohclusters on surfaces for technical
applications. In this context particularly the root@mperature (RT) stability of
supported nanostructures is of paramount importalRge instance metal particles on
carbon nanosubstrates are of interest due to tmgiortant role in carbon nanotube
growth [10] or as catalysts for various chemicahcteons [11]. In particular the
spectacular catalytic properties of metallic nanstdrs and nanoparticles are a current
highlight due to their utility in catalytic convers, e.g. for the oxidation of CO to O
or for the automotive industry (see subsection 52.1Surprisingly the thermal
robustness of this class of systems has not besetiedt systematically, neither by
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experiments nor by theory. In this thesis the R&abisty of a well-defined
representative of such metal/carbon nanosystenhgevidharacterized in detail.

This content of this thesis is structured as fodow

Chapter 2 gives a general overview about the ptigseof free and supported clusters
and the properties of fullerenes. The importancelo$ters on surfaces for technical
applications is emphasized by presenting the inapbrole of clusters for catalysis.

Chapter 3 deals with the experimental setup whighsists of a cluster deposition
machine directly connected to a surface sciencéitfa¢Omicron Nanotechnology
GmbH) including STM, STS and high-resolution UPS.

In chapter 4 the experimental techniques STM, Si® WPS are described from an
experimental and theoretical point of view.

After that, in chapter 5, the sample preparationexplained which includes the
preparation of the substrate, the fullerene layel the size selected clusters or grown
metal islands.

The results concerning thermally activated process®l electronic properties of size
selected Ag clusters and metal islands are presemtehapter 6. First STM images of
Css on HOPG and g on HOPG are compared which show the differentctire and
growth mechanism of 4g and Go. Then the different orientations ogdInolecules on

1 and 2 monolayer (ML) & on HOPG and on Au(111) are presented. In theiatig
section STM measurements and the thermal stabilityze selected clusters and grown
metal islands on HOPG or Au(111l) surfaces functined with G are discussed.
Finally the study of electronic properties of ssmdected clusters on surfaces with STS
measurements and first UPS studies is presented.

Chapter 7 gives a summary about the results whaxe wchieved within this thesis and
an outlook on future experiments.







2 CLUSTERSAND FULLERENES

In this chapter the structure and properties ofedhdimensional clusters, two
dimensional islands and fullerenes are introducdte section on clusters gives a
detailed overview as they are the main subjedbisfthesis.

2.1 Clusters

Cluster physics deals with the interesting traosifrom single atoms and molecules to
bulk-like materials. Due to the fact that singleras have quantized states but bulk
material is defined by a band structure, clusteaseh- depending on their size -
quantized or bulk-like properties. Thus clustersn che subdivided into four
categories [12]:

micro clusterswith 3 to 13 atoms

small clusterswith 14 to 100 atoms

large clusterswith 100 to 1000 atoms

micro crystalliteswith more than 1000 atoms

For micro clusters the methods and concepts of catade physics are applicable and for
N 12 (N = number of atoms per cluster) all atomslacalized at the cluster surface.
The properties of small clusters can not be complatescribed by molecular physics
anymore and there exist a lot of isomers. For ttopgrties of large clusters a gradual
transition to solid state physics is visible whibecomes more apparent for micro
crystallites.

In this thesis the properties wietallic clusters or particles are investigated, whichadre
great interest for cluster physics [13, 14, 15].t&fe can be described by the metallic
bonding model. This kind of bonding describes theraction between the atom core
ions and the delocalized conduction electrons, wlie not associated with a single
atom or with a covalent bond. This means thatshss of electrons is free to move and
gives rise to properties such as conductivity.

A model which extends the description of the etwutr structure of metallic clusters is
the ellium model[16, 17]. The first jellium moddior clusters was introduced byNC

in 1975 [18]. It depicts the atomic core ions netdiscrete objects but as smeared out
charges which form a uniform static positive backond. The electrons are assumed to
move freely in this positive background which mains charge neutrality. At zero
temperature the system properties are dependgnborthe charge density of electrons.
In 1984 KKARDT and Beck described a&phericaljellium model for the calculation of
the work function of small particles [19, 20, 22].ZThe first experimental indication of
the validity of the jellium model for clusters wlge mass spectrum of sodium clusters



2 Clusters and Fullerenes

which is discussed in section 2.1.2. Although tesuaption of delocalized electrons
restricts the jellium model in a strict view to thest and second main group of the
periodic table of the elements and partly to thet fB group the jellium model for
clusters describes many experimental observatiomaditgtively and sometimes even
quantitatively. Most of all it leads to an interfaon of clusters with electronic “magic
numbers”, which are presented in 2.1.2.

2.1.1 Size selected clusters

As explained in section 2.1, micro clusters or $nchisters have quantized states
whereas large clusters or micro crystallites aggatterized by bulk-like properties. For
this reason it is necessary to be able to selastaks by their size. Size selected clusters
have an exactly defined number of atoms and thesiaptailored electronic and
geometric properties. Due to their stability the saled magic clusters play an
important role in cluster physics and are the foofisthe experiments which are
presented in this thesis. The following sectionsofuce the properties of electronically
and geometrically magic clusters.

2.1.2 Electronically magic clusters

The first observations of electronically magic tkrs were made in 1982 by M. Kappes
[23] and in 1984 and 1985 by W. D. Knight [24, 25he magic cluster sizes became
apparent in mass spectra of small sodium and pormasdusters by peaks with a very
high intensity which is plotted versus the clusterss (see Figure 2.1).

PEDERSONet al. also observed the shell structure whictiuis to electronically magic
clusters for sodium clusters with up to 3000 cdustit atoms [26]. The stability of
electronically magic clusters results from the highding energy of the electrons in
closed electron shells in a cluster. The pronoumesks for the clusters Nd\as, Nay,
Nayo and Nagg... correspond to 2, 8, 20, 40 and 58... electronschester and it takes
higher energies to remove or to add an electroanst€is with an additional atom, i. e.
an additional electron, which starts to fill a nehell, are less stable and thus show
lower intensities.

Figure 2.2 shows the kinetic energy of the elecrand the effective jellium potential
according to the spherical jellium-background mddela Nao cluster [12]. The energy
levels represent the cluster shells which can Ik fvith a total number of maximum
8, 18, 20, 34, 40... electrons. The lettermg, d, fof the energetic levels stands for the
angular quantum number according to atomic phyaied the number in brackets
represents the number of electrons per level. @otte hand this potential of electrons
in a spherical jellium-background can be comparét the Woods-Saxon potential for
nucleons [28] which describes both neutrons antbpsoas Fermi gas.

On the other hand there is an analogy to the periattle of the elements [29, 30], as
depicted in Figure 2.3. This “Electronic Periodiable” for clusters can be constructed
by filling the electronic shells in the differenégods. The monovalent clusters gNa

12
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N&...) and halide clusters like MaNay... reveal enhanced reactivity due to a single
electron (monovalent) or a missing electron (halidethe outer shell. The clusters on
the right side are the electronically magic clusteith closed shells.

Figure 2.1: Left: mass spectrum of large sodium ckters with up to 1500 atoms [26]. Right: (a)
mass spectrum of small sodium clusters [24], (b) dhed line: calculation using Woods-Saxon
potential [24], solid line: calculation using the Bipsoidal shell (Clemenger-Nilsson) model [27] (g
text).

r [nm] —
0 0 0.5 1/
] — /2/p(6) ........ 40
-2 - / 1f(14) .......... 34
Ep [eV] / 25(2) weeseersenns 20
/ LA(LOY+seeseesees 18
-4 / 1915 L 8

Figure 2.2: Kinetic energy of the electrons of a Ng cluster according to the spherical jellium-
background model.
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Shell. Monovalent Closed shells

Figure 2.3: The shell model for sodium clusters.

The simple jellium model assumes that all clustgesspherical which is only true for
clusters with closed shells due to fully occupiedrgy levels. Other cluster sizes have a
non-spherical shape due to the asymmetric distabudf the electrons in the clusters.
This mechanism is callethhn-Teller effecf31, 32] and was studied in detail for nuclei
by NiLssoN [33, 34]. The model which includes the electronfguration of the non-
spherical clusters is t@lemenger-Nilsson modg5]. The physical principle is that for
clusters with open shells the total energy canowested by distorting the cluster and
thereby lifting the degeneracy in the electroniellshin the spherical confirmation. In
Figure 2.4 the Nilsson diagram shows the clust&rgnlevels as a function of the
distortion parameted. Ford = 0 the clusters are spherical. Clusters withedoshells
are on the vertical axis crossing the x-axis abzamd are highly degenerated. For
distortion parameterd < 0 the clusters have the shape of an oblateseltip ford > 0
the clusters are shaped prolate. The degeneracgeammsshifted and the energy levels
split up into sublevels respectively subshells. & 0 the overlap of the sublevels
increases. Thus electrons of non-spherical clusterdocated in subshells and have a
lower energetic level than electrons of spheridakters. This explains not only the
deviations of the ionization potential between tigeand experiment [36], but also the
minima for the ionization potential for some magiaster sizes [12, 37].

MANNINEN et al. have shown theoretically that the electratiucture of a cluster not
only depends on the number of electrons per clusieralso on the number of atoms
[38]. For Na; and Nay', — both having a number of 58 electrons and shgwia shell
structure of the jellium model — they observedatiéht energy gaps between the jellium
subshells.

In this thesis the stability due to electronicattpgic numbers of positively charged Ag
clusters are observed in a mass spectrum of sngrll dusters as shown in Figure 2.5.
The electron configuration of a single Ag atomKs]&d'%s". The 5s shell is filled with
only one electron, so for Adghere are two electrons in the outermost clustell svhich
lead to more stability. In general for an odd numtifeelectrons per cluster the cluster
current is lower. For an even number of atoms pester the electron shells are closed,

14



2.1 Clusters

the cluster is more stable and the measured clusteent for these sizes is higher. In
the case of positively charged Ag clusters with amesing electron as presented in
Figure 2.5 the clusters with an odd number of atehwswv a higher cluster current than
the clusters with an even number of atoms. The gealesponding to Afshows the

highest intensity in this spectrum because’Agith a number of 8 electrons is an

electronically magic cluster and therefore mordlstaghan the other clusters which are
visible in this spectrum.

Figure 2.4: Nilsson diagram of cluster energy levslas a function of the distortion parameteud [35].

Due to the fact that Ag and other coinage metatsbearegarded to first order as d-shell
perturbed Selectron clusters, much of the semi-quantitativeslgoretical formalism
used for alkali metals can be applied to them %9, Also the geometrical structure of
Ag or other metal clusters is similar to alkali adsf as discussed in the next section.

15
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Figure 2.5: Mass spectrum from Ag’ to Ag;;'. The alternating height of the cluster current isdue
to closed or open outermost shells of the clusters.

2.1.3 Geometrically magic clusters

For small clusters the electronic structure dona@sdhe properties of the clusters. For
large clusters, e.g. in the case of sodium fortesswith 1500 or more atoms,
periodicities in the cluster stability due to theometricalpacking of atoms into closed
shells were discovered byAdTIN et al. [42] and $8AMPFLI et al. [43,44]. The transition
from dominantly electronic shell to atomic sheltetenined magic numbers happens at
a certain cluster size. which is much smaller for crystallinelike clustethan for
liquidlike clusters for which the atomic surfaceusture is washed out [43]. For Na and
Ag the shell closings can be correlated with thestwction of M\CKAY icosahedra
[45] which are also formed by rare gas clusters wibsed atomic shells [46, 47].

Figure 2.6 presents a mass spectrum of Xe clustghs magic numbers due to the
geometrical structure of the clusters.;XeXess and Xe47 have geometrically closed
shells and form Mackay icosahedra with higher $itgbas other cluster sizes. The
icosahedron is the structure of the platonic bodieish result from RIEDEL'S rule: The
cluster structure that has the largest number oftnmeeighbor bonds has the highest
bonding energy and hence, is the most stable straittureq12] (Figure 2.6).

Clusters with 13 atoms build the smallest icosahedhere one atom in the middle is
surrounded by two 5-fold caps consisting of sixreoFor the next size - a cluster with
55 atoms - the 42 additional atoms build the seadradl around the icosahedron with
13 atoms. In general the number of atoms N whigtemessary to form an icosahedron
with k shells is defined by

16



2.1 Clusters

k
N=1+ (10i2+2) (2.1)
_

In this thesis geometrically magic Aglusters with N =55, 147, 309, 561 and 923
were investigated (see Figure 2.7). The larger ustet is the more decreases the
percentage of atoms in the outer shell of a clusterL et al. observed by electron
diffraction from Ag particles an icosahedral sturet for Agoss with 11 closed atomic
shells [48]. For clusters with more thar Homs the fcc (face centered cubic) structure
Is energetically preferred compared to the icosatiextructure.

h

Figure 2.6: Mass spectrum of Xe clusters with geortrically magic cluster sizes (boldface).
Brackets are used for numbers with less pronouncedffects. Numbers below the curve indicate
predictions or distinguished sphere packings [46].

For the investigation of size selected Ag clustkescluster height after deposition on a
surface is of great interest. As a simplificatiorcompare measured cluster heights with
theoretical values, an icosahedron is approximhated sphere. In bulk material silver

has an fcc structure with a lattice constantef0.409 nm and 4 atoms per unit cell
[49]. Thus the volume of a spherical Agluster equals

3

i (2.2)

1 4
Vag, =78°N =2px
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&

13

Figure 2.7: Rare gas, Ng and Agy clusters with geometrically closed atomic shellofm M AcCKAY
icosahedra [45] consisting of 13, 55, 147, 309, 5&tbms, for which the £, 2", 3¢, 4" 5" atomic
shell is closed [50, 51].

The height of an Agcluster with N atoms is therefore
hAgN = 032nm*/N. (2.3)

In Figure 2.8 the calculated cluster heights aott@dl versus the number of atoms and
the number of closed atomic shells, respectivelgdsuming a spherical cluster shape.

number of atoms

35 T T T T T 35 T
A N .
= 30} i
e v __ 8of
S| A £ A
= 25T A 1E. 25}
I A —
-% 20} A 15 20} 4
@ 20 923 |2 2
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05k 55 1o osl ]
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) 2 3 , 4 5.. 6 0'0 1 1 1 1 1

2 3 4 5 6
number of shells

Figure 2.8: Calculated height of spherical clustersleft: according to the number of atoms, right:
according to the number of atomic closed shells.
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2.1 Clusters

2.1.4 Free Clusters

As mentioned in chapter 1 the presented proje@ai$ of the priority program SPP
1153 within which we cooperate witheBND VON ISSENDORFFfrom Universitat
Freiburg. The group of BRND VON ISSENDORFF has made a comprehensive
investigation of size selected negatively [52] gmakitively [53] charged sodium
clusters by using photoelectron spectroscopy. Hperemental study of free clusters
together with molecular dynamics and density fuoral theory calculations by
MICHAEL MOSELER allows for example predictions about the electro[b3] and
geometric [54, 55] shell structure of Na clusterghe agreement with jellium model
results and deviations due to thermal effects [52].

Furthermore multiply charged Al clusters were ofbedrin photo emission spectra due
to multiple electron emission, resulting in a sdlechCoulomb staircasd56] (see
Figure 2.9). The Fermi edge shifts result from tBeulomb interaction between
positively charged clusters and emitted electrons.

i 7=+ -
10 e Al 2000

electron intensity

3.5

binding ener gy [eV]
Figure 2.9: Photoelectron spectra of free size seted Alypg <10 and Alzxgeg +150 ClUsters at a photon
energy ofhn = 6.42 eV. Due to multiple electron emission themization thresholds of four different
charge states of the smaller cluster can be obsed/éfrom Al o000 t0 Alsggg 2*) and of seven different
charge states of the larger cluster (from Abggo to AI3200§’+) [56].

In general photo emission spectra of size seledligsters are like a fingerprint: every
cluster material with a certain number of atoms gaster has its own, characteristic
photo emission spectrum. This becomes apparenhanphoto emission spectra of
copper (Cw), silver (Ag,) and gold (Ay) clusters [9] which are shown in Figure 2.10.

19



2 Clusters and Fullerenes

The spectra demonstrate thats€wand Ags exhibit highly degenerated states due to
their icosahedral symmetry whereas other clusteessifeature strongly perturbed
electron shell structures as a consequence of leywemetries. In contrast to Cu and
Ag, Au clusters show completely different spectree do strong relativistic bonding
effects and exhibit a tendency to amorphous strest[9, 57].

For this reason geometrically magic icosahedralchgters deposited on surfaces are
well suited for the investigation concerning geamseand electronic properties of the
cluster-surface system and interactions betweestasttiand surfaces.

Figure 2.10: Photoelectron spectra of noble metallgster anions, measured at a photon energy of
6.42 eV [9].

2.1.5 Examples for clusters on surfaces: catalysis

Some cluster materials have a superior positigherrole of being nanocatalysts [1, 2].
The cluster material and the cluster size deterrthinecatalytic activity. Two examples
of Aun nanocatalysts are presented in the following, tvisicow the properties and the
relevance of Ay clusters for catalysis. Another example highligtitie use of Rg
nanocatalysts as catalytic converters in the autioemmdustry.

In a first example it will be shown that the resityi of small gas-phase gold clusters
with up to 30 atoms depends on the number of atdnad the charge state of the
clusters. Cluster anions with an evensNow enhanced reactivity [58, 59]. These

20
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observations were confirmed and extended more tlgdé@d, 61]. The group of &D
GANTEFOR presentsn [61] that Ay~ clusters with an odd N do not react with @
contrast to clusters with an even N up to,Awhich react with @ An interesting
exception, which shows that the number of atomsaghgster drastically changes its
chemical properties, is Asi which breaks the odd—even alternating pattern. The
anomalous absence of, @ke-up for Aye-is visible in the mass spectrum in Figure
2.11. The explanation of this phenomenon giweN et al. in [62].

Figure 2.11: Mass spectrum of Au anion clusters at reacting with O,. The grid lines correspond
to the masses of pure Au clusters [61].

Several Ay clusters like Ay were found to have cage-like structures. The edaidt
properties of these cage-like structures cannatdseribed by the conventional jellium
model, because the positive ions are located hel. §hus the so calleabllow jellium
model replaces the conventional jellium model, whire metal ions with a uniform
positive charge background are located in a ho#iphverical shell whereas the specific
ionic structure is ignoredVithin a hollow jellium model, the bare Ad+ cluster lacks
just a single electron for closure of the major stekll. This halogen-like situation
underlies the high vertical detachment energy ofsAand the corresponding low,O
binding energy, as well as the experimental absehéal;s0,-(see Ref. [61]). On the
other hand, both Ag- and Auyo- behave in an alkali-like manner (the former in the
hollow and the latter in the filled jellium modelyith corresponding low vertical
detachment energyalues and high reactivities towards. O

The second example highlights the properties of @artain cluster size, namely &u
Quite recently MRK TURNER et al. observed that Asiclusters are efficient and robust
catalysts for the selective oxidation of styrenedixygen [63]. The Ags clusters are
supported on chemically and electronically inertenals and can adsorb and activate
O, for selective oxidation, presumably by dissocigt® to yield O adatoms [64, 65]
that initiate the reaction with styrene molecul&he oxidation products are styrene
epoxide, benzaldehyde and acetophendua&ger Au particles on inert supports or
extended Au surfaces are incapable of catalysirggakidation process. Other cluster
materials like silver [66, 67] and zeolites coniagncobalt [68, 69] are well known to
activate Q and efficiently epoxidize styrene with, @lone.
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2 Clusters and Fullerenes

The use of catalysts for the automotive industry farther hot topic. The improvement
of the life time of catalytic converters, particdjathe lowering of the light-off
temperature of the catalytic converter is of gretdrest. Due to the high temperature of
around 250°C it takes up to two minutes for catalyonverters until they work
properly. For this reason most of the harmful sahsés are emitted during this cold
starting period. A possibility to lower the lightfaemperature is given in [70] and was
studied by soft-landing of small Ralusters onto an MgO(001) surface containing a
surface F center, (from germ&arbzentrum= oxygen vacancy). When adsorbed on
magnesia, surface defects serve as strong trappimges for the clusters that maintain
their open valence shells and finite spin moment$. [Model-catalytic experiments and
ab initio simulations indicated that a Rduster adsorbed at a surface color centre (FC)
of the magnesia support can be catalytically adioweCO oxidation with a direct CO
formation, which is illustrated in Figure 2.12. 8,und D show the three energetically
preferred positions of Oon Pd with adsorption energies from 0.8 up to 1.0 eVt Fo
large palladium particles with some 100.000 atoassthey are used in conventional
catalytic converters, the dissociation barrier amieuo around 1.0 eV. For only some
atoms there is a decrease of the activation enafr@y5 eV (D,F,E), implying that the
reaction on Pgshould be experimentally realized below room terapee.

Figure 2.12: A: Pd, (blue) on MgO (green/red) with an oxygen vacancyB-D: with molecularly
adsorbed O; E: ground state of O,Pdy/MgO(FC); F, transition state between D und E; G, ihal
state after O, dissociation on a static Pg i.e. in the geometry as in A; H-J, dissociatiomigas phase
[70].
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2.2 Fullerenes

2.2 Fullerenes

Due to the fact that for the experiments which @mesented in this thesis size selected
Ag clusters and metal islands were deposited grHagers, the properties of fullerenes
are introduced in this section. In particulap @d Gs which were investigated by STM
studies are presented in more detalil.

Fullerenes are spherical or ellipsoidal carbon mdés and the third well-known
allotrope of carbon. The different forms or allgtes of carbon also include diamond,
the hardest naturally occurring substance, andhgepone of the softest known
substances. Related structures are plane carbetssfygaphene) [72, 73], cylindrical
carbon nanotubes [74], carbon nanobuds - a conposif nanotubes and fullerenes
[75, 76] - and carbon nanofibers [77]. Fullerenes rmowadays commonly synthesized
and used in research. Studies about fullerenes pudrigshed in 1970 byl OSAWA in
Japanese language who predicted their existencecabgulations [78, 79]. The
experimental detection in molecular beam experism@itfullerenes in 1984 (Figure
2.13) by FARALD W. KROTO, RICHARD E. SWALLEY et al. [80] lead to the noble prize in
1996. On the way to detect or synthesize fullerdries PAQUETTE was the first one
who synthesized afH,o dodecahedrane in 23 steps from the cyclopentatiieamion
[81, 82].

Figure 2.13: Time-of-flight mass spectra of carborclusters prepared by laser vaporization of
graphite and cooled in a supersonic beam with higfieft) and lower helium pressure (right) [80].

The most stable fullerenes argonCCro, Crs, Cso, Co2, Csa, Cgs, Coo and Ga. Fullerenes
are produced by vaporizing graphite in an inertcsjpimere through an electric arc
maintained between two electrodes [83, 84]. Thbéaawapor is quenched in an inert
gas and a part of the small clusters self-assetolppeoduce fullerenes. A new process
for the production consisting of treating carborwgers through a 3-phase thermal
plasma is presented in [85]. A detailed descriptbithe production of ¢z and Go is
given in [86].
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2 Clusters and Fullerenes

2.2.1 The Buckminster fullerene C ¢

The most stable and best studied fullerenegis I€is called Buckminster fullerene or
Buckyballin honor of the architect IBHARD BUCKMINSTER FULLER whose geodesic
buildings look very similar to the structure of gy@olecule. Geometrically, &g is a
truncated icosahedron, with 20 hexagons and 12agens with an average diameter of
around 0.7 nm and an outer diameter including te&eptrons of around 1 nm [87]. For
the hexagons and pentagons there are 1812 pdadsssbito form closed cage-like
structures, but only one stable configuration isestzed which is formed in such a way
that no two pentagons share an edge but are saedurnly by hexagons (see Figure
2.14). All isolated “classical” fullerenes conforto the isolated pentagon (IPR) rule
[88] which requires that all twelve pentagons ifublerene are separated from each
other by intermediate hexagons which leads to ahiguonusaromatic character and
thus a high stability of the fullerene cagesp 1S the smallest IPR fullerene [89]. Solid
Cso (fullerite) with an fcc crystal structure at RT svaliscovered in 1990 by W.
KRATSCHMER et al. [90]. Raman spectra show that the intevastin crystalline g are
van der Waals-like [91]. Therefore a4@ilm is well suited as a buffer layer for the soft
landing of clusters.

Figure 2.14: The Gy molecule: a truncated icosahedron with 12 pentagernand 20 hexagons.

A close packed hexagonally arranged film @b Gas a corrugation period of around
1 nm which hinders the cluster diffusion on thg. Cs is also helpful to decouple the
clusters electronically from the substrate anddlae interesting interactions ofg&nd
metals. An interesting phenomenon was observeddBaRDb et al. who found that &
fullerites doped with potassium are superconductihd8 K [92]. The experimental
investigations and results which were achieved iwitthis thesis containing the
different orientations of § molecules on an Au(111) and HOPG (highly oriemtate
pyrolytic graphite) surface and the structure amaperties at room temperature (RT)
and low temperatures are discussed in detail ithose6.2.
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2.2 Fullerenes

2.2.2 The Csg fullerene

Classical G fullerenes which obey the IPR rule are all-carbage molecules
comprising twelve pentagonal and2-10 hexagonal rings (n = number of carbon
atoms). All such cages form weakly van der Waalsnblosemiconducting molecular
solids [88]. Smaller carbon cages ag, ®eing the largest IPR fullerene, must either
have adjacent pentagons (AP) or even nonclassitakctgres containing, e.g.,
heptagonal rings. Non-IPR carbon cages are thaogethibit reduced stability due to
considerably increased steric strain and weakgmembnjugation especially at the
adjacent pentagon sites [93]. Density functionabtly (DFT) based calculations predict
that covalent links between adjacent pentagon feseighboring non-IPR cages
should be strong and the activation barriers fayeesage bonding quite low, thus
favoring the formation of polymeric network solid$he largest non-IPR fullerene is the
Csg molecule, which contains two candidates for thestnstable ground-state isomer of
Css (see Figure 2.15 a)), according to DFT calculatifg#]. Gg(1) contains three pairs
of adjacent pentagons (3-2AP) separated by hexagehereas ¢6g(2), an
“unconventional” structure, exhibits one heptagom awo chains of three adjacent
pentagons (1 HP- 2 C3AP) [94]. For G(1) and Gg(2), the steric strain energy
associated with adjacent pentagons is expecteéatb tb significantly lower chemical
stability than for Go. Thus the pentagon junctions (and in the casesg2Lalso the
heptagon) should correspond to high reactivityssifeGsg dimer, where two AP bind to
each other, is shown in Figure 2.15 b).

b)

Csglsomer 1 (C 3) Csglsomer 2 (C ) Css 1 (Csy) dimer

Figure 2.15: a) Structures of the energetically faared isomers of Gg. Two views are given: the
spherical shape of each fullerene, where carbon ate linking two pentagons are marked in black,
and the two-dimensional Schlegel diagram with neidtored pentagons or the heptagon colored in
grey. b) structures of computed Gg dimer, where 2AP binds to 2AP. Pictures taken fronf95].

The Gg/HOPG samples, which were investigated within thesis in comparison togg
films, were prepared by ANIEL LOFFLER from the group of RATURBOTTCHER from the
physical chemistry department of Universitat Karsr. The sample preparation is
discussed in section 5.2.2, the results and STNy@ma@aken in Dortmund are presented
in chapter 6.
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3 EXPERIMENTAL SETUP

In 2005 a high transmission cluster deposition nmechvas developed and built at
Technische Universitat Dortmund in cooperation WBIERND VON ISSENDORFFfrom
Universitat Freiburg. The cluster deposition maehis connected by a valve to a low
temperature (LT) ultra high vacuum (UHV) surfaceesce facility [96] which was
manufactured by the Omicron Nanotechnology GmbH.

Figure 3.1: Drawing and photograph of the experimetal setup of the cluster deposition machine
which is connected to the Omicron LT-UHV surface sence facility.

The unique combination of a cluster deposition nrexland a surface science facility
that includes both in situ LT STM / STS and UPS| [93lds a large research potential.



3 Experimental Setup

3.1 The cluster deposition machine

The last chapter has shown that a mass selectiarusters is very promising and
worthwhile to investigate the electronic and gearogiroperties of nanoparticles. For
the production of size selected Ag clusters a elugéposition machine is used, which
consists of a magnetron sputter gas aggregatiorcesd@8], an acceleration chamber
including a cryo pump and an infinite range higbotation time-of-flight mass selector
[99] as shown in Figure 3.2.

Figure 3.2: Top: The cluster deposition machine idading a magnetron sputter gas aggregation
source (number 1), an acceleration chamber with argopump (humber 2) and a time-of-flight mass
selector (number 3). Below: cross section of theudter deposition machine.

The three stages of the cluster deposition machnee presented in the following
sections. A detailed description of the clusteradgon machine was worked out in
[28] and [100].

3.1.1 The magnetron sputter gas aggregation source

The type of source which was used to produce Agteis combines two processes: the
magnetron sputtering of atoms from a silver ta@ed the gas aggregation of these
atoms in order to form clusters. This cluster sew@s first introduced by the group of
H. HABERLAND [98] and is illustrated in Figure 3.3.

A magnetron sputtering cathode is mounted insitiguad-nitrogen-cooled double-wall
aggregation tube with an inner diameter of 10 cd anmovable magnetron-sputter-
discharge head and is operated with a mixture btile(He) and Argon (Ar). The
liquid nitrogen (LN) flows trough a flow cryostat which surrounds ttlester source
and protects the magnetron cathode from overhedtindnigh powers from 5W to
20 W. It is possible to operate the magnetron ahmithout cooling between 1 W and
4 W,
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Figure 3.3: Pictures and scale drawings of the magtron sputter gas aggregation source. The
picture on the left top shows the magnetron head,nothe left bottom the plasma produced by the
magnetron head is depicted.

The sputtering process works as follows: a mixtfréle and Ar is introduced into the
chamber, whereas the Ar directly flows over thettgpuarget. Helium is introduced
into the aggregation region between target and Typical gas fluxes aré o, = 100
sccm (standard cubic centimetres per minute, wistamdard” means flux at a normal
pressure of 1 bar and room temperature) Bpd= 200-400 sccm. The magnetron
cathode is formed by a cylindrical magnet behirel tdrget which can be biased up to
1.2 kV. The electric field accelerates the Ar, whis ionized by secondary electrons in
front of the magnetron cathode, towards the taaget Ag atoms are ejected from the
Ag target. The theory of the sputtering procestescribed in detail in [101]. Due to the
influence of the magnetic field the electrons anedd to cyclotron orbits, where they
ionize more Ar atoms and, together with the ioniZzedatoms, build a plasma torus
(Figure 3.3). The ejected Ag atoms leave the diggheegion and enter the aggregation
region where they collide with both Ar and He atonfsch leads to coalescence of the
atoms and thus cluster formation. This procedtusstiated schematically in Figure 3.4.

The cluster beam then passes the iris (Figurevhg)h has an adjustable diameter and
is focused by the ring lens, which reduces the tdsslusters, towards the skimmer
(Figure 3.3). The cluster size can vary from omerato several thousands of atoms and
depends on different parameters: the aggregatstardie between magnetron cathode
and iris, the electrical discharge power and thesgure inside the aggregation tube
which depends on the gas fluxes and the openintpeofiris. For small clusters the
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aggregation length has to be short and the pregstine aggregation zone, given by the
ratio of gas flux and the cross section of the sieould be small and vice versa.
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Figure 3.4: Schematic illustration of the sputter ad coalescence process in the source chamber.
Due to Ar ion bombardment Ag atoms are ejected fronthe target and collide with the Ar and He
atoms in the aggregation regions which leads to dter formation.

A turbo molecular pump evacuates the source chamsbehat the final pressure in the
LN, cooled chamber is in the order of @nbar without gas load and in the order of
102 mbar with gas load. Due to the high ionizationrédegand charge transfer processes
in the magnetron plasma discharge 40 % - 60 % ef dlusters are positively or
negatively charged. The experiments within thisitheere carried out using positively
charged clusters. For this reason negative voltagespplied to all electrodes after the
iris and the ring lens.

3.1.2 The acceleration chamber

The skimmer with an aperture of 2 mm (Figure 3iguFe 3.5) separates the core of the
diffuse cluster beam, connects the source withatt@eleration chamber and can be
biased from 0 up to =50 V. If the applied voltagehigher than about —10 V electron
discharges are possible. Therefore it is bettapfdy zero bias or low negative voltages
to the skimmer. After that the cluster beam, whiohtains a broad size distribution of
clusters, is accelerated and collimated by a sébrofoptics consisting of four lenses.
The shape and dimensions have been designed ardoptmized by BUNRONG YN
[100] using the ion and electron simulation programion 3D™ 7.0 [102]. The last
electrode of the ion optics is set to —500 V, tlbating voltage of the apparatus, which
is applied to the electrodes that are not usedetalpfocus or accelerate the cluster
beam. Four deflector plates (x—, x+, y—, y+) carubed to bend the cluster beam in x-
and y-direction and guide it to the field free myinside the cryo tube (see Figure 3.5).
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3.1 The cluster deposition machine

The cryo tube is part of the cryo pump system toasists of two cooling stages made
of copper. Within 2.5h the first cooling stage lso@own to 30 K, the second

skimmer

cool
head

first cooling

stage second cooling stage: a@yygdtubobe

Figure 3.5: Drawing and pictures of the acceleratio chamber. The cluster beam enters the
chamber through the skimmer, is focused by the ionptics and bended by the x-y deflector. Argon,
water and other impurities are frozen out at the cyo tube.

cooling stage to a temperature of 10 K. Such lawpieratures are necessary to freeze
out most of the Argon, water and other impuriti@he cooling, achieved by
adiabatically expanding helium, which is pumpedtigh the pipes of the cryo pump
with a pressure of 15 bar. The first stage sergea thermal shield for the second one.
More details about the function and physical pptes of a cryo pump are given in
[28]. The acceleration chamber is additionally pechgy a turbo molecular pump.
During operation the pump provides a pressure of mbar, in the stand-by modus a
pressure of around I0mbar. After passing the cryo tube the clustersdethe
acceleration chamber and enter the time-of-fliglassnselector, which is presented in
the following section.

3.1.3 The mass selector

The mass selector of the cluster deposition maching special infinite range high
transmission semi continuous time-of-flight maskeaer, which was constructed by
BERND VON ISSENDORFF[99]. With the right choice of parameters the smarssion of
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the mass selector can be close to 100 % for theetsel size and is thus much larger
than for conventional time-of-flight mass selectofbe practically infinite selectable
mass range can not be achieved by magnetic secipuamrupole mass selectors. A
schematic view of the setup and function of thesysadector gives Figure 3.6.
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Figure 3.6: Schematic of the mass selector chamber.

When the cluster beam enters the mass selectorbemam can be focused on a
measuring electrode which is mounted at the topdadrtie mass selector. Up to here,
the cluster beam consists of a broad spectrumustitenl sizes, which is given by the
cluster sizes which were produced by the sourceeXdained in section 3.1.1 the
produced sizes depend on the parameters like amjgredength, aperture of the iris
and He/Ar ratio. Besides the cluster beam contaotonly positively charged clusters
but also neutral clusters. The probabilitysohply positively charged clusters is much
higher than the probability of the existencenadltiply charged clusters, so nearly all
clusters are simply positively charged or neutfidle function of the mass selector
relies on the time-of-flight principle, but diffefsom the time-of-flight mass selection
which is normally used. After entering the uppeagioe of the mass selector, the cluster
beam is displaced perpendicular to its originaéction through a slit aperture due to an
electric pulse of the pulse lengthfrom the acceleration plate (Figure 3.6). Durihg t
drift time ty the cluster beam splits up into several clustaanise and each beam
contains a single cluster size. This phenomenaduoésto mass inertia — all clusters have
the same charge, but different masses — thus sndlisters drift down faster than
larger clusters. After the drift time the clustpess a second identical slit aperture and a
second pulse from the deceleration plate with tames lengthz, in the opposite
direction as the first pulse stops the movementradeavds. The clusters keep their
original lateral velocity during the whole displatent process. Thus the selected
clusters leave the mass selector through an éxikeeping the original focus, whereas
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3.1 The cluster deposition machine

the other cluster masses remain in the mass selédter a waiting timef,, the pulsing
sequence starts again. Schematic illustrationshefpulse sequence and the drifting
process of the cluster beam are shown in Figure 3.7

Acceleration U
Pulse Train -— —_ a
‘ (VY
Deceleration
Pulse Tram

Figure 3.7: Left: schematic of the sequence of thigigh voltage pulses, right: schematic illustration
of the cluster beam drifting process, caused by thieigh voltage pulses [99].

The selected cluster mass is given by the equation

m—e>pr(1+[p)xi 3.1
Coxd, ot 2 S

wheree-U, is the energy gained by the voltage puldg £ 863 V), x the total beam
displacement (0.1 m)); the plate separation (0.04 m) — see Figure 3.hd-fahe
frequency. The timedy, Zp, and f, are multiples of the period of the frequency
generator, thus the times have to be divided kg/ftieiquency to get the real times. To
convert the cluster mass in atomic mass units (ama)has to dividen by the mass of
a proton (1.67-18"kg). By varying the frequency one can define thlected mass.
The lowerf is the larger are the selected clusters, whicll meere time to drift due to
their larger mass. As the movement of the ions gradjgular to their original beam
direction is independent of their forward velocmtyass resolution and calibration do not
depend on the ion beam energy.

3.1.3.1Mass resolution and error tolerance

Figure 3.8 shows a mass spectrum which was measuithda Faraday cup in the
preparation chamber of the surface science fa¢sig section 3.2). It is visible that for
cluster sizes between A{j to Agro' single mass peaks are barely visible. For higher
cluster sizes the peaks overlap.

A mass spectrum of large clusters fromifgto Agiseo is shown in Figure 3.9. For
such large cluster sizes no single mass peaksisibdey but a broad distribution which
represents the clusters that are produced by tlgnetran sputter source. The mass
selector cuts out a small region of this distribntand is able to select a special cluster
size with an error of maximally 1 %.
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In the following it is explained how the very smaitor of < 1 % for the accuracy of the
mass selection is connected to the mass spectramnsim Figure 3.8. In [28] it was
shown that single mass peaks can be fitted by @<au

A o (X- X.)?
W\/,m xexp 2—W2 ). (3.2)

A is the area under the Gaussianthe maximum of the Gaussian awd= 2s is the
width of the Gaussian which is defined by the twibeiction points. Besides, the width

is defined asv=FWHM/+In4, where FWHM denotes the full width at half
maximum. The mass resolution is defined as

f(x) =

m _ Xc,i

wherex.; is the position of the maximum of the Gaussian ands width. The mass
resolution of the mass selector used here is inttkp® of mass, i.en/Om = const.

Forw = 1 three pairs of Gaussians (red and blue) agid thspective sum curve (black)
are plotted in Figure 3.10. The x-axis represehts mumber of atoms in a mass
spectrum. The red and blue Gaussians on the leftshifted by 1.8, the pair of
Gaussians in the middle are shifted by and the pair on the right by 252 The sum
curves demonstrate that one can identify two diffiepeaks, if the single Gaussians are
shifted by more than 2. The plateau in the sum curve consisting of twausSans
shifted by 2s lets assume that it consists of two Gaussianspilytthe sum curve on
the right, which has been shifted by more thanshows two maxima.

In [28] it was also shown that strongly overlappmgss peaks can be fitted on the one
hand by a sum of Gaussians

A (x- x)?
X) = Sexpt2——"—), 3.4
000 = 7> Sexpe 2 5 (34)
with x, =n and on the other hand by a cosine
c(X) =1+a>cos@>p:X) (3.5)

if the boundary area is neglected.

In this case of mass spectra with an x-axis reptasg the number of atoms per
cluster, the maxima of the mass peaks are shifjed L atom) and the sum curve
shows an oscillation (Figure 3.11).
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Figure 3.8: Mass spectrum of Agy’ to Ag,,, measured with the Faraday cup in the preparation
chamber of the surface science facility. A singlegdatom has an atomic weight of 107.87 108 amu.

3,0 r T

1 1 T 1
—==— A1 + 5
251 1

2,0+ i
15F i

10} i

cluster current [pA]

0,5 i

00F .

| | 1 | 1 |

0 40000 80000 120000 160000

cluster size [amu]

Figure 3.9: Mass spectrum of Agy to Agisoo. The mass selector cuts one size out of the broad
distribution.
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Figure 3.10: Three pairs of Gaussians (for N = (2)3(6,7) and (10,11)), shifted by 1.8, 2s and
2.2s and their respective sum curves.
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Figure 3.11: Gaussians shifted by & to each other and the corresponding sum curve, wth shows
an oscillation.

In [28] it was shown that in a region with constanihe mass spectrum can be fitted by
a sum of Gaussians as well as by a cosing,if equal or larger than around 0.5. The
relative mass resolutiam/Om is constant for the mass selector used here, whedns
thatw becomes larger for a higher number of atoms pestet. The relation between
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3.1 The cluster deposition machine

anda, the amplitude of the cosine, was calculated 8] ghd is shown in Figure 3.12.
The smallemw is, the larger is the amplitu@ebecause the mass peaks are well separated
from each other.
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Figure 3.12: Amplitude a of the cosine as function of the widtlw of the sum of the Gaussians [28]
w=1 a=0.014 corresponds to Figure 3.11.

Forw =1, which is the case for already strongly oyaplag peaksa has a value of
0.014, which is around 1 % @, still large enough to distinguish the mass pdeks
each other (Figure 3.12). For larger, a converges exponentially to zero and
consequentially one cannot distinguish the mas&spaaymore. The reason for the
selected mass having an error of < 1 % is explaiméide following.

For Agy with N = 50 single mass peaks are still clearlsible. Thus, for the selected
cluster massn= x;,; = 50mag (50 times the mass of an Ag atom),= 2s; is less or
equals Imag. Since the relative mass resolutioCm is constant, it follows generally:

XC,i _ XC,i > 50 mAg

= =50 (3.6)
W, 25 1mag

m —
Dm
and thus

Si < % /100. (3.7)

This means that each cluster size is selected stteth

m=m+ls (3.8)

=m+1%. (3.9)
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3.2 The surface science facility

The Omicron LT-UHV surface science facility consisdf an analysis chamber
containing the LT scanning tunneling microscope 3 Bnd a preparation chamber
[96]. The chambers are connected by a valve wisidpened if samples are transported
with the manipulator, an x-y-z sample translatorlicid helium (LHe) flow cryostat
provides cooling with full 360° of rotation. The mpulator contains three sample
holders which are shown in Figure 3.13: a samplddnavhich is heatable up to 600°C
(HB holder), a sample holder which can be cooledrdto T = 10 K (LT holder) [103]
and a sample holder for the in situ preparationthef STM tip (TP holder). Both
chambers are pumped by ion getter and titan subbmaumps to base pressures in the
10 mbar range. The preparation chamber is additipmaimped by a turbo pump. In
the preparation chamber tips and samples can kdechead sputtered as well as be
exposed to various evaporation sources and gasssdd3, the Faraday cup for the
cluster current measurement is located in the pa¢ipa chamber, as depicted in Figure
3.14.

Figure 3.13: Picture of the HB, LT and TP sample higer attached to the manipulator.

The Faraday cup consists of two electrically isdaboxes. The cluster current enters
the inner box of the Faraday cup, connected tocaapnperemeter, through a 4 mm
large hole. The outer box works as shielding. Ipdssible to use a channeltron ion
multiplier, if the cluster current is too low to amure it directly. The construction

details of the Faraday cup are explained in [28].

A high-resolution photoelectron analyzer and a k$eltarge lamp which allow photo
electron spectroscopy measurements are attachibe fareparation chamber [97]. The
analysis chamber contains in the STM block an Lld#h keryostat surrounded by an
LN, dewar (see Figure 3.14). Six samples can be pidana storage carousel in the
analysis chamber, which can be cooled to, tddnperature. The STM can be cooled
down to 5 K, if the inner bath cryostat is filledthvLHe, or down to 77 K, by filling the
cryostat with LN. The advantage of an STM cooled to 5 K is the ktharmal drift,
only 0.2 nm/h, but the handling is more complexatfa an LN cooled cryostat.
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3.2 The surface science facility
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Figure 3.14: Left: Schematic of the analysis chambeof the surface science facility, right:
preparation chamber with the Faraday cup.

3.2.1 The Cgo evaporator

Attached to the preparation chamber is a custort-Beg evaporator, which contains a
crucible made of quartz glass with soligh@owder resistively heated up to 450°C. The
Cso sublimates through an aperture, which can be dlbgea shutter during the start of
the heating process and opened while evaporatigggo6to the sample. The s
evaporator was planed and constructed bgsSITENRICHTER, who in detail explained
the technical and physical properties of thg €/aporator, the evaporation process and
the appropriate parameters in [104]. Photographtbetetup of the & evaporator are
shown in Figure 3.15.

39



3 Experimental Setup

/tube for thermocouple
b)

7

crucible

Figure 3.15: a) Go evaporator as attached to the preparation chamberb) Cy, evaporator with
ceramic shielded heating wire around the quartz glss crucible. The small tube is used for a
thermocouple, which measures the temperature of th€g, c)+d) setup of the G, evaporator
system with crucible, shutter, aperture and thermoouple.

3.2.2 The evaporator with integrated flux monitor

A second evaporator which is attached to the pegjpar chamber is the evaporator with
integrated flux monitor (EFM) which was used withims thesis to evaporate silver and
lead (Pb). The evaporator allows an in situ fluxasweement utilizing the flux of
ionized atoms produced by the electron-beam heatfnthe tantalum (Ta) crucible
filled with Ag or Pb. Figure 3.16 shows photograplishe evaporator.

The EFM is surrounded by a cooling shroud, a wateled copper cylinder. The

crucible is connected with the external power sypqy a barrel connector and a slide
bearing. Opposite to the crucible, which represehts anode, there is a filament
(cathode) and an ion collector which serves asua fhonitor. The filament emits

electrons which are accelerated to the crucible tdua high voltage of 800 V. The

electron bombardment heats up the crucible anédgher Pb evaporates.

A small part of the evaporated atoms is ionizedheyelectron bombardment. Measured
with the ion collector this can be used to detearilme atom flux after a corresponding
calibration (cf. section 6.4.1.1).
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3.2 The surface science facility

Figure 3.16: a) Ta crucible filled with Ag granulate, b) Ta crucible with melted Ag, c) Ta crucible
with melted Pb, d) complete setup of the evaporator
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4 EXPERIMENTAL TECHNIQUES

In this chapter the experimental techniques whidremused within this thesis are
presented. The geometric and electronic propedfesize selected Ag clusters and
grown Ag or Pb islands as well ags@nd G were studied by scanning tunneling
microscopy, scanning tunneling spectroscopy andrawtilet photoelectron
spectroscopy.

4.1 Scanning tunneling microscopy

STM is a powerful tool to investigate the electmand geometric properties of solid-
state surfaces. An STM produces a topographic intageal space of conducting and
semi-conducting materials down to atomic resolutibhis method was developed by
GERD BINNIG and HEINRICH ROHRER [105, 106, 107] in 1982, who got the noble prize
together with ENSTRuUSKA in 1986.

For STM a sharp tungsten or platinum-iridium tipuged to investigate a conducting or
semi-conducting sample. To prepare an extremelypshanneling tip, a piece of
tungsten wire is electrochemically etched in KOHNa&OH. After that follows a cycle
of in situ sputtering, heating and self-sputterifie tip is approached to the sample
down to less than one nanometer distance betwgemni surface. This distance
represents a potential barrier for electrons. Du¢heé quantum mechanical tunneling
effect a tunneling voltage between tip and substiedds to a tunneling current through
the barrier. Depending of the polarity of the tggygle bias, the electrons flow from the
occupied states of the tip to the unoccupied statdke surface or vice versa. Piezo
electric crystals move the tip over the samplenragea of some square nanometers to a
few square micrometers. There are two possibiltbeget a direct image of the sample:
it is possible to record the local variations o tunneling current while the distance
between tip and sample remains constant (constghthmode). This method has the
disadvantage that the tip could collide with laaigects on the sample surface which
results in a destruction of the tip and/or the atef The mostly used method is the
constant current mode, which is based on recottiegariations of the local z-position
of the tip relatively to the surface, while the meting current is constant. STM enables
to measure the height of an object with adequageigion, but it is not possible to
measure the width of an object with STM. This i do the fact that the width is
always a convolution of the shape of the tip and #sitanned object. Figure 4.1
illustrates this effect schematically.

The basic principle of the function of an STM i tquantum mechanical tunneling
effect which was independently discovered and emethby G.Gamow [110] and E.
U. CoNDON together with R.WGURNEY [108, 109] in 1928.
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Figure 4.1: Top: line profile of a surface scannedy an STM tip and broadening effect due to the
convolution of tip shape and object on the surfaceBottom: Trajectory and shape of the STM tip

which leads to the line profile at the top.

The first experimental observation of the tunnelgffgct was made by R. W. Wood in
1897 [111], who could not explain the phenomendnW&thin quantum mechanics, the
wave function of an object with a kinetic energy,Ehas a non-zero probability to
penetratetinne) into a barrier, e.g. a potential well, with thadht Vo, if Exin<Vo. This

process is impossible within classical physics.idesthe potential well the wave
function decays exponentially, which results inlanp wave with small amplitude on
the other side of the potential well. The tunnelomgcess is visualized in Figure 4.2.

: I |
tip I | Sample
1 1

Re(Y) X1 X5

A

Figure 4.2: Top: model of a one dimensional poterdl well between tip and sample, which have an
equal work function IF. Bottom: a wave (A) penetrates a potential barrierdecays exponentially (B)
and leaves the barrier with a smaller amplitude tha before (C).
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4.1 Scanning tunneling microscopy

If the wave function of a second object on the p#ide of the barrier also penetrates
the barrier, the wave functions of the two objemtserlap and an exchange of electrons
becomes possible. An approximation for this twaktde-tunneling through a
trapezoidal potential barrier was developed by ErHgE and A. MMERFELD in 1933
[112] and was improved by R.dim and B. KRSCHSTEIN [113, 114]. In 1963
J. SMMONS calculated a general tunnel current density fokiats of potential barriers
including field emission [115]. In 1961 JABDEEN calculated the transition rate from
an eigenstate describing an electron on one sid¢hefbarrier to an eigenstate
describing this electron on the other side of theribr [116]. Based on the work of
J. BARDEEN, J. TERSOFF and D. R. HMANN developed a theory for the tunneling
process applicable especially for the STM [117,]1$81ce the microscopic structure of
the tip is not known, they modelled it as a locaherical potential well, where it
approaches nearest to the surface. A schematigr@iof the tunneling tip as modeled
by J. TERsoFFand D.R.HAMANN is shown in Figure 4.3.

Figure 4.3. Schematic illustration of the tunnelinggeometry of Tersoff and Hamann [117, 118]. d is
the distance of the nearest approachyiis the center of the curvature of the tip.

An STM image does not directly picture the atoms tba surface, but the local
electronic density of states (LDOS) at the sampiéase close to the Fermi energy. The
DOS of the tip and the DOS of the scanned surfafteeince the STM image. For low
voltages the tunneling currehts proportional to the voltagé, the density of states of
the tip ryp(Er) and the density of states of the sample at thatiposr,, i.e.

fsampl&a ) EF):
I I'l \% ><rtip (EF ) ><rsample("O’ EF) (41)

Because the DOS of the surface states decays exlye in the vacuum
(r(ry, E-) 1 exp( 2qd) ), the tunneling currertcan be written as

| u exp( 2qd) with q= /2—r2n7 (4.2)

In this relationd is the distance between tip and sampi¢he electron mass,Planck’s
constant divided by@and 7 the average work function of tip and sample. Thualk
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changes of the distance between tip and sampletétehdge changes of the tunneling
current.

For higher voltages, but still witeV <7, one needs a different model to calculate the

tunneling current. In this case all the differemergies which are involved in the
tunneling process contribute to the tunneling auirre

(E)T(d,V,E)dE (4.3)

sample

1(d,V) 1 :Vrﬂp(E- eV)r

T(d, E, V) is the transmission coefficient, which can be apgpnated (Wentzel-
Kramers-Brillouin approximation [119, 120, 121]y @ trapezoidal tunneling barrier as

T(d,E.V) 1t exp - 2d\/2—rzn 7+e—2V- E . (4.4)

For the caseV> f field emission effects occur [122, 123].

If an image is taken at a certain negative voltaget the sample, the image shows the
occupied states with energies from the Fermi enesgV below the Fermi energy. In
contrast, in the case of positive voltages, onlyagapied states are imaged.

As already mentioned the height of an object onstiméace is correlated with its local
electronic density of states (LDOS) and determthescontrast of an STM image. One
has to be careful by interpreting bright colors aje/ as “higher objects” because the
electronegativity of e.g. adsorbates plays an itgmbrole in defining the contrast of an
STM image. In [124] and [125] it is shown experirtaly and theoretically that
adsorbates with low electronegativity, like cartzomd sulfur, appear as bumps, whereas
oxygen and fluorine, possessing a high electrongtyat are characterized by a
depression with negative corrugation.

4.2 Scanning tunneling spectroscopy

In addition to topographic measurements, which giermation about the geometrical
structure of a surface, the STM can be operatetieanspectroscopy mode in order to
investigate the electronic properties of a surfaeg, of a cluster. In this case the
position of the tip is kept constant and the tumgeturrentl is measured dependent of
the gap voltage/. Due to the fact that an electron transport oakes place from
occupied to unoccupied states, a measl(¥dspectrum contains information about the
local density of states of the sample. If occumedinoccupied states are investigated,
depends on the polarity of the voltage, which siglized in Figure 4.4.
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4.2 Scanning tunneling spectroscopy
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Figure 4.4: Principle of scanning tunneling spectrscopy (STS). a) For a positive sample voltage
occupied states are investigated, b) a negative spi@ voltage leads to investigation of unoccupied
states.

The local density of states of the sample can brulzdied startin from equation (4.3) as
the derivativedl/dV:-

di(d,Vv
% H [ertip(E B ev)rsample(E)T(d’V' E)]E=9V
Nl (ENT(A, E)E (45)

ev
+ TG o (E - eV 7 g E)IE

sample

The second term can be neglected due to the facthre are no strong variations for
I ip for different energies. This is the case, if tipedoes not have a dominant structure
in the density of states for the investigated eiesrg-or the interpretation of the STS
data it is important that the influence of theiipow and the properties of the measured
structures are dominantly defined by the propemiethe sample. If the transmission
T(d, V, E)does not show any sharp structures, the third teo)mbe neglected as well.
Because equation (4.4) describes an exponentiabndepmce on the energy for
T(d, V, E),this condition is fulfilled. Thus only the firserm defines the differential
conductivity and it follows

di(d,Vv)

Y M7, ©)T(d,V,eV)r

sample(ev) . (4 6)

For the reason that mostly only the region clos¢éhto Fermi energy is investigated,
T(d, V, E)is proportional to a constant background. The itfeiod states of the tip for
Er =0, ry, (0) is a constant as well, so the differential conuitytcan be written as

di(d,V)
dv

K 7 sampie€V) - 4.7)
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This shows that the interesting parametedligdV, which gives information about the
LDOS of the sample. By reversing the polarity ¢ tloltage it is possible to investigate
occupied and unoccupied states. It is very impottzet the distancd between tip and
sample is constant. This is guaranteed by stafgihe tip with activated loop gain by
given “setpoint” values for tunneling voltage andgrent up to a stable scanning of the
tip. Then the loop gain is switched off and the sueament of thell/dV curve with
constant z-piezo voltage starts. If the distanéer dwo different spectra is not identical
due to varying conditions on different positions the sample, it is possible that the
spectra have different intensities and have to drenalized. The signal amplitude is
defined by the set point,(V) before the spectroscopy. For low voltages and hig
currents the signal-to-noise ratio increases, whinfortunately sometimes leads to
instable tunneling conditions.

Several spectra for different lateral tip locatiara be displayed as a set of voltage
dependentll/dV curves. Another possibility is to measure theedédhtial conductivity
with constant voltage as a function of the latsahple position, as it was done in the
past in experiments in Dortmund [159, 127, 128JsThsults in STS maps, which each
show the DOS of the sample with spatial resolutayra particular energy.

As an improved technique for the measurement of §J&tra it is possible to use a
lock-in amplifier, which directly enables the measuent ofdl/dV curves and further
improves the signal-to-noise ratio [129]. This noethieplaces the measurement(d)
curves with subsequent numerical differentiatiomwever, for the STS data taken
within this work the lock-in detection method hag heen an improvement and most of
the spectra measured within this thesis were tak#tout the lock-in detection method.

4.3 Ultraviolet photoelectron spectroscopy

Another spectroscopy method used here is UPS, facsusensitive analysis method,
which enables the investigation of the occupiedestaf a sample. This technique is
based on the photoelectric effect which was first@vered in 1887 by H. #k1z [130]
and W. FALLWACHS [131]. In 1899 J. J.AOMSON observed experimentally that the
particles which are emitted by irradiating lightom surface are electrons [132], whose
existence was already predicted bydBGEJOHNSTONESTONEY in 1874 [133]. In 1900
P. LENARD discovered that the energy of the emitted elestd®pends on the frequency
of the light and the irradiated material and isejpendent of the intensity of the light
[134]. Finally A. ENSTEIN won the noble prize for the discovery that thetphlectric
effect is based on the quantization of light [1L3Hjerefore the Einstein relation is the
most important formula in this context:

E..=hn-7 - E; (4.8)

Exin is the kinetic energy of the electrosPlanck’s constant) the light frequencyf,

the work function of the sample arigs the binding energy of the electron before
emission.

48



4.3 Ultraviolet photoelectron spectroscopy

About 1956 Kl SIEGBAHN developed x-ray photoelectron spectroscopy (XRS) f
surface chemical analysis, using x-ray sourcestudysenergy levels of atomic core
electrons. The ultraviolet version of this tech@qPS) was developed bysldb W.
TURNER to study the photoelectron spectra of free mokuh the gas phase with a
helium discharge lamp as photon source [136]. Tkéhod was later extended to the
study of solid surfaces, where it is usually ddseti as photoemission spectroscopy
(PES). Figure 4.5 shows the principle of the XP& @RS technique.

By irradiating a sample with light the photon eneigtransferred to the electrons in the
sample. If their energy is high enough to overcdineevacuum energy, the electrons are
emitted and can be detected as function of theietld energy. The resulting spectra
show broad or sharp peaks, which represent therdift states or bands the electrons
belong to. UPS is patrticularly sensitive to theface region (to 10 nm depth) due to the
short free mean path of the emitted photoelectritns.therefore used to study valence
energy levels and chemical bonding, adsorbed sparid their binding to the surface,
as well as their orientation on the surface. Theeoled structures result from the
energy dependency of the optical electron excitatwhich correlates strongly to the
combination of the DOS of the initial and final teta of the electrons [137]. With
increasing energy the structure in the final DOSrel@ses, so the intensity of the
measured signal represents the occupied statbs shtmple (Figure 4.5).

In contrast to STS, UPS leads to an averaged spedf the states of the whole sample
area which is irradiated with light and from whéme electrons are collected.

E., Spectrum

Valence Band

—;
Secondary ——=1 -
electrons \_\ N(E)

Vacuum Level- T

Core Level

Figure 4.5: By irridiating a surface excited electons are emitted. The detected electrons lead to a
spectrum which is an image of the DOS of the sample
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5 SAMPLE PREPARATION

For the deposition and investigation of clustersorfaces as well as for the controlled
growth of metal islands orggfilms on surfaces it is necessary to have cleafases
without adsorbates, a water film or other kindscohtamination. For this reason this
chapter deals with the cleaning and preparatioth@fsample, from the bare substrate
up to the complete sample system.

5.1 Sample substrate preparation

Within this thesis highly orientated pyrolytic grae (HOPG) and gold on mica
(Au/mica) were used as sample substrates. Foralitration of the Ag evaporator an
Ag(111) single crystal was used. For each substhaties are special preparation steps,
which have to be performed to get a clean surface.

5.1.1 Preparation of the HOPG substrate

HOPG has a layered structure with each graphener lagmposed of a planar
arrangement of hexagonal carbon rings. Therefoaplgte is highly anisotropic. The
trigonal bonding in each graphene sheet involveslap of carbon Sphybrid orbitals
in the plane, whereas the overlap of carbondpitals produces delocalized rings of
electrons lying above and below each carbon rinigichv makes graphite a good
electrical conductor. The graphene layers are kobridesach other by weak van der
Waals forces, so that they can easily slide one amether, which is why graphite is
soft and slippery. HOPG is highly oriented withpest to the layer-stacking direction
with an angular spread of tlseaxes of less than one degree. Every second catbam
has a neighbor in the subjacent layer and thusatdiferent DOS as an atom without
an subjacent neighbor. The lattice constant of H@P&ound 0.25 nm.

For HOPG being chemically inert it can be exposedit without oxidizing and for the
first preparation step of HOPG vacuum conditiores rawnt necessary. By removing the
upper layers of the HOPG sample with an adhesipe tae gets a plane and smooth
surface.

The cleaved surface contains single atomic steggeps of several atomic layers with a
single step height of 0.34 nm [138]. As a secoreparation step the HOPG sample is
heated under UHV conditions for one hour (h) at @38°C to remove the water layer
from the surface of the HOPG sample. After thiscpcure the HOPG sample is ready
for being used for an evaporation or depositioneexpent. Figure 5.1 shows a cleaved
HOPG sample which is fixed by spot welded tantakirnpes onto an Omicron sample
holder and an STM image of HOPG with atomic resolut



5 Sample Preparation

Figure 5.1: Left: Cleaved HOPG sample fixed onto at®micron sample holder, right: 2x2 nm2 STM
image of HOPG.

In order to remove e.g. deposited clusters og#filn for a further experiment an ex-
situ cleavage with adhesive tape is again necessary

5.1.2 Preparation of the Au(111)/mica substrate

The Au/mica substrate has to be prepared differéndn the HOPG substrate. The gold
is oriented in (111)-direction and was evaporatednica by the preparation laboratory
of Technische Universitat Dortmund. An STM imagel anphotograph of an Au/mica

sample are visible in Figure 5.2.

Figure 5.2: Left: Au/mica sample on an Omicron samfe holder, right: 118x118 nm2 STM image of
an Au(111) surface imaged within this thesis. Theypical 23x 3 herringbone reconstruction of
Au(111) is visible [141]. More details about the mperties of Au(111) can be found in [142].

Mica (from Latin: micare = to gleam) includes a gpoof sheet silicate minerals. The
most prominent characteristic of mica is the highdyfect basal cleavage, which can be
explained by the hexagonal sheet-like arrangemeiitis atoms. This atomically flat
surfaces lead to the growth of um sized crystallinath (111) orientation, if Au is
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5.1 Sample substrate preparation

evaporated on mica at T500°C [139,140]. The flat (111) surfaces on toptledse
crystallites are used in the experiments here.rAfte exposure to air the Au/mica first
has to be heated for 1 h at 500°C to desorb therviayer from the surface. Besides,
impurity atoms which are located in the bulk of #anple diffuse to the surface. Then
the Au/mica is sputtered for 1 h at RT with 1 keV ldns. This removes several
monolayers of the gold sample in order to cleanstivéace from adsorbates. Due to the
surface roughening by the Ar ions, the Au/mica teabe heated again for 45 minutes
(min) at 300°C to heal the defects and flat thdaser. The temperature of the second
annealing step has to be lower to prevent the appea of impurity atoms from the
bulk at the sample surface. The Au/mica samplebmamnised for several experiments
until the Au layer on mica becomes too thin forugther sputtering. The first heating
step is only required after exposure to air, otheswthe sputtering process and
annealing at 300°C is sufficient to get a cleanminé surface again.

5.1.3 Preparation of the silver single crystal

For the calibration of the Ag evaporator Ag was parated on an Ag(111) single
crystal. Due to the fact that the Ag(111) singlhgstal was exposed to air, two heating-
sputtering cycles were necessary to clean the gurdoth the RT sputtering and the
heating procedures took 1 h. The heating tempeastwere 550°C for the first heating
and 500°C for the second heating. The two heatndgtsring cycles were followed by a
last annealing step at 430°C for 1 h in order tal lee defects which were due to the
sputtering.

Figure 5.3: Ag(111) single crystal fixed with scree on an Omicron sample holder. The sample is
positioned in the heatable sample holder of the mapulator of the surface science facility.

5.2 Preparation of the fullerene layer

The well prepared and clean sample surfaces areready for being covered with
fullerenes. In the following sections the prepamatsteps are explained in detail.
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5.2.1 Preparation of the C ¢ layer

As already mentioned in section 2.2.1, fulleremspecially Go, are well suited for the
deposition of clusters due to their function asutidy layer, their stability and inertness
at RT, the electronic decoupling of the clustemsnirthe substrate and the large
corrugation period which hinders the cluster difbus (see Figure 5.5 b)). ThesC
molecules are deposited onto the sample surfaaesimg the G evaporator, which is
presented in section 3.2.1. Due to the differergngfth of interactions betweens&
Au(11ll)/mica and ¢—HOPG the preparation steps differ in some waysg. fbllowing
STM images of g/Au(111) and G/HOPG were all taken within this thesis.

5.2.1.1Evaporation of Cgo0n Au(111)

For the evaporation ofggon Au(111)/mica the & evaporator is heated for 20 min up
to the temperature ofcl, 440°C which corresponds to 17.15 mV measured thigh
thermocouple (see section 3.2.1). After that 1 neyes (ML) Gy is evaporated on
Au(111) by opening the shutter of the evaporatobfain, followed by an annealing of
1 ML Cso/Au(111) for 30 min at 250°C. The annealing is rssesy to get an ordered
Cso ML because due to the relatively strong interacti@tween g and Au(111) the
Cso Is not mobile enough to build an ordered structareRT [143]. The disordered
structure of the §Au(111) system without annealing is demonstrateBigure 5.4.

Figure 5.4: 150x150 nm2 STM image (left) and 50x58m2 STM image (right) of disordered
Ced/Au(111).

Most of the experiments were carried out with dligimore than 1 ML G in order to
have the possibility to study the thermally indupedcesses of size selected clusters on
1 and 2 ML Go. Therefore, after the annealing process of 1 M§ATi(111) less than
an additional ML Go is evaporated onto the sample. This time an aimge# not
necessary because thg;-Csgo interaction is not as strong as the metgjiGteraction,

so that the g molecules of the second ML are able to form ordési&ands on the first
ML. STM images of a surface with orderegh@ken at 77 K are depicted in Figure 5.5.
The different orientations which are visible in fig 5.5 c) are discussed in section 6.1.
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Figure 5.5: a) 2 D and 3 D view of an 18x18 nm? STMicture of 1 ML Cgy/Au(111). The blue line
marks the line profile, which is shown in b). c) brdered ML Cg¢ on large Au(111) planes,
separated by an Au(111) step edge crossing from botn-left to top-right (100 x 100 nm?). d) 2 D
and 3 D view of 1 ordered ML Gg with islands of the second ML Gy (200 x 200 nm?). Here an
Au(111) step edge runs from top-left to bottom-righ

5.2.1.2Evaporation of Cgo on HOPG

The growth mechanism ofggcon HOPG is different from the behavior ofp@u(111).
The interaction between HOPG andy@& very low, so that the §¢ molecules form
ordered islands at RT. Hence, an annealing is ecéssary, similar to the evaporation
of Ceo On Gso/Au(111). Another aspect which makes the evaparabioGs, on HOPG
easier and less time-consuming is that on largd_lpMnes islands of the second ML
Cso are formed before the first ML ¢& covers the whole HOPG sample. Thus the
evaporation time of around 5 min is optimal to lgege 1 ML G islands with smaller

2 ML islands and sometimes very small 3 ML islantise typical lateral dimensions of
the 1 ML islands are of the order of a few $uare nanometers. Besides there are also
free HOPG areas of the same size. Four STM imafj€otHOPG taken at 77 K are
shown in Figure 5.6.
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a) b)

o) d)
2 ML Cqgq

3 ML Cean

Figure 5.6: a) + ¢) 500x500 nm2 STM image of gHOPG, b) 100x100 nm2 3 D STM image (top
view) of Cs/HOPG, d) 500500 nm2 STM image of E/HOPG showing islands of 1 ML Gy/HOPG
with smooth edges and fractal shaped 2 ML & islands.

The 1 ML Gy islands are confined by smooth edges on the HOBR&.second and all
subsequent layers adopt a fractal-dendritic shaf4, [145], as it is visible in Figure 5.6
d). The profound differences between the growttheffirst ML G5 on HOPG and the
subsequent & layers are caused by the restriction of the iGobility on the highly
corrugated fullerene surfaces. The orientation lod fractal islands follows the
hexagonal symmetry of the densely packed (111asarbf the fullerene lattice with an
angle of 120° between the growth directions [1445]1 The 2 ML G islands on
Au(111) also have a fractal shape (Figure 5.5) nbtitas pronounced as on HOPG.

Within this thesis the thermal stability of clustesn GyAu(111l) and G/HOPG was
investigated. g islands on Au(111) are stable at RT due to thengtinteraction of g
with the metal surface [146]. Since the interact@tween G and HOPG is very low,
the RT stability of GYHOPG was checked by imaging the same surfacevdtes&TM

at RT for several times and studying the variatbrthe shape of thegislands. The
STM images in Figure 5.7 were measured consecytatelhe same surface area and it
took 34 min to take one image. Due to relativelghhthermal drift at RT over 3 h of
measurement the imaged area shifted for some tenreters from picture to picture.
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100nm
T

Figure 5.7: 500x500 nm2 STM images of gHOPG measured at RT. The pictures were taken
consecutively at the same area to study the RT stitity of C ¢/ HOPG.

As it is visible in Figure 5.7, the shape of thiansis did not change noticeably. There
were some indications that the shape of the edfjgsed2 ML Gy islands changed in
fine details, but in general the islands stayetlstéor some hours at RT, which is an
important aspect for the investigation of thermaivated processes of clusters og.C
The thermal activated processes of single r@olecules within an orderedsgCsurface
on Au(111) are discussed in section 6.2.3.

5.2.2 Preparation of the C sg layer

As mentioned in section 2.2.2 thegQayers on HOPG were prepared byNIEL
LOFFLER from the group of ATUR BOTTCHER from the physical chemistry department
of Universitat Karlsruhe.

Csg ions were produced at RT under UHV conditions Wbgcteon-impact induced
ionization/dissociation of § molecules using a Knudsen-type oven working at
temperatures between 600°C and 700°C [147, 148§, MpPact ionization-dissociation
was carried out using 70 eV electrons. Figure B@ns a schematic drawing of the
apparatus. The positive ions which were createtiimmway were guided by a series of
electrostatic lenses through three stages of diiteal pumping, bent by 90° in an ion
mirror, mass filtered in a quadrupole mass filted ahen soft landed. The mass filter
removes all undesired ions, in particular the alambds, molecules, but also smaller
fragments. The ion mirror avoids a direct line ighs between source and target surface
and prevents neutral fullerene molecules from rieactine surface.
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Figure 5.8: Experimental setup in Karlsruhe: the fulerene ion beam is created in an electron
impact ionization source, bent by 90° in an ion mior (electrostatic quadrupole), mass selected in a
guadrupole mass filter, decelerated and soft landedn a HOPG surface [147].

In the final stage of the electrostatic systemrttass selected ion beam is focused onto
the HOPG and decelerated to a kinetic energy of, @1 eV/carbon atom). The soft
landing is crucial in order to avoid impact-meddthtéagmentation as well as to
maximize the effective sticking probability. Thes@lux during the deposition was kept
constant at a level between 0.2 and 1 nA. The mitkllel of the main chamber (see
Figure 5.8) is used to take desorption spectrasgb{ heating the sample up to 1000 K
[147].

Within this thesis four §/HOPG samples were investigated, which differ ia @s
coverage. An overview about the coverage of the €ygHOPG samples is given in
Table 5.1. The samples were prepared in Karlsrahthe bottom level of the main
chamber [148, 149], transferred into an exsiccatat transported to Dortmund. Since
the samples had to be exposed to air when they tnaamsferred from the apparatus in
Karlsruhe to the exsiccator and from the exsiccidhe UHV surface science facility
in Dortmund, the samples had to be annealed foni&0at 200°C to desorb water and
other adsorbates. Annealing the samples at lowapedeatures before (100°C and
150°C for 30 min each) was not effective, as vesibh STM images, due to
contaminations which need higher temperatures sortbe The STM images taken
within this thesis of the four 4JHOPG samples are shown and discussed in
section 6.1.1.

Sample Ggion dose Number of Ggions
Sample 1 5 nAmin 1.9-16
Sample 2 10 nAmin 3.8.10
Sample 3 15 nAmin 57-1
Sample 4 20 nAmin 7.6-10

Table 5.1: Gg ion dose and number of Gg ions respectively of the four G/HOPG samples from
Karlsruhe.
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5.3 Ag cluster and metal island deposition

HOPG or Au(111) surfaces covered with ordered mmyesk of Gy were used to
deposit size selected Ag clusters or metal islafmtie. following sections explain the
deposition process for size selected Ag clustedsthe mechanism for the growth of
islands from single evaporated metal atoms.

5.3.1 Deposition of size selected Ag clusters

5.3.1.1Adjustment of the selectable Ag cluster mass

For the size selected clusters there are diffecentlitions to guarantee a successful
deposition on a sample. First one has to adjustltister size which shall be deposited.
This is performed with the help of two Labview (lométory Virtual Instrument
Engineering Workbench) programs, which were prognach by GIUNRONG YIN. The
details of the operating mode of the Labview praggaare explained in detail in [28]
and [100]. Briefly, for the measurements of masscBjp one enters the start and end
mass in atomic mass units (amu) as well as the sgepfor the mass detection and
starts the measurement. For the deposition oftainenass, the entered end mass is the
cluster size which is permanently selected afterrtteasurement of a mass spectrum,
until the measurement of another mass spectrutaited again. For cluster sizes from
Agio to about Ago single mass peaks are visible, as it is demoestrat Figure 3.8.
Hence, for the selection from Agto Agy it is easy to find out the maximum of the
corresponding mass peak and to define the magssunvary precisely. Since the mass
spectrum for larger cluster sizes is a broad thistion (see Figure 3.9), the mass scale
for larger masses has to be calculated by extrapolarhe values for all focusing and
accelerating voltages, the parameters of the clssterce etc. are adjusted differently
for each experimental run by optimization of thestér beam intensity, which also
influences the position of the mass peaks. Theeetoe peak position for Agloes not
always correspond to 108 amu. Furthermore theviatig peaks are shifted by a linear
function with slightly varying slope. For this ress before every deposition mass
spectra have to be taken to check the positioh@itass peaks. For the deposition of
large masses a linear fit has to be made to findwbich cluster mass in amu has to be
chosen in the Labview program for a certain clusiee. Figure 5.9 shows several mass
spectra, which were taken while adjusting the elustirrent for the deposition of Ag.

An experimental run — with a clean cluster souvdeich is free of Ag residues, and a
baked out mass selector — works as follows: Onesstath selecting Ag atoms and

molecules (Figure 5.9 a)) and adjusts the parasmetasrder to get the maximal cluster
current. Then the cluster source has to be optonfpe the production of not only

atoms or molecules but clusters with three or natoens (Figure 5.9 b)-f)). One always
has to maximize the current for a cluster mass stgp@ dominant peak in the mass
spectrum. This is necessary to get a high clusteent for larger masses. At least 1 pA
before the optimization of the current for a certanass is useful. Otherwise it is
possible to lose the current during the variatidntiee parameters. Finally, after
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optimizing the source and all voltages for the picithn of large clusters, Figure 5.9 e)
and f) demonstrate a mass spectrum with a maximster current for Ags. As
mentioned above one has to make an extrapolatidafioe the atomic mass unit which
has to be used in the Labview program for largetehs, which do not show single
peaks in the mass spectrum. An example for an podeaon which is done with the
help of a mass spectrum of A Agss is illustrated in Figure 5.10.
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Figure 5.9: Adjustment of the cluster deposition mahine for the deposition of Agg,, illustrated by
mass spectra from small clusters up to big clusters

Figure 5.10 shows the linear fit for the calculatimf an atomic mass unit for a certain
cluster size, which was figured out by defining #temic mass number of the marked
peaks in the shown mass spectrum. For the deposifi®\gi47, AQzos AQse1 OF AGsos
one replaces “N” by the corresponding number ofmastto get the cluster size in atomic
mass units. In the calibration in Figure 5.10 thester sizes in atomic mass units for
Ad147, AQzos, AQse1 OF AQooz are depiCted in Table 5.2.
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Figure 5.10: Linaer fit for the extrapolation to atomic mass units of large clusters, which do not
show single mass peaks anymore.

Number of atoms per cluster (N) Cluster size [amul]
147 15,764
309 33,083
561 60,088
923 99,379

Table 5.2. Cluster sizes in amu for different geontgcally magic clusters for the linear
extrapolation shown in Figure 5.10.

5.3.1.2Cluster current and deposition time

After the adjustment and optimization of the clustarrent for the cluster size which is
deposited, the next step during an experimentalisudefining the deposition time,
which depends on the cluster current. The highercthster current is, the more Ag
ions per time are deposited onto the sample andtibeer is the deposition time. A
cluster current of 5 pA corresponds to 3.1-A@ ions per second. That means that on a
100x100 nm2 area 9.9-TOAg ions per seconds are deposited assuming aatypic
diameter of the deposition spot of 2 mm. On the lnewed the deposition time must not
be too long to avoid a strong coalescence of tastets, especially in the center of the
deposition spot. On the other hand if the timea ghort, there are not enough clusters
and it may be hard to find them on the sample Sifiv.

The diameter of the deposition spot was measurdabtly passing the small hole of the
Faraday cup through the cluster beam and by me@sdifferent regions of the sample

with STM. Both methods for several experiments hstvewn that the cluster beam can
have a diameter of 2-3 mm It is further corrobaldty UPS data in section 6.6.2. The
experience during a number of deposition experisibas shown that the coverage with
Ag clusters within the deposition spot on the samsploptimal if the product of cluster

currentl gusterand deposition timgepoequals 200 pAmin:

| cluster Xdepo> 200pAmin, (5.1)
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which corresponds to about 250 clusters / (100109 for a spot diameter of 2 mm.

Typical deposition times are illustrated for thepdsition of Ags, Adss, AJso, AQ147,
Aggog, Ag561 and Ag)23 in Table 5.3.

Cluster size | Cluster current [pA] | Deposition time min]

Adss 10.25 20

A968 8 40

Adso 16.5 12.5

AQ147 5 41

Ag309 27 7

AQSGI 16 10

Ag923 8.5 27

Table 5.3 Cluster current and deposition time for sveral deposition experiments of different
geometrically magic cluster sizes.

In some cases more than 200 pAmin were depositedoraAgs, in order to obtain
more clusters. This has the advantage that thermare clusters within an STM image,
which leads to a faster analysis due to good ststisvithin only a few STM images.
The disadvantage is that the clusters in the ceaitdre deposition spot are coalesced,
which has to be considered for the measuremenaaalysis. A deposition of less than
200 pAmin, as for Ags, leads to less or nearly no coalescence, but eedsamore
STM images for good statistics for the analysis.

With an optimal adjustment of all parameters of ¢hester deposition machine, typical
values for the cluster current are 1-3 nA for Agnas and some 10 pA for all larger
clusters. The highest cluster current which wasswmesl for Ags after optimizing the
parameters was 93 pA and for Ag 20 pA.

5.3.1.3Distribution and diffusion of deposited clusters

For the STM images of size selected Ag cluster€gfunctionalized surfaces it was
shown by comparison of the experimental result$ \siatistical simulations that the
clusters, which were deposited at 165 K, are umfpdistributed on the sample, as it is
expected for a deposition experiment [150]. Besidles simulations have shown that
the clusters after deposition at 165 K do not cxaeadue to thermal activation.

These are optimal conditions for the deposition envestigations of size selected Ag
clusters. If the clusters were not uniformly distitied and would coalesce on the
substrate after deposition, the complex setup fog mass selection would be
dispensable. Another problem, which could destrbg tmass selection, is the
fragmentation of the cluster when they impinge ba sample. For this reason the
clusters have to be soft landed, which is discusséue following section.
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5.3 Ag cluster and metal island deposition

5.3.1.4Soft landing of size selected Ag clusters

To guarantee a soft landing on the substrate aral/éad fragmentations of the size
selected clusters, a positive voltage is appliedh® sample which decelerates the
clusters, so that they are deposited with low kinebergy. For small clusters asAg
and Ags one often has to apply a negative voltage to #mepde in order to guarantee
that all clusters reach the sample. To find outwbiéage which has to be applied to the
sample, the cluster current depending on the appl@tage is measured before a
deposition by applying different voltages to thedeay cup. Several of these current-
voltage curves are shown in Figure 5.11.
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Figure 5.11: Cluster current vs. sample voltage foAg;3 AJss, Adsge aNd Agss;. The lines mark the
average kinetic energy of the clusters.

Up to a certain value of d)s the cluster current remains nearly constant. Tifen
cluster current decreases drastically and finaliyverges towards zero. The lines mark
the average kinetic energy of the clusters. Fogfg cluster current of about 30 pA
was measured for —40 V applied to the sample atldeté-araday cup, respectively. The
cluster current is only the half (15 pA) forski= 11 eV. This means that half of the
clusters do not have enough energy anymore to tbackample.

For the deposition it is important that the kinegizergy of the clusters is low, but the
cluster current as high as possible to reduce #pogition time. For depositions at
165 K and a pressure of @nbar during the deposition in the preparation dhemof

the surface science facility (normally 1bmbar), where the sample is located,
deposition times up to one hour are acceptableowitbontamination of the sample. For
deposition at lower temperatures probably shortepodition times are necessary.
Although a large part of the Tombar during deposition is clean helium gas, rdgent
these vacuum conditions were improved by a modiboan the vacuum system of the
cluster deposition machine. Even if the contamarmatf the sample is not a problem,
short deposition times are more comfortable dudedact that during the deposition all
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parameters, pressures and most of all the temperafuthe source, which is cooled
with LN,, has to be checked. If the source becomes wargpyrity particles, which
were frozen before, can reach the sample.

For a certain cluster size the total kinetic eneeguals the average energy minus the
energy which correlates to the applied voltagehtncase of Agyo it was soft enough to
deposit the cluster with the sample on ground giterso that the total kinetic energy
amounted to

Ein(AGzpe ) = (11- 0) eV =11eV U 0.036eV/atom (5.2)

In general the average kinetic energy for largesstelrs is higher than for smaller
clusters. This is due to the fact that larger eissiget a higher kinetic energy by the
velocity gained in the rare gas expansion in thster source, additionally to the energy
they get due to the applied voltages in the clud¢position machine.

5.3.2 Growth mechanism of metal islands

Additionally to the deposition of size selected Atusters, metal islands ongf
functionalized Au(111l) were investigated. The metslands are produced by
evaporating Ag or Pb “atom-by-atom” by an evaparatth integrated flux monitor
(EFM) which is presented in section 3.2.2. The me@dm of island growth by self
organization of the evaporated atoms is demonstiaté-igure 5.12. When the atoms
arrive at the surface, they hit an existing islégidect impingement) or diffuse between
the existing islands, performing a random walkiluhey hit another island after the
typical path lengthl 4. The sizes of the islands increase, the more Amsatare
captured. Due to the strong metal-metal interactine can assume that the sticking
coefficient between metal atom and metal islart 50 that a later escape of an atom is
negligible. It is also possible that atoms re-evapofrom the substrate directly, but the
probability for this desorption process is quitevlfor the experiments presented here.
Depending on the interaction between substrate naetl islands it is possible that
molecules or small islands are mobile on the satestind diffuse to step edges, defects
or coalesce with other islands on the surface [1Bhis is e.g. the case if one uses the
pristine HOPG surface as substrate material dubeoveak metal-HOPG interaction.
The interaction between metals ando @s stronger, as it is reported in several
publications [152-156].

Another possibility to stabilize metal islands anfaces is the growth of metal islands
in nanopits, controlled defects which serve aseatwn centers for the metal atoms and
islands. Several former studies of the cluster griouDortmund deal with this topic
[157-162].
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Figure 5.12: Schematic representation of the growtlprocess and nucleation of metal islands on
surfaces.
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6 RESULTSAND DISCUSSION

In this chapter the experimental results which webgained within this thesis are
presented.

The first section deals with the problems of heigigasurements with STM and a
calibration for a precise height measurement. Attt the properties of sgHOPG,
Ceo/HOPG and G/Au(11l) are discussed. Then the thermally activadecay of
geometrically magic Ag clusters including atomigimulations is introduced, followed
by a section about Ostwald ripening of geometrycabn-magic Ag clusters. The
thermally induced ripening of Ag and Pb islandprssented in the next section, before
STS and UPS spectra of size selected Ag clustersherwn and discussed.

6.1 Height measurement and calibration

6.1.1 Data analyzing

The analysis and preparation of the STM images peaformed on the one hand with
the softwareWSxM [172] developed by Nanotec, and on the other haitd the
softwareScala SPM SO 2.@f the STM workstation developed by Omicron. Thester
height is measured witWSxMby studying line profiles and measuring the défese
between the top of the cluster and the surfacd Evihe cluster onset. Clusters at step
edges were neglected because it is often not addslerif such clusters lie on the upper
or lower terrace relative to the step edge. Histoy of surface heights in the STM
image were performed witBcala SPM SO 2.2

6.1.2 Calibration of the z-piezo of the STM

During the first measurements of the heights ongetoically magic Ag clusters it was
striking that the measured cluster heights werairadol0 % higher than the cluster
heights which were calculated by assuming a sphleshape of the clusters. This
phenomenon can be partially attributed to the chfie local density of states on the
cluster and on thedgwhich is measured with STM, but the discrepancypeshigh to
explain it only with the different LDOS of & and clusters [146, 195]. The
corresponding STM measurements were performed &. Measuring the cluster
heights at 5 K generates smaller values. FiguresiGoivs height distributions of Ag,
which were deposited on 1 and on 2 Mgy Gn HOPG. The heights were measured at
77 K and at 5 K after annealing the sample for 1 IRT to investigate the thermal
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stability and it was observed that the clusteryg stable after annealing. More details
about the annealing of clustersfEIOPG are presented in section 6.3.

The same effect of a smaller cluster height isiobthif the clusters are scanned at 77 K
with very slow scan speed due to the fact thatztpgezo has more time to adjust its
position including hysteresis and creep of the qiemnaterial [163]. Figure 6.2
demonstrates this effect. Therefore the z-piezdagel (which corresponds to the
measured cluster height) needed on top of theatlisstower for a slow scan speed.

It seems to be obvious that the calibration mafax the z-piezo, which can be
programmed within the software, is not correcttfe temperature of 77 K, at least not
for objects with a few nm height, e.g. the clustéigr different scanning temperatures
(RT, 77 K and 5 K) there are different calibratimatrices used at these temperatures.
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Figure 6.1: Height distributions of Agsed/1l and 2 MLCs/HOPG after 12 h at RT. The heights were

measured at 77 K (top) and at 5 K (bottom). Largerclusters due to coalescence in a region with
high cluster coverage do not contribute to the meawvalue of the cluster height (top left). The

heights shown here are calculated with the former ipzo scanner matrix for 77 K, before the

calibration was used for all following data from setion 6.2 on.

Thus a recalibration of the z-piezo for 77 K wasdmas follows. Usually the z-scale of
the STM piezo is calibrated using monolayer stefib & few 0.1 nm height, e.g. on a
metal surface. The accuracy of this calibratiotinsted to about 5%. In addition to
statistical errors there are systematic differerfoesthe step heights as compared to
crystallographic data (see next section) Due ta@iaonlinearity, creep etc., the
calibration has to be modified for larger heightfetences of several nm [163].
Therefore a multilayer £ film (1ML ... 4ML) on HOPG was used for the calibration
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of heights on a nm scale by measuring the heights $TM at 77 K. The step heights
of Cs0(111) are given by the fcc lattice constapnta.405 nm to g 3 = 081 nm [164].
Using the former 77 K calibration the result of theight measurement is shown in
Figure 6.3. A height histogram of an STM image ahaltilayer Gy film on HOPG
reveals peak distances of 0.91 nm instead of 0W1Thus, the & step heights are
imaged 11 % higher. This was also the case forsibe selected Ag clusters, whose
heights are in the same order of magnitude.

Figure 6.2: 10x10 nm? STM images of an Agcluster/Cqo/HOPG taken at 77 K with different scan
speeds. Color and contrast are optimized to visuake the highest region of the cluster. The slightly
different lateral sizes are due scan-speed dependarhanges in the x-y-scale as visible by the period
of the Gso. The height was not influenced by the tip shape, hich is shown by heights measured for
an again faster scan speed.

Figure 6.3: Left: 500x500 nm2 STM image of a multdyer Cg, film on HOPG. Right: corresponding
height histogram.
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The measured cluster heights which were present¢tibb, 104, 150] are the heights
without calibration and have to be corrected bgadr of 0.89. In all following data for
77 K from section 6.2 on the recalibrated piezaneea matrix is used. Only the heights
which are visible in line profiles show the rawaathe measurement of step heights of
a multilayer Go film at 5 K revealed that the calibration matror 6 K is correct within
the experimental errors.

6.1.3 Step edges and lattice constant of Au(111)

The STM images of Ag clusters or islands ag/Au(111) show step edges of the Au
substrate. For the correct interpretation of thages it is important to know the height
of an Au(111) step edge. Due to different reasamich are discussed in the following,

it is difficult to define an exact value for the @d1) step edge. The distance of the Au
layers in (111) direction amounts to

d111=1/3%/3g = 2.355A (6.1)

with the lattice constant ofpa 4.0785 A at 25°C [166]. The interatomic distarde
Au(111) is 2.8839 A. At 5K these parameters ark% smaller [167] (maximally
aaurtT = 14.2:10%K-300 K = 4.26-10° 0.4 %. aa, rr iS the thermal expansion
coefficient of Au at RT), which can be neglectedhivi the experimental errors of the
STM. For the first few layers one has to considdaxation effects, which lead to a
different height of the step edges of the firsel&y[168]. Due to a missing next layer at
the surface of a metal, the first layer is congdctowards the second layer which
results in a smaller heigli, for the step edge. The following few layers aretmone
hand contracted as well or on the other hand exgmhndwards the next layer. The
theoretical results of the multilayer relaxation fa(111) are illustrated in Table 6.1.

d12 d23 d34

-3.54% 0.57 % —0.09 %

Table 6.1: Theoretical results of the multilayer réaxation for Au(111) surfaces in percent as the
change from the bulk value of the spacings. Negatv (positive) values indicate contraction
(expansion) [168].

This means that one has to substract 3.54 % ob6223Bhich amounts to 2.27 A for the
distance of the first pair of lattice planes. Hoeeuhe relaxation close to a step edge
may be different. Because the height measuremetiteofirst pair of Au(111) planes
with STM is influenced by the local density of s®tind includes the corrugation of the
herringbone reconstruction, the experimental vafoeAu(111) step edges are higher
than the theoretical value. E.D. CHIDSEY et al. measured a step edge height of 2.36 A
[169], V. M. HALLMARK et al. [170] as well as RC. JAKLEVIC et al. [171] observed a
height of 2.5 A.

In Dortmund the heights of Au(111) step edges weeasured using Au(11l) line
profiles (see Figure 6.4). Due to the fact thatftrener 77 K calibration was alright for
Au(111) step edges, which are on an A scale, thasored Au(111) heights were not
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calibrated with the factor of 0.89, which was uged calibration of heights on a nm
scale.

Au(111)/mica Au(111) single crystal
300x300 nm?
Region Height Error Region Height Error
Blue 0.24126 0.00716 Blue 0.24975 0.00838
Yellow 0.24438 0.00752 Pink 0.24920 0.0086p
Orange 0.25674 0.00959
Green 0.24362 0.00766
Mean value| 0.24310 0.00752 | Mean valug 0.24911 0.00889

Figure 6.4: Heights of step edges of Au(111)/micad an Au(111) single crystal measured at 77 K.

Figure 6.4 shows two STM images of Au(111)/micdt (lmage) and an Au(111) single
crystal (right image). The heights of the step sedgere measured in the colored
regions and for the Au(111) single crystal and Ad(Imica the mean value of the
measured height of the step edges was calculatedAl{111)/mica 112 line profiles
were measured in the blue colored region and 16hdaryellow colored region, which
represent the typical plateaus of an Au/mica setf&or the Au(111) single crystal line
profiles along the straight step edge were measimetie blue colored region 138 line
profiles were measured, in the pink colored redit6, in the orange colored region 20
and in the green colored region 46. In summaryptean value for the step edge height
of Au(11l)/mica is 0.243+0.008 nm and for the HiK) single crystal
0.249 + 0.009 nm. These heights are approximatelyagreement with the heights
measured by @DSEY, HALLMARK andJAKLEVIC.

6.2 Properties of fullerene layers on
surfaces

In this section the results and properties of fele layers on HOPG and Au(111l) are
presented. First STM images oégEHHOPG are shown and explained and compared to
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6 Results and Discussion

Ceo/HOPG. After that the properties ofgfAu(11l) are presented. Especially the
different orientations of §/HOPG and G/Au(111) are highlighted.

6.2.1 Css/HOPG

The preparation of thesgHOPG samples is described in detail in subse&i@r2. As
already mentioned, the four samples, which were@stigated within this thesis as a
comparison to the &g films discussed in subsections 5.2.1.2 and 6dift&r in the Gg
coverage. They were exposed to a dose of 5nAmihnAmin, 15 nAmin and
20 nAmin (see Table 5.1). STM images are depiateeigure 6.5. The STM images of
Csg/HOPG exposed to 5 nAmin look very similar to tlaenples which were exposed to
10 and 15 nAmin. Only the sample with the highegtosure of 20 nAmin shows a
clearly higher coverage withsg& Whereas 1 ML g forms compact round shaped
islands, Gg arranges in fractal-like islands which decorateR@B0Ostep edges as well as
flat terraces. In [148] it was shown that the fahdtike growth is due to £ forming a
covalently bound polymeric network under the dejpamsi conditions, which is still
weak enough to allow back-transformation to mon@we heating.

10nAmin 15nAmin
Figure 6.5: 1x1um2 STM images of ¢/HOPG exposed to a dose of 10, 15 and 20 nAmin.

Csg islands therefore form a very stable network, il by significantly stronger
fullerene-fullerene bonds than found for 1 Mgy®@an der Waals films. Thesgsurface
interactions are comparable to or even weaker @grCsg interactions which is the
decisive factor in & thin-film growth. A high sticking coefficient yids dendritic
islands of low fractal dimension, whereas a lovedal sticking probability results in
nearly circular densely packed islands, as obsefeedCs. This observation is in
agreement with the diffusion-limited aggregationLA) model for adsorbates [173].
Besides, higher lateral sticking coefficients amnsistent with the higher chemical
reactivity expected for the adjacent-pentagon-Kig cage structures, as well as for
other non-IPR fullerenes, which all show a fradited-island growth.

For increasing ion dose, the growth at step edgmsssdown while small compact
islands begin to nucleate on terraces. This leads reduction of the catchment areas
associated with islands at step edges. Increabimgldvse further causes the initially
small compact islands to become increasingly raahi{see Figure 6.5, right image) as
predicted by DLA models [174]. More details andnai force microscopy (AFM)
images can be found in [147, 148 and 149].
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6.2 Properties of fullerene layers on surfaces

Figure 6.6 shows STM images ofHHOPG exposed to a dose of 10 nAmin. With STM
at 77 K a higher resolution of thesLislands is obtained than with AFM, which
becomes apparent especially in the smaller imaldesimages show regions of higher
and lower LDOS, visible by brighter and darker eslorhis might be due to different
orientations of the £ molecules relative to the surface. Another poksilis that the
islands are not only two dimensional but start towgin the third dimension which
leads to higher regions within thegslands. This phenomenon is probable for a higher
coverage of . In Figure 6.7 two 500x500 nm? STM images g§/BOPG exposed to

a dose of 10 nAmin and 20 nAmin, respectively, sdrewn. The different coverage and
island shape are clearly visible. The STM imagehenright lets assume that the islands
are three dimensional due to the high coverage @thIn addition to STM images,
STS spectra of £§/HOPG could be interesting for future experimerdsréveal the
electronic structure in comparison to the electtqumbperties of gp.

Figure 6.6: STM images of G/HOPG exposed to a dose of 10 nAmin. The imagestimee middle are
extensions of the left image and are illustrated i8D by the rightmost images.

10nAmin 20nAmin

Figure 6.7: STM images of GJ/HOPG exposed to a dose of 10 (left) and 20 nAmim{ddle and
right). The different coverage is visible and the B island growth for high coverage.
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6 Results and Discussion

6.2.2 Cg/HOPG

As discussed in subsection 5.2.1.2, the first Mb.fGrms islands with smooth edges on
HOPG due to the weakerggCqo interaction in comparison to the stronggCsg
interaction. Besides, the interaction betweegp &d HOPG is very weak. The second
and all following ML Gy islands show a fractal-dendritic shape, followitige
hexagonal symmetry of the densely packed (111)asar{see Figure 5.6 and Figure
6.3).

In this subsection the molecular structure of 1 &WIL Cgo/HOPG is discussed
concerning the different orientations of the sindglg, molecules. 1and 2 ML
Cso/HOPG were investigated at 5 K with STM using gesitand negative tunneling
voltages. At this temperature the thermal driftésy low. As explained in section 4.1,
scanning with negative voltage images occupiecstat the sample and vice versa. In
Figure 6.8 four 10x10 nm2 STM images of 1 and 2 B@y/HOPG are shown, which
were scanned using positive and negative voltagbs. images are rendered in a
varicoloured 3 D shading to point out the structfréthe Go molecules.

The STM tip has to be brought into a very sharp stiathle condition by varying the
tunneling current and voltage. A double-tip wouldesr out the structure of theC
molecules. The stability is important because thmes sample area is scanned using
positive and negative voltages by reversing thanigl This change could destroy the
tip shape, if the tip shape is not stable enoudjie ihages of 1 ML g/HOPG and of

2 ML Cso/HOPG were scanned subsequently at the same sang@levith positive and
negative voltage, respectively.

As it is visible in Figure 6.8, the 1 ML ¢g molecules/HOPG all show the same
orientation. They only differ for negative and & voltages, which is due to the fact
that only occupied or unoccupied states are imaged.

The images for 2 ML g/HOPG look different than for 1 ML /HOPG. One clearly
observes three different orientations of the 2 My @olecules: a three-lobe and a
dumbbell-like intramolecular pattern and a brigipherical pattern. This becomes
apparent especially in the STM image which showesuthoccupied states of the 2 ML
Cso molecules (Figure 6.8 c)). The three patternsthree or twofold symmetric or
rather uniformly bright, which is indicated by hewas, squares, and pentagons in
Figure 6.8 c). This means that there are two ptessibplane orientations for the three-
lobe pattern and three for the dumbbell-like patt&/ANG et al. have shown that at
positive bias bright lobes correspond to pentagiriie Go cage [176]. This is due to
the fact that the pentagons have a lower electemsity than the hexagons which show
the highest intensity in STM images at positivenelimg voltage. Consequently, the
patterns can be assigned tgy @dsorbed on a hexagon, a double bond in between
hexagons and a pentagon. The enlarged differetgrpatare demonstrated in Figure
6.9, together with models ofs&molecules showing the different orientations [175]

G. ScHuLL et al. showed that on Au(111) the three orientatiof Go molecules show
different features in STS spectra due to diffeedattronic properties [177].
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6.2 Properties of fullerene layers on surfaces

1 ML Cgo/HOPG
a) 1 =0.050 nA, U = +2.038 V b) | =0.050 nA, U =-2.038 V

2 ML Cgo/HOPG
c) | =0.050 nA, U ==+2.038 V d) | =0.050 nA, U =-2.038 V/

Figure 6.8: High-resolution 10x10 nm2 STM images of and 2 ML C¢¢HOPG imaged at 5 K. The
molecules show the same orientation for positive drfor negative tunneling voltages.

Figure 6.8 d) shows the STM image of the occuptates of 2 ML GyHOPG, which
also shows three different patterns. The same saargh as in the STM image of the
unoccupied states is displayed, consequently theagens, squares and hexagons mark
the same gy molecules. The three-lobe intramolecular patterrttie unoccupied states
is again a threefold symmetric pattern for the poed states, the pattern which is
uniformly bright is dumbbell-like in the case ofaupied states and the pattern showing
a dumbbell-like structure for the unoccupied stétesomes slightly diffuse and differs
for the three possible in-plane orientations. THeeknt topography of g5 molecules

for negative and positive tunneling voltages isilsinto the one found in [178, 179],
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6 Results and Discussion

where the topography and structure of singjeriolecules on Au and Ag surfaces were
investigated with STS, STM and theoretical methodke STM image of the
unoccupied states ofg@HOPG is very sharp and the structures are clearlgentify,
whereas in the STM image of the occupied statepd#tierns are smeared out a little
bit. It is possible that the tip shape changedhtljgby reversing the polarity. This
becomes apparent especially for the three brightisspf the three-lobe structure, which
often overlap.

Figure 6.9:Left: 10x10 nm2 STM image of unoccupied states of (gHOPG. Right: a) Enlarged
images of the G, molecules. b) Corresponding top view models. Theegions which appear high in
the STM image of unoccupied states are highlighteih yellow and belong to pentagonal rings of the
Cso molecule [175].

The most fundamental question in this contextigy the 2 ML G molecules/HOPG
show three different patterns including in-planewtations. To discuss and understand
this topic the unoccupied states of 2 Mi/EIOPG are considered. If one looks at the
STM image carefully, one observes rows af @Golecules consisting of uniformly
bright spots with a few exceptions showing the doetlblike pattern. In the
neighboring rows the three-lobe molecules altermatie the molecules showing bright
spots or — in the case of the exceptions — witheowes showing the dumbbell-like
pattern. Thus the & molecules with the three-lobe pattern are at éefipositions in
the lattice without any exceptions. This structw@n be explained by the low
temperature phase otgnhich forces the molecules to be rotationally oede

Due to the temperature dependence of thgbQlk structure, the temperature range
between 5 K and 320 K can be divided into threaigso phase | (260-320 K), phase I
(90-260 K) and phase Il (5-90 K) [180]. In the pbd region, the § bulk molecules
rotate freely, effectively randomly and independieritom each other, which was
observed by x-ray [181], NMR [182, 183, 184], qualsistic scattering [185] and
powder neutron diffraction [180] measurements. At&Rbulk G crystal adopts an fcc

structure, space grou1‘srn§m [181], with all four spherical § units being symmetry
equivalent. In the temperature range of 90-260 agp 1l) the molecules in solidC
lose two of their three degrees of rotational foead and the lattice structure is

transformed into a simple cubic (sc, space grléaé), known as the rotational ordered
phase. At the critical temperature of ¥ 260 K phases | and Il coexist [180JEINEY et
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6.2 Properties of fullerene layers on surfaces

al. observed a critical temperature of 249 +1 K1J18The lowering of the crystal
symmetry is caused by the assignment of a loca&etbld axis to each of the four
distinct molecules in a unit cell. This leads tootwossible orientations for eachoC
molecule, which are energetically favored. Brietlye molecules on the face-centered
sites and at the corners of the former fcc laicecture become inequivalent due to the
development of orientational order which leadshe simple-cubic order of solidg§
below Tc. Figure 6.10 illustrates this phenomenon.

;| (111) direction

1 .
surface in
1
N
N
A

Figure 6.10: The Gy (111) lattice showing different orientations at lav temperatures, which can be
assigned to the orientations which were observed iie 10x10 nm2 STM image of unoccupied 4
states.

Below 90 K the Gy molecules are frozen into a rotational frozenggya phase. In this
state the rotational freedoms of the molecules@tadly lost; each molecule randomly
occupies one of the two orientation-dependent {ecakgy minima. In an idealized
ordered Go solid electron-deficient regions (pentagons) fatectron-rich regions
(inter-pentagon bonds) of neighboringoQinits, which leads to optimal molecular
electrostatic interactions and a reduction in theal symmetry and stabilizes the
relative orientation of adjacent molecules [186hck Go unit has six of its twelve
pentagonal faces and six of its thirty inter-pentagponds facing its 12 nearest
neighbors. This bonding interaction arises from rilged anticlockwise rotation of the
Cso unit at the origin of the unit cell around the (1Ekis by 98°. The other threg{C
molecules in the unit cell, centered on the culoedaare similarly rotated by the same
angle but about the other three (111) axes. Far rbdson the 4 molecules at the
corners of the unit cell show the three-lobe intbeoular patterns while the molecules
on the cube faces show a different orientatioaN®/ et al. studied a 10 ML thicksg
film on a Si(100) 2x1 surface and observed veryilammtramolecular patterns for the
Cso molecules as it is shown here for 2 MlgoEIOPG. The difference to the STM
image taken in Dortmund is thatANG et al. did not observe molecules showing bright
spots, but only molecules with the three-lobe pattend molecules with the dumbbell-
like pattern including in-plane orientations [178his is possibly due to the fact that
WANG et al. studied a & film which was completely decoupled from the sudist,
whereas the 2 ML thick 4g film investigated within this thesis could stik linfluenced
by the substrate. The bright spaj@olecules were also observed for 1 My/8OPG
and are possibly typical for a&¥film which interacts with the substrate. The males
showing the dumbbell-like pattern seem to be typica Cso molecules on face-
centered positions of a unit cell golid Csp. The STM image in [176] observed by
WANG et al. does not show different in-plane orientadidor the three-lobe &
molecules either, but three in-plane orientationg§lil1) direction of the dumbbell-like
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Cso molecules. This is due to the fact that the implarientations of the three-lobe
structure are defined by the orientations of thenloloell-like structure due to energy
minimization. In contrast, if the & molecules with the three-lobe pattern are
surrounded by g molecules showing the bright spot pattern, them different
possibilities for the in-plane orientation of thede-lobe G molecules due to the fact
that this arrangement is highly symmetric.

In solid Gso the high symmetry of theggmolecules allows the interactions of adjacent
molecules to be optimized identically for all 12anest neighbors. On the surface of a
Cso solid the translational symmetry is broken. Thdeunoles at the surface have only
nine neighbors instead of 12 in the bulk. Nevedbelthe STM images taken in
Dortmund and taken in [176] show the existence Bk superlattice indicating that a
crystal field involving nine nearest neighbors @f @olecules is still capable of driving
the molecules to an orientationally ordered sth8Y].

The results concerning the different orientatioh€g molecules/HOPG were achieved
after evaporating £ on HOPG at RT. The growth mechanism at RT andskiagpe of
the Gy islands were discussed in detail as well as tbp Beights of a multilayer

film on HOPG. Due to the different electronic prdpes of Go and HOPG the step
height as measured with STM of 1 MLeg®BHOPG is 1 nm and 0.81 nm for the
following monolayers. In contrast to the RT evapiora the island shapes look
different for the evaporation ofggon HOPG at 100 K and subsequent RT annealing. In
Figure 6.11 STM images ofgHOPG evaporated at 100 K and annealed for 1 Hrat R
are depicted.
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Figure 6.11: STM images scanned at 77 K and line pfile of C¢ HOPG evaporated at 100 K and
annealed for 1 h at RT.

The reason for the annealing of 1 h at RT wasdhewing: Age,3 was deposited on the

HOPG sample at low temperatures for taking UPStepésee section 6.6). The sample
was kept at 100 K to avoid coalescence of thg,Agdlusters on the pristine HOPG

substrate. ¢ was evaporated followed by an annealing at RTing 6ut if there is an
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6.2 Properties of fullerene layers on surfaces

arrangement of clusters andoCwhich interacts stronger with metal clusters thaitn
HOPG, which could lead to self assembled structudasinteresting arrangement of
Cso molecules and clusters was not observed but ofréeesample areas which were
not covered with Agps the growth mechanism ofggevaporated at low temperatures
was studied.

In contrast to G evaporated on HOPG at RT, the first ML is not ctetgly closed, but
both small and large holes and fissures are visgihlewing the pristine HOPG surface.
The second ML & does not grow in a fractal like manner, but srhakagonal shaped
islands grown in (111) direction are visible (seguFe 6.11). The line profile depicted
in Figure 6.11 shows that the small islands onfitise ML Cgo have a height of around
0.81 nm. The reason for the different growth memanat low temperatures is the
limited mobility of the Gy molecules. The higher the mobility of thgo@olecules, the
higher the completeness and order of the firstsabnd ML Gy and the larger the 1
and 2 ML Gy islands on HOPG.

6.2.3 Ceo/Au(111)

In addition to Gy on HOPG, also the orientations ok,Omolecules which were
evaporated on Au(111l) were studied. The differenéntations of G on HOPG
become apparent by investigating the intramolecsiiarcture with STM at 5 K. The
three different intramolecular orientations disagss 6.2.2 were also found for 1 ML
Cso/Au(111) [175]. In contrast to JHOPG, different patterns due to a certain
arrangement of £ molecules with different orientations for 1 MLggAu(111) can be
found on a larger scale for certain areas of 1 Mb.i§lands. Figure 6.12 displays the
three different close-packed adsorbate phas@fl)C Gso(2) and Go(3) of 1 ML
Coo/Au(111).

The black areas in Figure 6.12 represent the ba(&1A) surface, the white areas 1 ML
Cso islands on a terrace which is an Au(111) step ddgker. The strong contrast is
necessary to emphasize the differegy fiatterns.

The crystallographic directions ofg§2), which shows only some dark colored,C
molecules having a different orientation than thghier Gy molecules, match those of
the Au(111) surface. dg(2) has a 38x38 unit cell containing 1d,@nolecules [143,
188]. In contrast, the (1) surface has a stronger pattern with both dak laright
molecules representing differentoCorientations. In this structure the close-packed
directions of the g run parallel to the Au(111) reconstruction linesl @are assigned to

a (2\/5 ><2\/§) R30° structure in which all & molecules are bonded at equivalent
positions. The third pattern —43) — was published by the group of BERNDT in 2007
and is organized in a supramoleculd@569 x4/589) R 14.5° lattice on Au(111). Its unit
cell is composed of 49 molecules in a (7x7) arrBg5]. An STM image of this &
superstructure is visible in Figure 6.13, togetiveth pictures and explanations taken
from Ref. [175].
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Figure 6.12: 162x164 nm2 STM image taken within tisi thesis of the three patterns of 1 ML &
molecules on Au(111) due to a certain arrangemenf €4, molecules with different orientations.

The huge adsorbate unit cell is due to long rammgencensurability with the underlying
Au(111) lattice. The orientation of thesgdmolecules varies periodically resulting in a
Moiré pattern. The darker ¢& molecules in Figure 6.13 a), all showing threefold
symmetry, suggest that several Au atoms are missimderneath. XZHANG et al.
proposed that the regularly spaced dark spots aused by some kind of surface re-
organisation of gold atoms. Upon the adsorptionCgf, top layer gold atoms re-
organize and the reconstruction of the clean Auyli%llifted. Instead of atoms
resuming to their bulk truncated positions theyrfan isotropically compressed close-
packed layer under the influence of thg @olecules [189].

Since the thermally activated decay of Ag cluster<Gy/Au(111) and G/HOPG was
studied within this thesis, the RT stability okoOnolecules on Au(111) plays an
important role. For this reason the RT stabilitylofiL Cso(1) on Au(111) — with its
different orientations visible by dark and briglpiots — was studied with STM at RT
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6.2 Properties of fullerene layers on surfaces

[146]. The four STM images ofgg{1) on Au(111) in Figure 6.14 were measured at RT
and are out of a larger series. They were consatytmeasured at the same surface
area and it took 22 min to take one image.

b) c)

Figure 6.13: a) Detail of Figure 6.12: enlarged 5238 nm2 STM image of 1 ML GyAu(111) with Cgq

being organized in a 589x\/§3) R 14.5° lattice on Au(111). b) 32x20 nm2 and pséo-3D 20x20
nm2 STM images of G islands deposited at room temperature on Au(111)The highlighted
rhombus defines a unit cell. The dashed lines indite equivalent cells [175]. ¢) Top: pseudo-3D
STM image (0.8x8 nm?) of the G line marked by a blue rectangle in b). Middle: si@ view model of
molecular orientation. Bottom: top view model of tre lateral arrangement of the molecules [175].

Due to thermal drift the sample area slightly crehffom one image to the next. The
red frames in Figure 6.14 mark the common regiohghe four STM images.
Localizing fixed positions, visible by the orangectes, one can align the frames and
calculate the difference images 2—-1, 3—2 and 4-A&. €early observes that most of the
molecules have remained in the same orientationchwis represented by the grey
areas, while a few have either turned from darkrtght (white dots) or from bright to
dark, (black dots). This change in orientation afl B in agreement with the
observations by H. ALTMAN in [190].

In contrast, performing the same STM measuremdnt§ & (see Figure 6.15) shows
that the Go film is completely stable on a timescale of hoarsl that not a single
molecule changes its orientation. A much lowertdhién at RT can also be observed.

81



6 Results and Discussion

a)
1 2
3 4
b)
2-1 3-2 4-3

Figure 6.14: a) 33x33 nm2 STM images of 1 ML £(1)/Au(111). Images 1, 2, 3 and 4 were imaged
sequentially at RT at the same sample area and ibok 22 min to take one image. Red frames mark
the common sample area, changing slightly due to ¢hmal drift. Orange circles mark fixed
positions. b) Difference images indicating the swih of the G, molecules from dark to bright or
bright to dark [146].

In summary, at RT thegglayer on both Au(111) and HOPG is a dynamic sysigtin
rotation of the molecules, which might enhance dtiision of material on the layer,
whereas at 77 K and at 5 K such effects can béysadglected.
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3 4

Figure 6.15: 33x33 nm2 STM images of 1 ML £(1)/Au(111) measured consecutively at the same
sample area at 77 K. The & film is long-time stable and the G, orientations do not change.

6.3 Thermally activated processes of size
selected Ag clusters

In this chapter the results for the deposition iné selected Ag clusters are presented
and discussed concerning the thermally activatedgsses of the Ag clusters og.C

The experiments proceeded as follows: size selestpdlusters were deposited on a
Cso functionalized Au(111) or HOPG sample at low terapgares. The preparation steps
and the details of the cluster deposition are piteskin chapter 5. After deposition it
took around 15 min to transfer the sample intoSM& which was held at 77 K or 5 K.
The sample was investigated with STM and the diustgghts were analyzed with the
programWSxM(see section 6.1.1). Then the sample was anndéaledifferent time
intervals below and at RT and after every anneaditep the sample was investigated
with STM to study the cluster height.

The RT stability of size selected Ag clusters o @epends strongly on the sample
substrate. If size selectggometrically magiclusters (section 6.3.1) are deposited on a
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metal surface like Au(111) functionalized with 1 Mg, the clusters decay during the
annealing at RT, penetrate thgo@Im and form Ag islands with the step height of
1 ML below the Go (sections 6.3.1.1 — 6.3.1.5). The decay is expthiny atomistic
calculations done by MHAEL MOSELERINn section 6.3.1.8. During decay a metastable
cluster size, which has an extremely narrow clusteight distribution, occurs. In
contrast, if the clusters are deposited on 2 Mi/ALI(111) or on 1 or 2 ML g/HOPG,

the Ag clusters are long-time stable at RT andatalecay (sections 6.3.1.4 — 6.3.1.7)

The thermally activated processes of size seleggethetrically non-magié\g clusters
(section 6.3.2) was studied as well and it was eskethat geometrically non-magic
clusters do not decay but show Ostwald ripenindl[1&hich also leads to the same
metastable cluster size which was observed for géarally magic clusters. Due to the
fact that we have indications for Ostwald ripenislgo for annealed Ag clusters,
Ostwald ripening probably occurs in general for Blasters with less than 147 atoms.

6.3.1 Decay vs. stability of geometrically magic Ag
clusters

6.3.1.1Agy (N=55, 309, 561) / 1 ML G/ Au(111)

Agsoe and Age; were deposited at 165 K on 1 MLggAu(111) to guarantee the
stability of the clusters. Ag was deposited at a lower temperature of 115 K usera
there were indications that the decay ofsAglusters already starts below RT.
Contamination of the sample at low temperatures gebre critical below 100 K
because a number of gases forming the residualsymescondense below this
temperature [192]. STM images and height distrindi after the low temperature
deposition of Ags, Agzog and Age; on 1 ML Go/Au(111) are shown in Figure 6.16 and
Figure 6.17.

After the low temperature deposition the clustaeghis in the different images shown

result in narrow cluster height distributions wadluster heights of h = (1.38 + 0.15) nm
for Agss, h=(235%£0.15 nm for Ag and h=(2.77x0.02)nm or

h = (2.67 £ 0.20) nm, respectively, for #g The narrow height distributions show that
the mass selection and soft landing of the clustars successful. Only some clusters
which coalesced in the center of the depositiort bpge larger heights. In Figure 6.17
it is shown that the cluster height is independenrn the cluster density. The STM

images in Figure 6.17 a) and b) were measuredegian with lower and higher cluster

density. As represented by the height distributitresclusters measured in the low and
high covered region have the same height [146]. [&lger width of the cluster height

distribution measured from clusters in the regiathviigher cluster coverage is due to
the coalescence of some clusters. The differencthefmean values of the heights
(2.77 nm and 2.67 nm) is within the error of 5 %tldé STM measurement. A non

negligible factor is the shape of the STM tip whiwds some influence on the cluster
height [193,194].
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Figure 6.16: STM image at 77 K and height distribuibn of Agss/1 ML Cgy/Au(111) ater the
deposition at 115 K (top) and Aged1 ML Cey/Au(111) (bottom) after deposition at 165 K.

Much stronger the STM tip influences the width ofabject. As it is visible in the two
STM images in Figure 6.17, the clusters in theaegvith low and high coverage have
the same height but a different width. This is tuéifferent condition of the STM tip.
The width of an object is always a convolution tsf ieal width and the shape of the
STM tip, as it is explained in section 4.1. If thare two different cluster sizes on the
same sample one observes a different width of itinler and larger clusters showing
mainly the relative heights. To get information abthe width of a cluster there are
different possibilities. In order to investigateetabsolute width of the clusters some
groups deconvolute the tip shape from the STM inwgrusters with special programs
algorithms. Another more precise experimental metttomeasure the cluster width is
Transmission Electron Microscopy (TEM).

The results show that Ag Agsog and Age/1 ML Cg/Au(111) are long-time stable at
77 K and that they have a narrow height distributi@nly in regions with a higher

cluster density some clusters coalesced. As alrdmdyssed the RT stability of clusters
on surfaces is of great importance for applications
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Figure 6.17: 77 K STM images of Agi/1 ML Cgy/Au(111) scanned in a region with low (a)) and
high (b)) coverage and corresponding height distribtions. The cluster height is independent of the
cluster density. The different width of the clustes is due to different shapes of the STM tip [146].

For this reason the Agl ML Cg/Au(111) samples were annealed and after that itchage
with STM at 77 K in order to investigate possibleanges of the cluster heights. The
height distributions of Agd1l ML Cgy/Au(111) after different annealing steps together
with two STM images are shown in Figure 6.18. Tammgle was annealed for 45 min at
265 K and for 10, 25, 45, 90 and 180 min at RT mnaged with STM at 77 K after
each annealing step. After 45 min at 265 K the telusieights did not change
significantly, but after annealing for 10 min at Rfie broadened height distribution
shows that that cluster heights shrink. After 2B mi RT a second maximum in the
height distribution is formed and after 45 min &t &e clearly observes two maxima at
1.55 nm and at 2.05 nm. In the STM image takerr dfemin at RT the two different
cluster sizes are visible by different colors arftecent cluster widths. Besides, below
the Gy film one observes islands with the height of 1 Mg which indicate that the
decrease of the cluster height is due to a theynaallivated decay of the clusters on
1 ML Cgo. After 90 min and 180 min at RT, respectively, ttlesters completely
decayed to a height of around 1.5 nm. In the SThgenin Figure 6.18 taken after 90
min at RT the islands below thesfare well visible and only one cluster size is
observable. A few larger clusters due to coalesz@ne visible because after the decay
the STM images were taken in a region with highester coverage to gain good
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6.3 Thermally activated processes of size sele&tedusters

statistics for the height measurement. The clusiee of 1.5 nm height was also
observed after the RT deposition of 3pg) Agse1 and Agos [165, 86] and seems to be a
metastable height.

After deposition of geometrically magic clusterML Cgy/Au(111) at RT instead of
165 K, the sample was annealed for 12 h at RT amwdas observed that nearly all
clusters decayed on 1 MLg§2

An STM image taken in the center of the deposipot after annealing for 90 min at
RT is depicted in Figure 6.19. The Ag which pertettathe Go film has formed a
network below the g An interesting aspect concerning the decay otthsters is the
fact that the clusters decay in a shorter timehenGso(2) surface, which matches the
crystallographic directions of the Au(111) subsrdn contrast, on (1) which has the

typical (2\/§ ><2\/§) R30° structure, the clusters are stable forngdo time. The two
STM images in Figure 6.20 show several clustersldilL Cso(1) and only a few
clusters on 1 ML y(2) together with Ag islands below thegy@lue to clusters which
penetrated the §42) film. The cluster heights onegl) and Go(2) after 45 min at RT
are depicted by the height distribution in Figur206 The heights on the two phases of
Cso do not differ significantly. Both larger and snealclusters were observed ogy@)
and Go(2), before the clusters completely penetrated>dadilm.

For the deposition of Agy/1 ML Cgy/Au(111) similar results were observed [146]. In
order tocheck the stability of the deposited clusters, shenple was subsequently
annealed in the same way as theedglusters, this time at 215 K, 265 K and RT, each
time for 45 min, and for 15 h at RT. Below RT wel diot observe a significant change
of the cluster height distribution. After 45 min &T, the cluster heights have
significantly decreased (see Figure 6.21). Thectffe Ag coverage is observed to be
lower than after deposition, because together avégmaller cluster height the number of
clusters per area is constant or even lower théordannealing.

The two-peak structure of the height distributioftera annealing Ags/1 ML
Cso/Au(111) for 45 min at RT is similar to the heigdistribution of Agedl ML
Cso/Au(111) after 45 min at RT. Additionally it is @dy corroborated by the height
distribution in Figure 6.21, which was measuredAgge; clusters deposited at RT and
transferred into the 77 K STM, after about 45 niia{g].

The metastable cluster size of.5 nm height is visible in the height distributtiafter
annealing for 45 min at RT. Due to the fact thas #xperiment was made earlier than
the deposition experiment of Ag, the sample was not annealed for 3 h at RT but
directly for 15h at RT, so that a height histogravhich might show a narrow
distribution at only 1.5 nm could not be observed.
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Figure 6.18: Height distributions, STM images and ihe profiles after annealing Aggy/1l ML

Ceso/Au(111) for 45 min at 265 K and 10, 25, 45, 90 aritBO min at RT.
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6.3 Thermally activated processes of size sele&tedusters

90 min RT

Figure 6.19: 300x300 nm2 STM image of Agd1l ML C¢/Au(111) taken at 77 K in the deposition spot
after 90 min at RT. A network of Ag islands below Gy is visible.
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after 90 min at RT and height distributions after 4 min at RT. On Cso(1) Agsog Clusters are stable
for a longer time than on G(2). The cluster height is independent from the g phase.
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Annealing of Ag s61/1 ML Cgo/Au(111)
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Figure 6.21: Height distributions after annealing Agsgi/1 ML Cgy/Au(111) for 45 min at 200 K,

215 K, 265 K and RT and STM image and line profileafter annealing for 45 min at RT. The two

different cluster heights are clearly visible [146]
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6 Results and Discussion

Keeping the samples with the &g clusters deposited at 165 K for 15 h at RT finally
leads to the disappearance of almost all clus@néy in the areas in the center of the
deposition spot some small clusters remained [186i.this reason there is no height
distribution for clusters after 15 h at RT due tmpstatistics. The STM image in Figure
6.22 imaged after annealing for 15 h at RT showsighgnds below the & film of
about 0.3 nm height which result from the decayeggsAclusters on 1 ML .

rd. N
(o2

oZ[nm] .

w1
—
;
:}*
:f B
!
£
S
=

300x300 nm?
Figure 6.22: STM image and line profile of Ags/1 ML C¢y/Au(111) after annealing for 15 h at RT.

The results of annealing Agll ML Cg/Au(111) are slightly different. After deposition
at 115 K Ags has a height of 1.38 nm which is smaller thannietastable cluster size
of h 1.5 nm. Therefore a decay of &#gvould not lead to the metastable size. But,
after annealing Ag/1 ML Cgso/Au(111) for 3 h at RT, the height distribution sf®a
small maximum at h 1.5 nm, together with a second maximum at 1.1§se® Figure
6.23). This indicates that the metastable clusize snight be reached by another
process for Ag. The maximum at 1.16 nm lets assume that some dhgsters decayed
while other seemed to ripe to larger clusters. Assgue explanation for this
phenomenon is Ostwald ripening [191], which is ekpd in more detail in section
6.3.1.5 and 6.2.2 together with the results fomgetically non-magic clusters.

In summary the results of this section show thanggtrically magic Ag clusters are not
stable at RT on 1 ML §J/Au(111). A thermally activated decay or thermalltivated
ripening of the clusters, respectively, lets thestdrs change their size. During this
processes a metastable cluster size occured, wghimbre stable at RT than the clusters
as deposited. This metastable size stayed stabsofoe hours at RT before all clusters
finally penetrated the & film. The cluster density decreased and finalllyaxg islands
below the G, remained.
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Figure 6.23: Height distributions of Agss/1 ML Cgy/Au(111) after deposition and after 3 h at RT.

6.3.1.2Agy (N=147, 309) / 1 and 2 ML G/ Au(111)

In order to observe if geometrically magic Ag carstalso decay if they are deposited
on more than 1 ML €, Agsoo Clusters, and in a later experiment alsoAglusters,
were deposited on Au(111) covered with one closédQyh and less than an additional
second ML Go. For the deposition of Ago in total 1.7 ML G were evaporated on
Au(111) so that one had regions covered with 1 Mb. &hd areas with 2 ML £ (see
section 5.2.1.1). This had the advantage thatekelts of Agge on 1 ML Go/Au(111)
could be corroborated and additional information AQzp9 0N 2 ML Gso/Au(111) was
obtained. Agoo Was deposited at 165 K on 1 and 2 M§y/Bu(111) and a cluster height
of around 2.2 nm was measured on 1 and 2 M{1®5]. The height is smaller than for
Agsoo deposited on only 1 ML 4. In this experiment (see section 6.3.1.1) a cluste
height of 2.35 nm was measured. This deviationassiply due to the fact that the
measurements were made with another STM tip, witgh influence the height
measurement. Also another Au(111)/mica substrate wgad. Small influences of the
elastic properties of these flexible substrateshenSTM control loop and therefore on
the z-calibration cannot be excluded. STM imaged &aeight distributions after
deposition and after annealing ¢l and 2 ML Gy/Au(111) are shown in Figure 6.24,
Figure 6.25 and Figure 6.26.
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165 K

100x100 nm?2

35 min RT

200x200 nm?2

Figure 6.24: 77 K STM images of Agyy1l and 2 ML Cgy/Au(111) a) after deposition at 165 K, b)
after annealing for 35 min at RT.
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3hRT

200x120 nm?2

12 h RT

200x200 nm?2

Figure 6.25: 77 K STM images of Agdl and 2 ML Cgy/Au(111) c) after 3 h at RT, d) after
annealing for 12 h at RT.
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Ag 309/2 ML CGO/AU(lll)

Ag 309/1 ML CGO/AU(lll)

6 Results and Discussion
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Figure 6.26: Height distributions of Agy/1 and 2 ML Cgy/Au(111) after deposition and after every

annealing step. Agge0on 1 ML Cgo decays, whereas Ago on 2 ML Cg Stays stable [195].
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6.3 Thermally activated processes of size sele&tedusters

In order to study the expected decay og#@n detail on 1 ML Go and the behavior of
Agsoe On 2 ML G the sample was annealed in small steps. Firstsémeple was
annealed at 215 K and 265 K for 45 min each tinfeenTit was warmed up to RT for
different time intervals, amounting to total tim&sRT of 10 min, 25 min, 35 min, 3 h,
12 h, and 33 h 30 min, respectively. After each eafing step the sample was
transferred back into the STM where it was imaged7aK [195]. For Agoy deposited
on 1 ML Gy, first changes in the height distribution occueaheating the sample to
265 K for 45 min. The mean cluster height shiftdawer values and the distribution
gets broader (see Figure 6.26). After a total @25 min at RT the height distribution
is centered at 1.56 nm and ranges from below lmmmdre than 2.2 nm (see Figure
6.26). After 35 min at RT the cluster height distition gets narrower again, but the
mean cluster height stays at 1.56 nm. After 3 IR&tan extremely narrow height
distribution with a maximum at 1.5 nm was observed which was much narrower than
the height distribution of Agy measured directly after deposition (see Figur&)6.2
This phenomenon is an indication that the metasteakisters not only have a uniform
size, but also a fixed orientation relative to @g. The width of the measured height
distributions after deposition is assumed to be tualifferent orientations of the
clusters to the g, because the number of atoms is the same andrthreoé the mass
selection equals only 1 % of the selected clustr @ection 3.1.3.1). After 3 h at RT
the number of clusters per area had decreasedisagiy on the 1 ML G areas and
small Ag islands at the ggAu(111) interface were observed as shown in Figups.
After annealing for 12 h at RT the clusters on 1 Klg have penetrated thesdfilm
completely as depicted in Figure 6.25. Thus, tlesist no height distributions on 1 ML
Ceo after annealing for 12 and 33.5 h at RT.

The results for Agy2 ML Cgi/Au(11l) were different. The cluster height was
measured after every annealing step, but no charfghe cluster height were observed.
The height stayed identical within the experimesetabrs for all annealing steps [195].
This means, that the Ag clusters on 2 ML & stayed stable, the cluster density
remained constant and no Ag islands below 2 My Were observed. The height
distribution measured after annealing for 3 h at iR broader due to coalescence of
clusters in the center of the deposition spot. dda were taken at this position because
only in the center there were still enough clustarsl ML G to get good statistics for
the height distribution. The little change of tHaster height after 33.5 h at RT (from
h=2.18+0.13nm to h=2.10 £ 0.14 nm) is pdgstlue to the fact that the clusters
subside a little bit into theggor simply to another condition of the STM tip. Tlaeger
mean value after deposition and the larger widthhef height distribution are due to
cluster coalescence in the center of the depos#pmt. The mean value of the cluster
height distributions with a small width is alway®and 2.15 nm.

For Agis7 deposited at 165 K on 1.3 MLgAu(111) similar results were observed.
After taking STM images at 77 K directly after defimn, the sample was annealed for
45 min at 265 K and for 15, 45, 90, 180 min, 3 &® h at RT. The height
distributions after deposition at 165 K, after 4lrat 265 K and after 3 h and 12 h at
RT are depicted in Figure 6.27. One problem wasttiecooling of the cluster source
was interrupted during the deposition so that thercee warmed up which lead to
contamination of the sample.
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Figure 6.27: Height distributions of Agy7/1 and 2 ML Cgy/Au(111) after deposition at 165 K and
after 45 min at 265 K and 3 and 12 h at RT. For Ag/1 ML Cg/Au(111) a decay is observed, the
clusters on 2 ML Gy stayed stable.

After deposition at 165 K the contamination wasyoobserved on the free Au(111)
areas on the sample which interacts stronger witborpates than & Due to
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6.3 Thermally activated processes of size sele&tedusters

contamination the herringbone reconstruction of JAd) was not visible. After
annealing, the adsorbates partly coalesced withclingters or diffused onto theglC
planes. This leads to an additional peak at h23(%.0.06) nm in the height distribution
of Agis7/1 ML Cg/Au(111) measured after annealing for 3 h at RT &nthe larger
mean value of Ag7/2 ML Cgy/Au(111) measured after annealing for 12 h at R& twu
coalescence of adsorbates and clusters. The hdigfinbutions in Figure 6.27 were
measured in the outer regions of the depositiort, spbere the contamination was
lower. Apart from the contamination, the decay @fA and the metastable cluster size
of h 1.5 nm were observed. After deposition extremedyraw height distributions
were observed and a height of 1.8 nm was measured on 1 and 2 Mdy/8u(111).
After annealing for 45 min at RT there were no gigant changes of the cluster height.
The height distributions after 15, 45 and 90 miiRR&tindicate the decay of the clusters
on 1 ML Gso and the stability of Ag; on 2 ML G, but due to the fact that the STM
iImages were taken in a region with strong contatiinano clear structures in the
histograms could be pointed out. After annealing3d at RT the STM measurements
were taken in a region with lower contamination ethieads to a height distribution for
Agi471 ML Cgo/Au(111) showing a peak at the metastable clusger of h 1.5 nm,
whereas the clusters on 2 MLlsgShowed no changes in height. After 12 h at RT the
Adgi47 clusters on 1 ML g completely decayed and in contrast the cluster i Cgo
stayed stable. An STM image of Agl and 2 ML GyAu(111) annealed for 3 h at RT
is shown in Figure 6.28. It is visible that thestkrs on 2 ML G are larger than on
1 ML Cgo. Ag islands below 1 ML g and the contamination on Au(111) and 1 Mg C
are visible.

256x256 nm2 contaminated Au(111) area

Figure 6.28: STM image of Ag,71 and 2 ML Cgy/Au(111) after anneling for 3 h at RT.
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6.3.1.3The"magic’ metastable cluster size

The cluster height distributions peaked at 1.5 mvhijch were observed on 1 ML
Cso/Au(111) after 25 min and 35 min at RT for Agor, getting extremely narrow, after
3 h at RT for Ags7 and Agoo hint at a metastable configuration with highersity
than larger and smaller clusters. In analogy te ftkisters one could call this size a
“magic number’ [46, 47]. It is not clear a pridrat it will correspond to a configuration
already known from gas phase clusters; in any d¢heseextremely narrow height
distribution after 3 h at RT suggests that thetpmsiand orientation of these clusters on
the substrate may be more homogeneous than faiubers as deposited. NeithersAg
(with a height of (1 3 + 0.2) nm after depositidn1ld5 K) nor Ags7 (with a height of
(1.8 £ 0.2) nm after deposition at 165 K) directlgrrespond to the peak at 1.5 nm
cluster height; these sizes therefore do not quad candidates for the metastable
'magic’ structure. It would be very interesting aondeful to find out the number of
atoms of the metastable size which could help faéx its stability and its preferred
binding orientation relative to thes& The knowledge of the width could also be helpful
in order to make - together with the known height 4.5 nm - an approximation for
the number of atoms per cluster for the metastalblgter size. With STM it is neither
possible to count the number of atoms per clustar,to measure the absolute width.
Thus, other methods, e.g. TEM, are required tondetine width and consequently the
number of atoms of the metastable cluster size.

A possibility to get information about the width thie mestable cluster size from STM
would be the production of a so call€gy necklace After depositing Agp on 1.7 ML
Cso/Au(111) and after the different annealing stepsaup3.5 h at RT, 0.1 ML & were
evaporated at RT. Due to the fact that the intevadbetween the clusters andy@s
stronger than the interaction beween the alreadstieg G and the additionally
evaporated §p, it was expected that the 0.1 Mlgfare located around the clusters like
a necklace. This behavior is known from rare gésse gas necklace) and is achieved
by desorbing a rare gas from a surface covered dlisters [196]. Before the rare gas
is completely desorbed, the last rare gas atonid hecklaces around the clusters due
to the stronger interaction with metal clusterse Ty, necklace might help to define the
cluster width by counting the number ofp@Gtoms around a cluster. Thus, due to the
well known diameter of a & molecule, one could calculate the cluster diamétethe
case of the Ago clusters on 1.7 ML §g, the metastable clusters on 1 ML nearly all
decayed completely after anneling for a few hour&®@& Therefore, only the stable
Agsoo Clusters on 2 ML g were on the sample and thgy@rowth could be observed
only for the Agog clusters, not for the metastable size. But if timsthod would be
successful, it could also be used in other exparigt®r the metastable clusters

In Figure 6.29 two STM images are shown taken aftemporating the additional
0.1 ML Gso. It is visible that the additional 0.1 MLg&is indeed located around the
Agsoo Clusters on 2 ML g and nowhere else. No necklaces but small islaederdte
the clusters which means that the coverage of 10w was too high. The most
crucial condition for the success of this methodnsextremely sharp STM tip. During
the experiment the STM tip was not sharp enoughdke the single § molecules next
to the clusters visible.
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6.3 Thermally activated processes of size sele&tedusters

Figure 6.29: STM images of 0.1 ML G, evaporated on Aggy/1.7 ML Cgy/Au(111) which has been
annelaed for 33.5 h at RT. G islands around the clusters are visible.

6.3.1.4Molecular dynamics and atomistic calculations

During this thesis we worked together withdMAEL MOSELER from Freiburg who
simulated the deposition process by molecular dye&@D) and explained the decay
of the clusters on 1 ML §/Au(111) by atomistic calculations.

In order to elucidate whether the experimental setilows for a softlanding of silver
clusters, the potential energy surface of the A#glAsystem was modeled by the
following analytic potentials. The metallic intetans (Ag-Ag, Au-Au and Ag-Au)
were described by the Gupta many body potentia¥][1Btrafullerene forces were
treated with the Tersoff potential [198, 199] ahe tnter-fullerene (van der Waals)
interactions with the Girifalco pair potential [300n order to parameterize the Ag-C
and Au-C interaction, a Morse potential was fittedhe (ab-initio derived) equilibrium
distance and adhesive energy of fullerenes adsarbedig(111) and Au(111) surfaces
[201], respectively, and to the experimental oatidh frequency of a fullerene charge
shuttle between gold contacts [202]. The modehefdubstrate consisted of a block of
9 Au(111) monolayers (with a lateral dimension &#%nm times 8.03 nm) covered by
64 Gso molecules. Periodic boundary conditions were a&pbpin the lateral directions.
The lowest gold monolayer was held fixed while a¢evin thermostat was applied to
the next 3 layers [203]. Prior to deposition, bthtd substrate and the icosahedratédg
cluster were thermalized to the experimental te@ipees Tupsrare= 165 K and
Teuster= 120 K, respectively. The cluster trajectory wstated 1 nm above the substrate
with a kinetic energy of 18 eV (the experimentalued and the deposition dynamics
was followed for 50 ps.

Figure 6.30 displays the final configuration 50gfer deposition. Although the cluster
mainly kept its global icosahedral shape (Figurg06a)), structural damage can be
observed in the vicinity of the carbon-silver ifiéee (Figure 6.30 b)) [146]. The
distortion of Agei can be explained by the relatively high adsorpstsength of 1.5 eV
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[201] of the fullerenes to an Ag(111) surface résglin the observed partial wetting of
the fullerenes by the silver atoms. The resultimgtatulation of the Ag; and the
fullerene layer (Fig. 7b) indicates strong frictitorces for lateral motion of the silver
clusters corroborating the experimental observatiat the clusters are not displaced
during scanning with STM.

Figure 6.30: Final configuration of a molecular dyramics simulation of Agg;impinging on a gold
supported monolayer of G, (a) Snapshot of the system after 50 ps. (b) A Onén thick slice of the
cluster from (a) showing the wetting of the centrafullerene (the other fullerenes are not shown) by
the silver atoms. Silver atoms are depicted by gregpheres, the fullerenes by blue cages and the
gold atoms are plotted in gold.

The geometrical height of the cluster was calcdlaés the vertical (z-) distance
between the highest atom of the fullerene layertardhighest silver atom. A value of
2.3 nm is obtained, which is around 0.4 nm smaln the STM derived value of

2.7 nm [146]. In order to check the sensitivitytloé final cluster height to variations
in the Ag-C interaction strength an additional dation using the weaker (Lennard-
Jones type) interaction of Garrison et al. [204pwarried out. Although the wetting
was less pronounced, the final height of the sibhester turned out to be essentially the
same as calculated with the stronger interactitves& findings point out difficulties in
the use of an STM to determine cluster heightsetedogenous cluster-surface systems,
which here are probably due to the different LD@®&tours of the cluster and thgqC
surface. MD simulations of soft-landing &g on 2 ML GyAu(111) showed similar
results.

The mechanism which allows the penetration of Agoufgh the G, film was
investigated by atomistic simulations using thet@uChen potential for Ag and Au
[205], the Brenner potential [206] for the intrge@nd the Girifalco potential [200] for
the inter-Go forces as well as Ag-C and Au-C Morse potenti@darriers for Ag
penetration were calculated for several undercoatdd Ag atoms at thegfAgsoo
interface by a constrained optimization with thetaince of the Ag atom to the Au
surface as reaction coordinate. A minimum barreglht ofE, = 1.1 eV for Agod1 ML
Cso/Au(111) clearly indicates that the timescale fengtration is of the order of hours
for RT tempering, while the barrier &, = 2.4 eV for Agos/ 2 ML Cso / Au(11l) is
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6.3 Thermally activated processes of size sele&tedusters

impenetrable at RT [195]. The reason for the Eyof the former can be inferred from
the transition state in Figure 6.31. The penetgafig is accompanied by another silver
atom that is still in contact with the cluster. the transition state the breaking of the
bond between these two atoms is facilitated byrewwent adhesion of the penetrating
Ag to Au(11l) thus lowering the barrier. On the esthhand, for Agyd2 ML
Cso/Au(111) the longer distance to the Au(111) presdaarrier lowering. The Ag dimer
has to break while the Ag is still far away frone tipold [195].

Figure 6.31: Atomistic calculations reveal a procesby which the clusters (in this picture Agg)
decay atom by atom through 1 ML GyAu(111) at RT. Ag atoms are depicted in grey, & in blue,
Au in gold. For clarity parts of the Cg are not shown.

This behavior was calculated for &gand Ags clusters. The further interpretation of
the atomistic calculations is based on the Arrhergguation which describes the
temperature dependence on the rate of a chemaior or a physical process:

%= Wi sexp(- Ep / kg 3T) (6.2)

wheret is the decay timeyp a constant defined by the Debye temperature oEAthe
barrier heightks = 1.38065-16° J/K the Boltzmann constant aficdhe temperature. In
the case of the clusters which decay at Rhias a value of 300 K in equation (6.2)
and thuskg-T 1/40 eV. The Debye frequency can be calculatddlksvs

wp =X8°TD. (6.3)

To = 226 K is the Debye temperature of Ag, and tleeefiy, 3-10° 1/s. This means
that for a barrier o, = 1.0 eV¢ amounts to around 2 h which is a realistic timiesca
for the observed decay. A difference in the barhieight of only 0.1 eV leads to a
drastic change of. A barrier of e.g. 0.9 eV leads b 144 s andg,=1.1¢€eV to
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t 5d. The calculated barrier for &g on 2 ML Go/Au(111) of 2.4 eV leads to the
decay time of  5-10years.

In future experiments it is planned to use anotbleister material, e.g. Au. An
interesting question would be if Au clusters shbe same behavior on 1 and 2 M,C
at RT as Ag clusters. For this reason the MD sitraria concerning the soft landing as
well as the atomistic calculations concerning thabisity on 2 ML Gy were also
performed for Au clusters. The results were simaarfor Ag clusters. The barrier for
Au clusters on 2 ML g/Au(111) is lower than for Ag clusters (only aroua&V) but
still high enough to guarantee stability on 2 M§o.C

6.3.1.5Agn (N=147, 309, 923) / 1 and 2 ML £/ HOPG

Since the decay of Ag clusters on 1 Mky@ strongly influenced by the the Au(111)

substrate, it was assumed that the decay doesaketplace if the substrate is not

metallic. For this reason geometrically magic Agstérs were deposited at 165 K on an
HOPG surface functionalized with 1 and 2 Mg,C

For the direct comparison to the results ogyAl(111) Agoe Was deposited on
Ceo/HOPG [195] and in a later experiment $Ag After deposition of Aghy on 1 and

2 ML Cgo/HOPG a cluster height of 2.2 nm was measured with STM at 77 K on 1 and
2 ML Cgo which agrees with the height of &g measured on §/Au(111). On the free
HOPG areas no clusters were observed which isaltreetfact that the clusters on bare
HOPG are too mobile to image them with STM. Thedigplaces the clusters during
scanning because the interaction between clustersi®PG is very weak. To study the
RT stability of the clusters, the A@/Cso/HOPG sample was annealed for 45 min at
265 K and for 15 min, 45 min, 3 h and 12 h at R #re heights were measured after
every annealing step. The results of the heightsomeanent are displayed by the height
distributions in Figure 6.32. The clusters staytdle on 2 ML G after annealing for
12 h at RT. Also on 1 ML § the clusters did not decay [195]. The small changehe
mean value of the cluster height are within 5 Y@rrwhich is typical for the STM
measurement. The only change of the sample wasleviafter annealing for 45 min at
265 K. The clusters which were deposited on fred’BGreas moved to the step edges
of the 1 ML Gy islands and coalesced continuously after eachadingestep. Five STM
images of different annealing steps are shown guréi 6.33 and Figure 6.34. They
represent the status of the sample during the wdxqeriment.

Due to the stability of the clusters STS measurésmehAgo and Ag,sz on Gy/HOPG
were performed which are presented in section 6.5.

At the end of the experiment the sample was takgnobthe surface science facility
and was stored in an exsiccator. After three motitassample was transferred into the
UHV chamber again, heated for 1 h at 100°C andreamwith STM at 77 K in order to
find out if the clusters are still visible afterckua long time at RT. The sample was
contaminated because it was exposed to air antigaeng for 1 h at 100°C removed
only the water film.
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Ag 309/HOPG

Ag 309/2 ML CGO/HOPG

6.3 Thermally activated processes of size sele&tedusters

Ag 309/1 ML CGO/HOPG
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on 2 ML Cgo (middle column)

and coalesced Agyg clusters on HOPG (right column). The clusters on \nd 2 ML Cg are stable

for 12 h at RT [195].

cluster height [nm]

cluster height [nm]

Figure 6.32: Height distributions of Age 0n 1 ML Cg (left column),



6 Results and Discussion

a) 45 min 265 K b) 12 h RT

c)3hRT d)3hRT

Figure 6.33: STM image of Agy/Cso/HOPG a) after annealing for 45 min at 265 K, b) akr
annealing for 12 h at RT, ¢)+d) after annealing foi3 h at RT.

Nevertheless the Ag clusters kept stable and could be imaged with SAMhange
was visible in the g structure. There seemed to be more 3 Mj Glands which
before were partly observed only on large 2 My Glands. This phenomenon is
probably due to a change in the order of thefiln during the heating to 100°C or due
to contamination. Three STM images of :8fCso/HOPG taken at 77 K after three
months at RT and after a heating step of 1 h at@@®e shown in Figure 6.35.

On another sample covered withyo®IOPG Agps clusters were deposited at RT,
because with HOPG as sample substrate the cligtrstable at RT. STM images at
77 K were taken and for Ags a cluster height of about 3 nm on 1 and 2 Mi/IBOPG
was measured after deposition. Narrow height tistions were observed which are
shown in Figure 6.36.
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12h RT

Figure 6.34: STM image of Agy/Cso/HOPG after annealing for 12 h at RT.

a)

3. ML

Figure 6.35: a) 300x300 nm2 b) + c) 400x400 nm? STihage of Agy/Cs/HOPG after three
months at RT and exposure to air. Contamination iwvisible, but also the stable Agyg clusters with
the same height as after deposition at 165 K. Theder of the Cg film changed and more 3 ML
islands are visible than before.
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The few larger clusters are due to coalescencdusfers in highly covered regions of
the deposition spot.
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Figure 6.36: Height distributions of Agy,s deposited on 1 (left image) and 2 (right image) ML
Ceso/HOPG at RT, imaged with STM at 77 K.

This time the sample was not annealed up to diftetemperatures because it was
expected that Ag/Ceo/HOPG - as well as Ago - stays stable at RT. Instead,
additionally to Agzs, Agi47 Clusters were deposited at RT onto the samplederao
study if the clusters interact with each other &t Re. if they exchange atoms or if both
types of clusters stay stable. /g clusters were chosen because they can be
distinguished very well from Ags due to their smaller height. After the additional
deposition of Agsy STM images were taken at 77 K and the clusterghteiwere
measured. The corresponding height distributioaslapicted in Figure 6.37.
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Figure 6.37: Height distributions measured after tie RT deposition of Ags; and Aggys clusters on
1 (left image) and 2 (right image) ML Gy/HOPG.

Surprisingly the height distributions show a maxmuat around 3 nm which
corresponds to Ags and a maximum at 1.5 nm which corresponds to the metastable
cluster size. A maximum at abut 1.8 nm was expeetdch would represent the Ag
clusters, but only a few clusters have the typiheaght of Ags7 clusters. Two possible
explanations could interpret the results.
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6.3 Thermally activated processes of size sele&tedusters

The first explanation is that the deposition terapgme — RT — was too high for the
smaller Agy7 clusters, which means that Agis probably not stable ong@HOPG at
RT, in contrast to the larger Ag or Ags,s clusters. In this case the peak in the height
distribution at the metastable size of h.5 nm is due to the decay of Agand the few
clusters which were higher than Ag clusters are due to coalescence. If this
explanation is correct, it can be studied in areitexperiment by depositing Ag at
low temperatures onggHOPG, followed by a step-by-step annealing apoo.

The second explanation is that the two clustersssin the same sample area interacted
with each other and thus were not stable. This @memon can be explained by
Ostwald ripening, which describes that larger dissigrow by drawing material from
smaller clusters, which shrink. This process iscdbed schematically in Figure 6.38,
together with the principle of coalescence.

Figure 6.38: Schematical overview about the differ® processes of coalescence and Ostwald
ripening [207].

In contrast to coalescence, which means that twtcfgs unify and build one larger
particle which consists of all atoms of both pades¢ Ostwald ripening is an
inhomogenous process. Smaller clusters have a lbiwding energy per atom due to a
higher contribution of the surface energy for géarsurface to volume ratio. Therefore,
larger clusters are energetically favored.

The results of the experiment with Agand Agy3 being on the same sample region
show that the smaller cluster size —1 &g~ is not really visible anymore, whereas the
larger cluster size — Ags — is represented by a large peak in the heighitilaligion.
Additionally larger clusters were built during tRestwald ripening process. During this
process several atoms formed clusters which hawenttastable height of 1.5 nm. It
would be energetically favored that finally all Agclusters disappear to the expense of
the growth of the A&s; clusters, but during this process again the foionaof the
metastable cluster size seems to be preferred.

These observations raise the question what malkesldister with the metastable size
stable, how many atoms they have and which eff@etentation, binding etc.) play a
role for the formation of the clusters.
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6 Results and Discussion

6.3.1.60verview about the results of geometrically magic é clusters

In summary we have successfully depositedsA89147, AGzos, Adser and Agzz on Gy
functionalized Au(111) or HOPG surfaces and obskrverrow cluster height
distributions after deposition. The histograms 8f deposited geometrically magic
cluster sizes are shown in Figure 6.39.
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Figure 6.39: Overview of the height distributions ® Agss, AJ147, AQz00 AGse1 2aNd AQgos.

The measured cluster heights are plotted agaimstnthmber of closed geometrical
shells in Figure 6.40 together with calculated htagoy assuming a spherical shape of
the clusters (see Figure 2.8 in section 2.1.3). fidights of the clusters which were
deposited on E/HOPG are a bit smaller than the heights of thetehs deposited on
Cso/Au(111). This is probably due to different electio properties of the substrate
which influences both £ and clusters due to different types of interadiamth
Au(11l) and HOPG. In general the measured cluseghts are similar to the
calculated heights of spherical clusters. The heafhAgse; calculated by the MD
simulations is significantly smaller than the heigh a spherical Ag cluster. This
shows that assuming a sphere is an upper linmg.rtore probable that the clusters are
slightly flattened when they are deposited ontosémple.

Due to the fact that the MD simulations showed thatclusters kept their icosahedral
shape and that only at the interface to thg @e clusters are distorted due to a
denticulation of clusters ands§; these cluster heights show the change in herght f
one closed shell to the next.
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Figure 6.40: Measured and calculated heights (sphieal and MD) of geometrically magic Ag,
clusters vs. the number of closed shells per cluste

6.3.2 Ostwald ripening of geometrically non-magic A ¢
clusters

This second part of section 6.3 deals with theltesaf deposited geometrically non-
magic Ag clusters ondgfunctionalized Au(111). In order to find out matetails about
the metastable cluster size of .5 nm, clusters between &gand Ags; were
deposited. The height of Agwas measured as h(1.38 £ 0.15) nm and the height of
Agis7 as h (1.80 + 0.16) nm. Thus, the clusters with the stetale size are expected
to have a number of atoms between 55 and 147 hiorgason two geometrically non-
magic cluster sizes were deposited with a numbatarhs between 55 and 147.

6.3.2.1Agy (N=68, 80) / 1 and 2 ML Go/ Au(111)

Agss was deposited on 1.2 MLgglAu(111) and Ago on 1.1 ML G¢/Au(111). In order
to have enough areas with 1 MlggConly slightly more than 1 ML £ was evaporated
on Au(111). This is due to the fact that the clisstn 1 ML Go were expected to decay
after annealing up to RT which would lead to argking of the cluster density and thus
to poor statistics for the height distributions.eTtlusters were deposited at 165 K on
Cso/Au(111), scanned with STM at 77 K and then anrteébe different time intervals.
The Ags clusters were annealed for 45 min at 265 K, foat8 45 min and for 3 h, 9 h
and 33 h at RT. Ag was annealed in larger steps, namely for 45 mehfan12 h at
RT. The observations for both clusters sizes warglas and are visualized by the
height distributions after the different annealstgps, which are visible in Figure 6.41
and Figure 6.42.
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Figure 6.41: Height distributions of Agss on 1 ML Cg (left column) and 2 ML Cgq (right column) on

Au(111).
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Figure 6.42: Height distributions of Agpon 1 ML Cg (left column) and 2 ML Cgq (right column) on
Au(111).

After deposition the Ag as well as the Ag clusters have a height of1.3 nm on 1 and
2 ML Cgo/Au(111) which is the same height as forsdgwvhich was measured to be
(1.38 £ 0.15) nm (see subsection 6.3.1.1). At figkince this fact seems to be
conflicting, but can be explained by a study oVBlSSENDORFFand M.MOSELER[54].
As mentioned in subsection 2.1.4 the group eRf® VON ISSENDORFFtakes photo
electron spectra of size selected clusters. Farlddsters of several sizes — from 39 up to
309 atoms — photo electron spectra were taken ampared with simulated spectra
studied with density functional theory byIdHAEL MOSELER who determined the
geometrical structure for the different clusters bymparison of measured and
calculated photoemission spectra. Na clusters laawery similar structure to Ag
clusters, they for example have the same geomiyritengic cluster sizes at 55, 147,
309 atoms. The study shows that e.gz:N@oks like a Ngs cluster with a 16-atom cap
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overlayer, so the additional atoms tosNlauild a cap at one side of the cluster. For the
Agss and Agyo clusters which probably look similar to a clusteth 71 or 92 atoms as
shown in Figure 6.43 we assume that the clustéey, landing on the sample surface,
are not standing uprightly on their smallest sidelle down so that the longer side has
contact to the surface, because this is an eneafjgtpreferred state for the clusters.
This would mean that the measured cluster heightois the length including the
additional atoms as markes by the green arrowgnrgi6.43, but the height of an &g
cluster (yellow arrow). This could explain why tsame heights for Ag, Agss and
Agso are measured.

Figure 6.43: Comparison of photoelectron spectra (ack lines) to calculated electron density of
states (colored or shaded lines). The structures e&d in the calculations are indicated. The Ng
cluster is marked by the blue circle [54].

After annealing Agy/Cso/Au(11l) and Agy/Csi/Au(11l) different results than for
geometrically magic clusters were observed. Thetefs on 1 and this time also on
2 ML Cgo/Au(111) were not stable after annealing.
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6.3 Thermally activated processes of size sele&tedusters

The Ags clusters deposited on 1 MLgE were stable up to 45 min at RT which is
shown by the narrow height distributions with a imaxm at 1.3 nm in Figure 6.41.
Figure 6.44 shows an STM image of 8l@s0/Au(111) taken after deposition at 165 K.
After 3 h and after 9 h at RT a bimodal height ribsition was observed on 1 MLg§
with a maximum at 1.24 nm which is the height ofgAgnd a maximum at 1.57 nm
which represents the height of the metastable enlusze. The metastable size has a
larger height than Ag, thus the formation of the metastable size is tdua thermally
activated growth process, most likely Ostwald ripgn On 2 ML Gy the growth of
Ages was already visible after 45 min at 265 K by a kengeak at 1.53 nm together
with a larger peak at 1.30 nm. After 3 h at RT nudghe clusters on 2 ML 4 had the
height of the metastable size. After 9 and 33 RRitthe STM images were taken in a
region with higher cluster density in order to gebd statistics for clusters on 1 Mlg{C
which finally nearly all penetrated the;{cand formed Ag islands below the¢Cas it
was observed for geometrically magic clusters. th reason the height distribution
for clusters on 2 ML g are broader and include coalesced clusters. B8dr there is
no height distribution for clusters on 1 MLsdue to poor statistics because nearly all
cluster had penetrated thegy@Im.

The results for Ag/1.1 ML Gso/Au(111) were similar. After annealing for 45 mih a
RT a bimodal height distribution was observed fosters on 1 and 2 ML ggAu(111)
which shows a maximum at about 1.3 nm and 1.6 ninhwis due to Ostwald ripening
of the Agy clusters. Ag islands below thedivere visible as it is depicted in the STM
images in Figure 6.44. The STM image taken aftem#b at RT shows the two
different cluster sizes properly which can be dptiished by brighter or darker spots on
1 ML Cgo. After 12 h at RT there are only a few clusterslavL Cgo, but many Ag
islands below the £, whereas the cluster density on 2 Mkydid not change. This
STM images clearly show differences between thengty patterned (1) and the
weaker patterneddg2). The Ag islands are located below thg(£) film, whereas on
Cso(1) some clusters are still visible. After 12 hRat and for clusters on 2 MLggalso
after 45 min at RT the statistics for the heiglgtribbutions are poor due to the fact that
only 0.1 ML of the second ML £ were evaporated and that the clusters on 1 My- C
decayed after 12 h at RT. Nevertheless the obsengtfor Ags and Ago are
significantly and different as compared to geoncatly magic clusters onggAu(111)
from Agu47t0 AQoos

Two different competing processes at RT seem toente the behavior of Agand
Agso. On the one hand thermally induced Ostwald ripgtats the clusters interchange
atoms. The metastable size, which seems to be atiwiy favored, is formed and
stayed stable for a timescale of hours. On therdthed, on 1 ML & the influence of
the Au(11ll) substrate activates the atom-by-atoroayleof the clusters at RT.
Therefore, on a short timescale Ostwald ripeninthésdominating process which lets
the clusters grow up to the metastable size, bt lmmger timescale of hours the decay
of clusters on 1 ML g dominates.

For the explanation of the different behavior ofgfAg@nd Ago on GyAu(11l) in
contrast to Aghz, AQs00 AJse1 and Agos there are two possible interpretations. The first
explanation is that the Ostwald ripening is duastability of geometrically non-magic
clusters. Geometrically magic clusters have clagednic shells which lead to a large
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stability against interactions with each other. yOekternal conditions — like the strong
influence of the Au(111) substrate and the rotatbthe Go molecules at RT — disturb
the stability. Due to less stability of geometrigalon-magic clusters, it is energetically
favored to interchange atoms and to form more staides. After this process, the
sample is in the same status as it is for geonadiirimnagic clusters, whicbecayedo
the metastable size.

Agso/Cep/Au(111) — 45 min RT — 200%149 nm?

Ages/CeoAU(111) — 165 K — 200x200 nm2

Agso/Ceo/AU(111) — 12 h RT — 200x150 nm?
Figure 6.44: STM images of Agy/1.2 ML Cgy/Au(111) (left) and Agy/1.1 ML Cgi/Au(111) (right).

The second interpretation is that the Ostwald fipgis independent from more or less
stability of the clusters due to closed atomic Ishddut is the dominant process for all
clusters up to a certain size. An indication fas ik the observation that annealedsAg
clusters also form the metastable size of1h5 nm by a growth process, although they
are geometrically magic. But in this case the almgg@rocess was not studied in detail
and another explanation for the clusters with h5 nm after 3 h at RT is that some
larger clusters were deposited together withssAlgecause it is difficult to chose a
waiting timety between two acceleration pulses of the mass seletiich only selects
small clusters like Ag with a still high cluster current. For the depmsitof Agss the
value ofty, was acceptable and the height distribution afggrodition was narrow. But
a few higher clusters are still visible (see Figbrg6 in section 6.3.1.1) and the peak in
the height distribution after 3 h at RT could atsodue to larger clusters which formed
clusters with h 1.5 nm in the decay process. To study this inideta annealing of
Agss in smaller steps is necessary.sfAgras only deposited on 1 MLgglAu(111) and a
study of thermally activated processes ot£an 2 ML G can be revealing as well and
will be studied in future experiments.
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6.3 Thermally activated processes of size sele&tedusters

To find out which of both interpretations is right, is planned to deposit larger
geometrically non-magic clusters between two magimbers, e.g. between fgand
Agsos, between Agyy and Age; or between Agi and Agos Due to the fact that
Ostwald ripening takes place for clusters on 1 amndlL Cg, it Seems to be a substrate
independent process. Therefore, a deposition ameating of Ags or Ags on
Cso/HOPG can also be instructive.

6.4 Thermally activated processes of grown
metal islands

In addition to the deposition of size selected Agsters the thermally activated
processes of grown Ag and Pb islands @p fGnctionalized Au(111) surfaces were
investigated within this thesis. The metal atomsenevaporated onggAu(111) by an
evaporator with integrated flux monitor (EFM) whiishpresented in section 3.2.2.

6.4.1 Agislands on C 4 / Au(111)

The first part of this section deals with grown &gands on 1.3 ML g/Au(111). The
experiments were carried out similar as for sizected clusters in order to compare the
results of grown Ag islands and deposited sizecsslieAg clusters with each other. Of
great interest is the question, if the metastahister size is also formed by grown Ag
islands and whether the Ag islands finally decayl L Cso/Au(111) but stay stable or
grow on 2 ML GyAu(111). Another interesting question is, if vdayge Ag islands
which are stable on 1 MLdgcan be achieved.

6.4.1.1Calibration of the Ag EFM

After melting Ag granulate in the crucible of theaporator a calibration is necessary to
determine the evaporated amount of Ag and with tiiés calibration constart. The
effective Ag coverage is given by

Gepw [ML] = A F9X s (6.4)
lem

where 1 is the evaporation timée,, the measured electron emission current lapd
the measured Ag ion current. For the calibratiothefevaporator Ag was evaporated at
250 K on an Ag(111) single crystal, which leadsAw islands on Ag(111). A height
histogram gives information about the Ag coveradacitv can be compared to the
nominally evaporated amount. First nominally 0.3 Mg were evaporated on Ag(111)
using &1 = 933 ML/sec, the value of a former calibratiomN&images at 77 K and
histograms revealed that only 0.1 ML Ag were evaped on Ag(111) which lets
assume that the new value fbris smaller by a factor of 3. Again nominally 0.3.M
were evaporated at 230 K in order to achieve alemAly island size and now the
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measurements showed that totaling 0.2 ML Ag covdhed surface of the Ag(111)
single crystal. Thereforé; was corrected by a factor 3.

To verify these results, in a second experimentalusingk, = 311 ML/sec 0.3 ML Ag
were evaporated on the clean sputtered and he@id B) single crystal at T = 230 K.
STM images and histograms revealed a coverage3M0D. Ag on Ag(111) which
corroborates the results of the first measuremientigure 6.45 an STM image of
0.3 ML Ag/Ag(111) is shown together with histograofstwo plane areas of the STM
image.

28,75%+2-0,8%
= 30,35%
0,3 ML

26,50%+2-1,26%
=29,02%
0,29 ML

Figure 6.45: STM image of 0.3 ML Ag/Ag(111) and hisgrams to define the real coverage of Ag on
the Ag(111) single crystal.

The analysis showed that in the first case 70.4% #%e cut out area of the STM image
is bare Ag(111). 28.75 % of the area is coveredh WitML Ag islands and 0.8 % with
an Ag double layer, which means that this amousttbabe multiplied by a factor 2.
Thus, 28.75 % + 2:0.8 % = 30.35 % of the area aneered with Ag islands which
equals about a third of 1 ML. In the second casé®®o + 2:1.26 % = 29.02 % of the
area are covered with Ag islands. The same resadtachieved for the first calibration
experiment. Hence, the new value fois a third of the former value:

k=311 ML/sec (6.5)

In preparation for the annealing experiments of 3g/Au(11l) the sample with
0.2 ML Ag/Ag(111) was annealed for 15 min at RTarder to study the thermally
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6.4 Thermally activated processes of grown melahds

activated processes of Ag islands. Figure 6.46 sH®WM images taken at 77 K before
and after annealing for 15 min at RT.

400x400 nm? 400%400 nm?
Figure 6.46: STM image of 0.6 ML Ag/Ag(111) befordleft) and after annealing for 15 min at RT
(right).

As it was expected Ag islands grow due to Ostwaddning. In the STM image taken
before annealing a number of small Ag islands a@le which are not visible after
15 min at RT. This is due to the fact that larggainds have drawn atoms from smaller
islands.

6.4.1.20.026 ML Ag / 1.3 ML Cso/ Au(111)

In a first evaporation experiment 0.013 ML Ag weraporated at T <50 K on 1.3 ML
Cso/Au(111). The effective coveragggiven in atomic monolayers was evaluated from
equation (6.4), using = 311 ML/sec.

At this low coverage small dots which might représeg. Ag atoms, dimers or trimers
were visible in the STM images taken at 77 K omd 2 ML Gs. Slightly larger islands
were observed at grain boundaries, step edgesfectdevhich served as nucleation
centers (see Figure 6.47). For this reason aniadditcoverage of 0.013 ML Ag was
evaporated onto the sample which leads to a cogeodd.026 ML Ag on 1.3 ML
Cso/Au(111). The STM images taken at 77 K look simdarfor 0.013 ML Ag. The Ag
islands did not grow significantly, but more doteres observed on 1and 2 ML
Cso/Au(111). After that the sample was annealed fomd® at 165 K, and for 15 min
and 3 h at RT. STM images of every annealing stegewlepicted in Figure 6.47. After
annealing for 45 min at 165 K, Ag on 1 Mlgdpenetrated the & film, whereas Ag on
2 ML Cg stayed stable.

After annealing for 15 min at RT also the Ag dots2ML Cso penetrated the &g film
and finally the STM images show cleag,@reas on Au(111). Only Ag islands at step
edges, grain boundaries or defects are still stedoleating that the stability of these
larger Ag islands is higher.
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0.013ML Ag - 77K 0.026 ML Ag - 77 K
100 x 100 nmz2
0.026 ML Ag - 45 min 165 K 0.026 ML Ag - 15 min RT
nm?2

0.026 ML Ag - 3 h RT

Figure 6.47: STM images of 0.013 ML Ag and 0.026 MIAg on 1.3 ML GCs/Au(11l) after the
evaporation below 50 K and after annealing for 45 m at 165 K, 15 min and 3 h at RT.
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6.4 Thermally activated processes of grown melahds

6.4.1.30.5 ML Ag / 1.3 ML Cgo/ Au(111)

Due to the fact that the Ag coverage of the firgbegiment was too low to observe
stable sizes or growth of larger islands, in a sdcexperiment 0.5 ML Ag were
evaporated on 1.3 ML gAu(111) at T < 50 K. After the evaporation the gdenwas
covered with Ag islands with a height of severa\to about 1 nm as it is shown in
Figure 6.48

P MmN
‘\\‘\\4

oZ[nm]

0 20 40 A0 80 100 120 140
nm

Figure 6.48: 100x100 nm?2 STM image taken at 77 Knd line profile of 0.5 ML Ag/1.3 ML
Cso/Au(111) deposited at T <50 K. Small Ag islands areisible on 1 and 2 ML GyAu(111).

After STM at 77 K, the sample was annealed for 4% ah 165 K, for 45 min at 215 K,
and for 15 min, 45 min, 3 h, 12 h and 14 d at RTMSmages at 77 K were taken after
every annealing step and the heights of the Agasdaon GyAu(111) were measured.
STM images of the Ag islands after the annealimpstand the corresponding height
distributions are visible in Figure 6.49 and Fig6rg0, respectively.

In the STM image taken after annealing for 45 mit@b K it is clearly visible that the
island density on 1 ML § shrunk, whereas the Ag islands on 2 Mgy Grew due to
coalescence and Ostwald ripening. Some more stapislands on 1 ML & coalesced
to larger islands but most of the Ag islands alyepenetrated the 1 ML & film and a
mixed phase of Ag andsgwas visible. For this annealing step the heightnty a few
Ag islands were measured, consequently there ideight distribution due to poor
statistics. This is due to the fact that the isldadsity on 2 ML was extremely high and
a measurement of the heights difficult becausecmdd hardly find free g areas. On
1 ML Cgo most of the Ag islands formed a mixed phase tagethith 1 ML G
molecules and thus a height measurement of theswead Ag islands on 1 ML
which was difficult as well.
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100x100 nm? - 77 K 100x100 nm2 - 45 min 165 K
100%100 nm? - 45 min 215 K 200%200 nm2 - 15 min RT
200%x200 nm2 - 45 min RT 200%x200 nm2 - 3 h RT
200%x200 nm2 - 12 h RT 200%x200 nm2 - 14 d RT

Figure 6.49: STM images of 0.5 ML Ag/1.3 ML Gy/Au(111) after different annealing steps.
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0.5 ML Ag/1 ML Ceo/Au(111) 0.5 ML Ag/2 ML Ceo/Au(111)
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Figure 6.50: Height distributions of 0.5 ML Ag/ 1 aad 2 ML Cgy/Au(111) after different annealing
steps.
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Therefore, only a qualitative interpretation is gibke for this annealing step. For
annealing at 77 K the same problems of the heighdstrement existed. But due to
being the first step for which height measuremevése performed, the heights for Ag
islands on 1and 2 ML 4 annealed at 77 K were analyzed in more detail. The
difficulties of the height measurement possiblydléa more unprecise heights for the
77 K data than for the other annealing steps.

After annealing for 45 min at 215 K nearly all Agands on 1 ML gyAu(111) decayed
and formed a network of 1 ML Ag on the Au(111) sid below the 1 ML £.

On 2 ML G the Ag islands grew during annealing, which iscetéd by the STM
image in Figure 6.49. The growth of Ag islands oNl2 Cg is corroborated by the
height distributions shown in Figure 6.50. Alreddy 45 min at 215 K the mean value
for the height distribution is larger than afteraperation and storage in the STM at
77 K. Due to the fact that the nearly all Ag islammh 1 ML Go penetrated the 4 at
215 K, no height distributions exist for this arldfallowing annealing steps.

For the following annealing steps the processestwivere described above continued.
As presented by the STM images in Figure 6.49 hedheight distributions in Figure
6.50, the Ag islands which were evaporated on 1@4Au(111) formed multilayer
Ag islands below the & monolayer. In contrast, the Ag islands on 2 Mig @ew due
to coalescence and Ostwald ripening. An interesthgnomenon is the formation of
favored Ag island sizes on 2 MLgg After 3 h at RT two maxima are visible in the
height distribution, which get more pronounced raftenealing for 12 h and for 14 d at
RT. After 14 d at RT a bimodal height distributieas observed with two narrow peaks
and maxima at about 1.3 nm and 1.68 nm, and ner&lands are formed.

These results are similar to the results for depdssize selected Ag clusters on
Au(111) functionalized with gg. For both, deposited Ag clusters and grown Aghigéa
the Ag material penetrated the 1 Mlg@ilm, whereas Ag remained on top of 2 ML
Cso. Geometrically magic Ag clusters did not changertsize on 2 ML G, whereas
geometrically non-magic clusters and Ag islandsvgilee to Ostwald ripening. For Ag
islands on 2 ML & favored sizes were observed which seem to blodkédu island
growth. But the stable island sizes do not agréb thie height of h 1.5 nm which was
observed for geometrically magic Ag clusters on Il Klgo due to decay and for
geometrically non-magic Ag clusters on 1 and 2 M diie to Ostwald ripening.

During the experiments within this thesis, aftenealing 0.5 ML Ag/Gy/Au(111) an
interesting superstructure with threefold symmetfyl ML Cso was observed and is
depicted in Figure 6.51. Ag islands below thg &e visible which adapt the threefold
superstructure of thegg Another observation was the formation of différstnuctures
of Ag islands below the & which depend on theggpattern (see Figure 6.52). Below
the strongly patternedsgfl) film the Ag islands formed larger closer packediL
islands (see Figure 6.52 a)) than below thg(2} film, where more but smaller Ag
islands were observed (Figure 6.52 b)).
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Ostwald ripening is a process which was investijate several publications. The
growth of larger Ag islands on Ag(111) at the exgeef smaller ones was e.g. also
studied by KMORGENSTERNet al. by studying the time evolution of clustezes and
kinetic parameters [208, 209].

b)

Figure 6.51: a) STM image of 0.5 ML Ag/1.3 ML GyAu(111) after 45 min at RT. The 1 ML Gy
area shows a superstructure with threefold symmetry Ag islands below the G, are visible. b)
Enlarged 26x26 nm2 STM image of the threefold £ superstructure.

Figure 6.52: STM images of different Ag island stratures below a) G¢(1) and b) G(2).
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H. CERCELLIER et al and FREINERT investigated the epitaxial growth of Ag films on
Au(111) at low temperatures and at RT and obsewsiadlar island structures of
Ag/Au(111) as observed within this thesis for Ag(Alul) below 1 ML Go (Figure
6.49). They found out that the first, second, dmdltAg layers are reconstructed and
that this surface reconstruction acts as a supieddbr surface state electrons. Since
the mismatch is very weak, the driving force foclswa reconstruction could be the
small Ag-Au intermixing observed at room temperati210].

6.4.1.44 ML Ag / 1.3 ML Cgo/ Au(111)

In order to find out if the decay of Ag islands @rML Cgp can be suppressed by
growing islands which are large enough to staylstab metastable at RT, 4 ML Ag

were evaporated at T <50 K on 1.2 MBu(111). STM images were taken at 77 K,
before the sample was annealed for 45 min at 165LK K, 265 K, for 15 min, 45 min,

3h and 12 h at RT and for 45 min at 335 K. STM gesfor the most significant

annealing steps are shown in Figure 6.53.

100x100 nm2 - 77 K 200x200 nm2 - 45 min 265 K

400400 nm? - 3 h RT 200x200 nm2 - 12 h RT

Figure 6.53: STM images taken at 77 K of 4 ML Ag/2. ML Cgy/Au(111) after different annealing
steps. On 1 ML Gy 4 ML Ag decayed at 265 K, whereas Ag islands onML C 5, show ripening.
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It is clearly visible that the cluster density iglier and the Ag islands are larger than

for 0.5ML Ag/Cey/Au(111). In contrast to 0.5 ML Ag islands, whichadyed on 1 ML
Ceo after annealing for 45 min at 165 K, 4 ML Ag orML Cgp stayed stable under
these conditions. But after annealing for 45 mir2@6 K the Ag islands on 1 MLdg
penetrated the fullerene layer and formedggAg mixed phase. In contrast, the Ag
islands on 2 ML G did not decay but grew after every annealing shieg to Ostwald
ripening and thermally induced mobility. Annealiagove RT — for 45 min at 335 K —
yielded no significant changes of the Ag islandbe TAg island heights were not
measured explicitly because the island densitytaasigh to find free g areas for the
reference measurement. The results are comparablehd results of 0.5 ML
Ag/Cs/Au(111), except for the fact that the larger Atamsls on 1 ML Gy/Au(111)
decayed only at 265 K and not at 165 K, as obseiue@d.5 ML Ag.

6.4.1.5Calculation of the effective coverage

Using the experiment with 0.5 ML Ag/1.3 MLs€Au(111), the effective coverage after
different annealing steps is calculated considediffgrent assumptions [142]. The first
assumption is that the Ag islands have the shapa pfolate spheroid. Due to the
cluster-surface interaction, this is a reasonaplg@aimation of the cluster shape. Ag
islands with the shape of a prolate spheroid afmet by the heighty, which was
measured for the Ag islands, and the widthwhich can not be measured with STM.
Thusx, the ratio of width and height is a parameter Whdefines the volume of the Ag
islands for giverh. Figure 6.54 shows a schematic illustration fpr@ate spheroid.

Figure 6.54: Schematical illustration of a prolatespheroid which is assumed for the shape of the Ag
islands.

The volume of a prolate spheroid is given by

2
4
Vprolatespheroidzgp"gxg :%XXZ *h3 (6.6)

The volume of the evaporated Ag islands is the peoaf the thickness of the Ag
material in monolayer unitBly, the height of an Ag monolayéx,. and the are#d
considered:

Vev = NML >h,\/”_ A (6-7)
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The volume of the evaporated Ag has to equal the cgiuthe volume of all Ag islands
with the shape of a prolate spheroid:

n
NmL >hm >A= %xxzx h3. (6.8)
i=1
Thus, it follows:
X= 6"'\'ML:‘M;"A. (6.9)
P igh

The measurement of the Ag island heights on 1 Md.vi&re not as precise as on 2 ML
Ceo because it was often difficult to find frego@reas for the reference measurement of
the cluster heights on 1 MLgg Additionally it is possible that after the evagtion at
T<50K or in the STM at 77 K a part of the Agaistls already decayed. For this
reason the calculation ofis made by regarding Ag islands on 2 M@t T <50 K
(77 K in the STM) and the result is used for bothiglands on 1 and 2 ML¢g; and at

all annealing steps.

For the calculation ok the measured Ag islands heightsre considered (see Figure
6.50). Ny equals 0.5 ML, . =0.236 ML and the areA on which the Ag island
heights were measured on 2 Mky@quals 688.32 nm2. This leadsxte 2.53.

By knowingx, the volume of the Ag islands can be calculatecaksuming a prolate
spheroidal shape with constantand thus the effective coverage on 1 and 2 M- C
after different annealing steps. The results asegalized in Figure 6.55.
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Figure 6.55: Ag layer thickness on 1 and 2 ML g after every annealing step by assuming a
constant value of 2.53 for the ratio of width and bight of the Ag islands. A spline interpolation
visualizes the change of the Ag layer thickness [2}
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By definition on 2 ML G, the calculation of the Ag layer thickness for &K equals
0.5 ML but on 1 ML Gp only 0.21 ML. This can be due to the fact thatloem one hand
Ag has penetrated the 1 MLscfilm already at 77 K. On the other hand the vabfie
2.53 forx based on different approximations. It is probabiat the shape of the Ag
islands on 1 ML G changes for 1 or 2 ML 4 or at different temperatures, and
therefore the model of the prolate spheroid isvatid for Ag islands on 1 ML €. An
interesting observation is that for both Ag islamas1 and on 2 ML ¢ a decrease of
the Ag layer thickness was calculated. Ag islandld ML Cso penetrated the gg after
annealing for 45 min at 215 K, whereas there ig@eahse for Ag islands on 2 MLsC
after annealing for 15 min at RT. For all followirannealing steps the Ag layer
thickness on 2 ML ¢ stayed constant although the density and heightheo Ag
islands change due to the growth of the islandsréibre, it is very likely that for these
data points the assumptior= constant is correct. For the growth processhef Ag
islands both coalescence and Ostwald ripening rfaaygm important role.

6.4.2 Pbislands on C ¢/ Au(111)

In [211] the stability of Pd particles on TiQ10) were investigated. Upon heating, the
number of particles per area decreased and thielpaize increased due to coalescence
at 830 K. In [212] it was shown that Ag monomersdoners which are deposited on
TiO, are very mobile at RT and sintered to form larglands of approximately 50
atoms in size. In contrast, Aglusters deposited on TiGstayed stable trimers and
showed a limited mobility at RT. This shows thaffetent metals often behave
differently on the same kind of substrate and i ¢hse of Ag the mobility strongly
depends on the clusters size.

In order to study the thermally activated processésanother kind of metal on
Cso/Au(111), Pb atoms were evaporated which resulthiiee dimensional Pb islands
on Go/Au(111). The calibration constakt for Pb was taken from a former calibration
and equals

k =131 ML/sec. (6.10)

0.04 ML Pb were evaporated at T <50 K on an Au)ldiirface functionalized with
1 ML Cg in order to study the thermally induced processe#b islands. For an
investigation of the Pb islands STM images werenakt 77 K followed by annealing at
different temperatures up to RT and investigatibthe Pb island heights. Figure 6.56
shows three significant STM images and height iistions measured after each
annealing step.

First STM images were taken directly after the evapon at T <50 K. Small Pb
islands with heights below 1 nm and a mean valu@@ &3 + 0.18) nm were observed
(see Figure 6.56). Then STM images were taken aftenge in the STM at 77 K for
16 h in order to study, if an annealing at 77 Ksemua change of the island heights. As
it is visible by the height distribution measurdttal6 h at 77 K, the heights of the Pb
islands did not change significantly, the mean eatuh = (0.35 £ 0.18) nm.
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6.4 Thermally activated processes of grown melahds

The Pb islands were furthermore annealed for 45atiril5 K, 165 K, 215 K and
265 K and for 45 min and 15 h at RT. After annaglior 45 min at 115 K the Pb
islands started to grow and the mean value of #lands heights shifted to
h = (0.67 £ 0.29) nm. The Pb islands grew aftemyewannealing step and metastable
cluster sizes became visible in the height distiims. After 45 min at 165 K two
maxima in the height distribution at h = (0.36 8&).nm and h = (1.02 + 0.21) nm were
visible (see Figure 6.56). The STM image in Fig6tB6 taken after annealing for
45 min at 165 K shows a lower cluster density ah&STM image taken directly after
the evaporation, but larger Pb islands with ladgeight. The fact that less small but
more larger islands were observed is an indicatmnOstwald ripening of the Pb
islands. It is also possible that in addition tdv@dd ripening coalescence of Pb islands
occurred. Metastable islands of about 1 nm heigirevalso visible after annealing for
45 min at 215 K, 265 K and RT, only after 15 h dttRese islands grew to larger ones.
The maximum at h = 0.36 nm vanished after annedéing5 min at 215 K, but another
metastable size of h1.4 nm was visible after 45 min at 215 K, 265 K, &d 15 h at
RT. The results were corroborated by evaporatifg ML Pb on 1 ML GyAu(111)
within a second experiment.

In summary Pb islands on 1 MLgfAu(111) formed small islands after the low
temperature evaporation and grew after every amgesdep up to RT. It is striking that
no thermally induced decay of the Pb islands tdekegas observed for Ag islands on
1 ML Cgy/Au(111). Due to the fact that no Pb islands belbes G, were observed and
that the effective coverage of Pb islands on 1 MYALI(111) stayed in the same order
of magnitude after annealing [104], a penetratibRIm through 1 ML G can be safely
neglected.

The decisive question is why Pb islands on 1 M/Au(111) behave such differently
than Ag islands. In order to answer this questionan help to regard the different
properties of Pb/Au(111) and Ag/Au(111). The growthAg on Au(111l) was studied
in [213]. At submonolayer coverage growth in fidger rows locked to the Au(111)
reconstruction was observed. One monolayer of Agokees the substrate surface
reconstruction. Experimental results for Pb on Ad{lindicate that initial sites for Pb
adsorption are located at the herringbone kinks.Htgher coverages, Pb prefers hcp
and fcc stacking regions, avoiding the herringboitges. The reconstruction is
removed for a coverage between 0.05 and 0.2 moaislgf214]. Hence, Pb removes the
Au(111) reconstruction for much less coverage as wWgich lets assume that Pb is
more mobile than Ag which leads to a stronger selering of Pb, independent from
the Au(111) reconstruction. Other differences betw®b and Ag are the surface free
energy which is 0.59 eV for Pb [215] and 0.50 eY Ag and the fact that Pb atoms
localize at the surface defects (elbows) of thelAaj reconstruction in contrast to Ag
atoms [213, 216].

Due to the fact that Pb melts at about 600 K (1236r Ag) desorption experiments are
difficult. The desorption of 1 ML gyAg(111) starts above 675 K, the desorption of
Cso/polycrystalline Ag above 750 K [217]. The low nieyt point of Pb leads to a
higher mobility of Pb atoms at RT in contrast to &gms. Hence, the mobile Pb atoms
tend to grow or coalesce and ignore the Au(11Eradtion.
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6 Results and Discussion

GoLDONI et al. reported on a strong predominantly ioniaiding between g and
Ag(110) [217] whereas there exists an ionic bondwtf intermediate strength between
Ag(100) and G [218, 219]. lonic bondings are characterized bgrgh transfer from
the metal to the LUMO (lowest unoccupied molecuddbital) of Go. WANG et al.
studied the charge transfer of Ag islands gg i@olecules [220] and reported that Ag is
weakly bounded by van der Waals interactions um toritical island size. For Ag
clusters larger than this critical size, which e 4 nm, charge transfer from Ag to
Cso Will occur. For the Ag island experiment withinghhesis these observations mean
that the small Ag islands on 1 MLsgAu(111) are stronger influenced by the metal-
metal interaction with the Au(111) substrate thgrthe van der Waals interaction with
Cso, Which leads to a penetration of Ag islands thiotite Go. In contrast UPS spectra
of Pb islands on £/Si(111)-7x7 show a metallic character @b @ue to charge transfer
from Pb to G for less than one ML Pb ons§J221]. Hence, the Pb<ginteractions are
stronger compared to the Agsfinteractions which lead for Pb to Ostwald ripenamgl
coalescence, respectively, at RT.

There is also a stronger charge transfer from RBsgahan from Au(111) to 6. The
degree of charge transfer from Au, Cu and Pb, sis@dy to the Gy molecules was
studied in ref [222]. It increases from Au(111) Rt»(111) which is visible in STS
spectra of GyPb(111l) and 6€yAu(11l). Figure 6.57: shows STS spectra of
Cso/Cu(110), G¢/Pb(111) and &yAu(111l) which show different degrees of charge
transfer between metal and,C

Figure 6.57. dI/dV curves showing the LUMO of Gy on (a) Cu(110), (b) Pb(111) and (c) Au(111).
The shaded areas mark the occupied portions of theUMO peaks. From this a decreasing amount
of electron transfer into the G, molecule can be expected for Cu(110) to Pb(111)Am(111) [222].

If the charge transfer betweegy@®g(111) would be stronger than foggAu(111), one
could conclude that the charge transfer qtyAYy(111l) is also stronger than for
Cso/Pb(111) (see Figure 6.57). But in [190]IEALTMAN et al. showed that adsorbed
Cso molecules were found to rotate faster on Au(1hapton Ag(111) which indicates a
stronger interaction betweersdand Ag(111). However, annealing studies showet tha
Ceo desorbs from both Au(111) and Ag(111) at approx@tyathe same temperature
indicating that differences in interaction strengpgstween the two surfaces cannot be
large. This result is corroborated by large-scaémsdty functional theory (DFT)
calculations, which predict an adsorption energy—&f5 eV for Gy/Ag(111l) and
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6.4 Thermally activated processes of grown melahds

—1.2 eV for Gy/Au(111), respectively [223]. Therefore, the similateraction strength
of Ag(111l) and Au(111) with § might indicate that the stronger charge transfer
between G and Pb islands is stronger than for Ag islandsnastioned above.

With this explanations one can try to understang b and Pb behave differently on
1 ML Cgp/Au(11l) at RT. But possibly also other properteesd mechanisms are
responsible for the decay of Ag islands and thewtijroof Pb islands on 1 ML
Coo/Au(111).

6.4.3 Comparison: Size selected Ag clusters vs. gro  wn
metal islands

The results of grown Ag islands onsgd®u(111l) showed that it was impossible to
evaporate enough Ag to grow large islands whichnalopenetrate the ggfilm. But it
was observed that larger Ag islands on 1 Mgy/Au(111) (see subsection 6.4.1.4)
decay at higher temperatures than smaller Ag islaisée subsection 6.4.1.3). The
calculation of the effective coverage indicateseay of small Ag islands also on 2 ML
Cso/Au(111). But finally long-time stability and faved island sizes at RT are obtained,
if a certain island size is reached due to coalescer Ostwald ripening. In contrast for
Pb islands on 1 ML §/Au(111) only the growth of Pb islands was observed

For size selected Ag clusters on 1 MlggBu(111) there are also indications of an
earlier decay for smaller clusters than for largjasters on 1 ML g. Within this thesis

it was observed that Agand Ag.; decay faster than Agh, Adse1 [146] and Agas
[165], as depicted by the height distributions raftiéferent annealing steps. Especially
geometrically non-magic clusters show instabilitgidv RT. A large difference to
grown Ag islands is the formation of the metastathlester size of 1.5 nm height and
the absolute RT stability of geometrically magic Algsters from Agu; to Agees On

2 ML Cg/Au(111l) and on 1 and 2 ML gHOPG. Mass selection enables the
production of clusters with the same size which rahbe achieved by evaporating a
metal atom-by-atom onto a surface. The STM image&igure 6.58 visualize this
difference of size selected clusters and growmdsa

Hence, mass selected clusters with their tailoneghgrties and especially the system
Agn on GoHOPG, which is long-time stable at RT, are prongsifor technical
applications.
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2.5nm
1.5 nm

65 65 nm2 50" 50 nmz

Figure 6.58: 3D STM images of Agd1l ML Cg/Au(111) after deposition at 165 K (left) and grown
Pb islands on 1 ML GyAu(111) (right). The color shading show clearly tht size selected clusters
all have the same height, whereas the heights ofayvn metal islands are different.

6.5 STS spectra of size selected Ag
clusters

In addition to the thermally activated processesiné selected Ag clusters and the
investigated geometrical properties, STS spectrsirgfle size selected Ag clusters on
1 and 2 ML GYHOPG were taken in order to get information abthé electronic
structure of size selected Ag clusters. Due tof#ue that on the § functionalized
HOPG surface size selected clusters stay stalRTatlso on 1 ML G, this sample
system is well suited for taking STS spectra. Beeahe thermal drift must be low and
the tip has to be extremely stable for taking SP®ca the measurements were
performed at 5 K. At this temperature Ag clustensloML Cso/Au(111) are stable as
well, but the sample and the STM are easier to leaifdthe sample can be stored at RT
e.g. for a change of the STM tip

The STS technique is described in detail in secti@ Shortly, during taking an STM
image the tip is positioned on an Ag clusters witren setpoint values, the loop gain is
switched off and by varying the tunneling voltagetviieen two defined values with
constant tip-cluster distance, the correspondingeatiis measured. As represented by
equation (4.7) the dl/dV curves give informationoabthe LDOS of the sample.
Extreme changes of the current lead to peaks irdia®/ curves, which indicate the
existence of cluster orbitals.

6.5.1 STS spectra of Ag 309 and Ad 923/Ceo/HOPG

Within this thesis STS spectra at 5 K of 38gand Ag,s on Goy/HOPG were taken. The
spectra are shown in Figure 6.64 - Figure 6.68yMwere taken on the highest position
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6.5 STS spectra of size selected Ag clusters

of an Ag clusters and also on thgy@s a reference measurement as depicted in Figure
6.59. STS spectra ofgewere taken before and after taking STS spectean &g cluster

in order to observe if the tip shape changed dutivegmeasurement. Measured and
calculated STS spectra ogflare well known from literature [178, 179, 224-226{d
can therefore be used for reference measuremehts.tip always influences the
structure of an STS spectrum and thus it is importa know if the tip is stable or
changes from measurement to measurement. If se@grapectra look similar one can
assume that the shape of the STM tip did not chaogeg the measurement. Hence,
STS spectra of clusters, which were measured batieese G spectra, were also
measured with the same tip shape. If the struatitbe G, spectra changes during the
measurement, this is an indication that the shpeeoSTM tip changed, which has to
be considered during analysis of the STS specir8. $pectra of g which are similar
were marked by identical colors. STS spectra obtels which were measured in
between have the same color as the correspondygp€ctra.

The STS spectra of g (see Figure 6.64, Figure 6.66 and Figure 6.67wshmainly
three peaks, which indicate transitions of electréoom the STM tip into a molecule
orbital of a Gy molecule. At 0V the Fermi levels of tip and saenple aligned. The
peaks between 1 and 2 V represent the lowest up@ztunolecule orbital (LUMO) of
Cso and the peaks at about 3V the LUMO+1. The peaksbaut —2.5 V, which are
particularly visible in Figure 6.67 at the negatedge of the voltage range, correspond
to electron transistions from the highest occupredecule orbital (HOMO) of g into
the tip. Peak shifts in calculated STS spectragfAQ(111) due to different shapes of
the STM tip are modeled in [224].

AG a0/ 2 ML Cqo/ HOPG Allos clusters [ ZML C e
(o) Ceo as a reference
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Figure 6.59: STM images (200200 nm? and 22x15 nm8j AgsodCeoHOPG and STS spectra of
Agsgg and Cgo showing equal spectral features for individual claters.
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6 Results and Discussion

The most striking features in the STS spectra efAly clusters are two pairs of peaks
which are visible for Agpg at about —1 V and 1V and at about — 2 V and 2&nW for
Aggxzat —0.5 V and 1 V and at about —2 V and 1.5 V.yGwime spectra show all four
peaks, in most cases only the inner or the outakgare visible. If and how precisely
the peaks are visible depends on the STM tip, staineling conditions and the exact
tip position on the cluster during the measurembngigure 6.59 the position of the
peaks at — 1V and 1V for Ag clusters are marked by the red dashed lines.duar€i
6.61 STS spectra of Agyand Aggs clusters are shown. The position of the inner peak
at —1V and 1V for Aggand at — 0.5V and 1V for Ag is clearly visible. This
means, that the distance of the peaks equals 2f0reMysqe and 1.5 eV for Agps.

There are different possible explanations for tkistence of the observed peaks. One
explanation is the so called Coulomb staircasetdugharging effects as presented in
section 2.1.4 for free Al clusters [56]. Coulombadding effects are induced by the
presence of two tunneling barriers, which mightrahterize the tip-cluster-surface
system (see Figure 6.60). In [227, 228, 229] the-barrier tunneling junction is
decribed theoretically as a series of two resistgracitor pairs. The different energies
of different charge states of the cluster lead stepwise increment of the current as a
function of the bias voltage.

Figure 6.60: Cicuit diagram of a double barrier tumeling junction (left) and STM setup (right). R
and C, correspond to the tunneling path between tip andlaster, R, and C, determine the electron
transport from the cluster into the substrate [158]

For free clusters different charge states are dutd emittance of electrons after the
photo ionization process. For UPS of clusters amasas different charge states were
also observed, but due to the coupling to a surtaeecharge is absorbed by the
substrate after a certain time. During the STS ggsdifferent charge states of clusters
occur due to the transport of electrons from thustelr to the tip and into the substrate.
In the dI/dV spectra the different charge stateswasible as peaks at different voltage
values. As shown in [56] the energy differem&, of the Fermi edges due to different
charge states of clusters is given by

g2

(6.11)
4peg R’

DEO =
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6.5 STS spectra of size selected Ag clusters

wheree is the elementary charge, the electric constant arRithe cluster radius. The
distance of the Fermi edges visible in UPS measemésnroughly corresponds to the
distance of peaks in the dl/dV spectra. Due to #oug6.11), the peak distance for
small clusters is larger. In [SBJE, equals 0.66 eV for Abyo clusters and 0.272 eV for
Als000 clusters. For spherical Ag clusters withR=1.09 nm, the calculated peak
distanceDEy equals 1.32 eV and for spherical gogyclusters withR = 1.50 nmDEy
equals 0.96 eV. The peak distance of measured p&&tra of Agog and Agos is
2.0 eV for Agog and 1.5 eV for Ags The deviations might be due to the fact that the
geometric and electronic radius of a cluster isagptal [55], but much larger deviations
are likely to occur because of using equation (6fbt an estimation oDEy which
assumes spherical clusters and neglects all clestmtrate and cluster-tip interactions.
There are two other indications for the existent¢he peaks being due to Coulomb
charging effect. One hint is the gap of zero cotahae around the Fermi level, which
is visible in nearly all measured STS data. Thifeatfis called Coulomb blockade and
reflects the blocked tunneling current for electerergies smaller than the charging
energy. The other indication is the observation thasome spectra the inner or outer
peaks shift by a constant value relative to theesmonding peaks of another spectrum,
so that the distance between the inner or outekspeamains equal, but the energetic
positions are different relative to the other speut This phenomenon is visible by the
red and blue colored spectra of gAgclusters in Figure 6.61 and might be due to an
offset charge in the Coulomb-charging picture.

Ag 309 »2.0eV

A
v

Veet=1.97 V

Ad 23 » 1.5 eV

Veet=1.79 V

Figure 6.61: STM images and STS spectra of Agand Ags,s The peak distance in the STS spectra
depends on the clusters radius.
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6 Results and Discussion

A different interpretation of the observed peakshie STS data is the assignment to a
size-dependent quantization of electronic statdhlimnvithe clusters. As mentioned in
chapter 2 clusters have - depending on their stpeantized or bulk-like properties. For
clusters with several thousands of atoms the blkiék-properties dominate, which
means that single peaks pass into the band steudhe ratio of the radii for Ags and
Agsos, Which is the cubic root of the number of atonyads 1.4, the ratio of the inner
and outer peaks in Figure 6.61 equals 1.3. Foestienation of energy level spacings
close to the Fermi energy in Qgclusters an upper and lower bound have to be
considered [230]. As an upper bound, in the cadeigifly symmetric particles which
can be described by the spherical jellium modet (B®pter 2), the multiple degeneracy
enlarges the mean level distanbea simple periodic orbit approach the mean length
<L> of classical orbits determines the main shedikation periodicity. For a spherical
cluster of the radius R one gets <L> =5.42-R [28&]ich results in an energy spacing
of

2
_ “kep 6.12
e = 7 ime R’ (

wherems is the electron mas&; the Fermi wave vector (1.20 ™ for Ag [232]),
and the Planck constant. These main shell closing$ifgin symmetry particles give
an upper limit for the observed peak distances.

For particles with low symmetry for non-degeneragéectron states the mean energy
spacing near the Fermi edge is

£ =202 (6.13)

where V is the cluster volume. From equation (2.2) an®)(2ollows for the shell

structure thatDE p 1/ N3 and for the spacing of individual energy levelsu 1/ N .
This leads to an expansion of the region betweenwo limits for increasing cluster
size, which is demonstrated in Figure 6.62. Becaarseatomic shell structure is
assumed for Ago and Ag.s the energy level spacing might be expected bdiatv
close to the upper bourlE. But the smallest energy level spacings obseruethe
STS data for Agys of 1.5 eV and for Agyg of 2.0 eV are above the upper bound.

This phenomenon is probably due to the fact thanyrmstates of metal clusters are
invisible to STS measurements. This also includeake with smaller energy level
spacings betweepE andDE. In [233] M. DE MENECH et al. describe the absence of
metal cluster states in STS measurements. By mafahsgly self-consistent quantum
transport calculations, using realistic tunneliipg tthey show that, depending on the tip
shape, only a small fraction of the electronic egatontribute to the STS spectra. A
more unambiguous characterization of the statethersupported metal clusters could
be achieved with energy-resolved images, as it stsvn with a theoretical analysis
which mimics the experimental imaging proceduresylrhlso report that the tip position
on the clusters influences the spectra, as it Wssabserved in STS spectra measured
within this thesis (see Figure 6.63). Additonally experimental STS results, a
theoretical study is necessary and planned fordéutxperiments in order to understand
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6.5 STS spectra of size selected Ag clusters

and classify the observed peaks and features actthtacterize the electronic properties
of clusters.

Ag 300 Ad g23

Figure 6.62: Estimated energy level spacing close the Fermi energy in silver clusters with the
upper bound DE and the lower bounddE.

Figure 6.63: STM image of an Agy cluster on 1ML Cs/HOPG. STS spectra were measured on
different positions on top of the cluster. STS spé&@ which were taken in the regions A, B and C,
respectively, look equal but have shifts relativea each other (see text).

It is often difficult to assign the peaks in STSesfpa of clusters to either Coulomb
charging effect or quantization of electron stat@se mostly observes indications for
both interpretations. In [234] OC. RALPH et al. observed discrete electronic states in
STS data of single Al particles. In contrast, teaks in STS spectra of oxide-supported
silver particles were first assigned to single &tet states [235] but later the
interpretation was modified and the peaks werébatied to Coulomb charging effects
[236]. It is also possible that there exists a cmaioon of both effects which would
lead to an even more complex analysis of STS data.
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6 Results and Discussion

Even if the G spectra look almost equal, which indicates theesahape of the STM
tip, the corresponding Ag and Ag.s spectra sometimes differ from each other. In
addition to sharp peaks broader structures wererebg in the STS data which might
also characterize properties of the cluster-suretem. Due to the cluster-surface
interaction a simple jellium model is not sufficign describe the STS data. It might be
possible that the broader structures are due todimbination of Coulomb charging and
quantization effects. As it is visible e.g. for tAgsog Spectra in Figure 6.61 the sharp
peaks shift whereas the broad structures 0.5 V remain at the same position. The
peak positions depend on the exact position oSthi tip during taking a spectrum. If
the tip is not located on the highest point of thester, the result often is a spectrum
with peaks which are shifted relative to the peaka spectrum taken on the highest
point of the cluster. This phenomenon is shown igufe 6.63. It was observed that
spectra which were taken on similar cluster pos#imok equal to each other whereas
differences occur for positions with a larger dmstato each other. In Figure 6.63 each
three spectra located in the regions marked witB And C and the two spectra in the
region marked with D look equal and were therefaveraged to one spectrum. The
four resulting spectra show peak shifts or varyegaures at the same voltage values.

Another reason for differences in STS spectra né Selected clusters can be the
different possible orientations of the clustersatigke to the & film, which influence
the electronic structure of the clusters.

In general, the measured spectra of different iddad Agsgo clusters on g/HOPG
look very similar to each other, as it was expettesize selected clusters. In particular
this is the case for stable STM tip conditions,nasnitored by Gy spectra taken in
between (see e.g. Figure 6.66 left column). Forpameon STS spectra of non size
selected clusters which were taken formerly in BDarid [237] are much less identical,
even if their height is similar. STS spectra ofgfgclusters are also similar to each
other, but are less identical than STS spectragafosXlusters. This might be due to the
fact that Ag,s clusters have more isomers thans@§agnd the number of atoms after
mass selection is more precise forsfgs) than for Agoz+oy Additionally it is more
difficult to get stable tunneling conditions for 4g due to their large height in
comparison to Agy. The contact with the STM tip or the displacemage,s clusters
by the tip could lead to a destruction or defororatiof the clusters. Systematic
deviations between STS spectra taken on clustbts/Cgo and clusters/2 ML g5 were
not observed. For both Ag and Ag»s more STS spectra on 1 than on 2 Mgy @ere
measured. This is due to the fact that the tungetionditions were often better for
clusters on 1 ML g@/HOPG than for clusters on 2 MLggHOPG, probably due to
another coupling of metal clusters to 1 MkyfEIOPG. This behavior depends strongly
on the condition of the STM tip. However, the gtyatif the Agog and Agzsz spectra on

2 ML Cgp is better compared to spectra taken on 1 Mi. C

As presented in section 2.1.4 UPS spectra of figg, Bgss and Aus clusters [9] show
sharp peaks due to closed atomic shells with erghiiis of about 0.5 eV. This is much
less than the 1/R-extrapolation of the experimégntadserved peak distances for AHg
and Agog Would suggest. The Coulomb charging energy estichaising equation
(6.11) to 2.36 eV with R = 0.61 nm for sphericalsAglusters. With peak distances of
more than 2 eV it would be difficult to collect argh information in the energy range

140



6.5 STS spectra of size selected Ag clusters

available in STS experiments. However, it mighpbssible that sharp peaks or broader
structures of Ag clusters are visible in STS spectra and a suppress peaks [224]
will not occur. STS spectra of clusters with thetaseable cluster size of 1.5 nm height
on Gs/Au(11l) could also be very interesting. Due to taet that the height
distribution of these clusters is extremely narravhich hints to the same binding
orientations relative to thegg; it is possible that STS spectra of the metastelolgters
might be even more identical than STS spectra effand Ag,s Due to the fact that
the metastable clusters decay at RT, but are s&bl@ K and at 5 K, the measurement
of STS spectra should be possible.
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Figure 6.64: STS spectra of Ago on 1 ML Cg and STS spectra of 1 ML G, measured as a
reference. The spectra were normalized in order t@mphasize special features, e.g. peaks. The
break of the x-axis denotes a different normalizatin right and left from the break. Spectra which
have identical colors were measured with the sameptshape as monitored by the g spectra.
Different colors are due to different conditions ofthe STM tip during the measurement. It is
striking that also the cluster spectra which were reasured with the identical tip shape are very
similar to each other.
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Figure 6.66: Normalized STS spectra of Aggon 2 ML Cg and STS spectra of 2 ML G, measured

as a reference. Identical colors represent the sanshapes of the STM tip as monitored by the &
spectra.
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Figure 6.67: Normalized STS spectra of Ag;on 1 ML Cg and STS spectra of 1 ML G, measured
as a reference. Identical colors represent the sanshapes of the STM tip as monitored by the &
spectra.
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Figure 6.68: Normalized STS spectra of Ags;on 2 ML Cg and STS spectra of 2 ML G, measured
as a reference. Identical colors represent the sanshapes of the STM tip as monitored by the &
spectra.
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6.6 UPS spectra of size selected Ag clusters

6.6 UPS spectra of size selected Ag
clusters

In order to get information about the electroniogarties of size selected Ag clusters,
additionally to STS spectra UPS spectra were taKdrmeoretical and experimental
details about this technique are described in@eeti3. In contrast to STS which allows
the study of the electronic structure of a singhester, UPS yields spectra which
average the electronic structure of all Ag clusterthin the measurement spot of
1 mm2.

6.6.1 UPS of Ad 55 and Ag 923/Ceo/HOPG

Within this thesis several sample systems are t@edPS measurements. Due to the
function as a buffer layer and the RT stability @fy surfaces, & functionalized
surfaces are an optimal substrate for the depositicize selected Ag clusters. For this
reason this sample system was used for the fir& WBasurements of size selected Ag
clusters. Due to the fact that the UPS signal gfi€very strong and shows peaks at the
same energy as silver, UPS spectra of Ag clustetsace HOPG were also measured at
low temperatures in further experiments.

In section 2.1.4 UPS spectra of size selected gemaiéy magic Na clusters in a free
beam are shown, which were taken by the groupeei\B VON ISSENDORFAN Freiburg.
These spectra clearly show the closed atomic shedldting in a strongly degenerated
electronic structure due to their high symmetryd ather spectral features which are
typical for size selected clusters. Similar reswdte expected for UPS spectra of
geometrically magic Ag clusters on surfaces. Symtisa are much harder to obtain
than spectra of clusters in a free beam. This estduthe fact that the clusters must not
coalesce in order to keep the mass selection, Hautcluster density should be high
enough to get a UPS signal of Ag clusters witha@rable signal to noise ratio.

UPS spectra of grown Ag and Au islands on nanostrad HOPG were measured in
Dortmund in former experiments [158, 159]. UPS $@eof Ag and Au islands — here
also named “clusters” — are depicted in Figure 6.69

Similar UPS spectra as shown for N = Z-tOFigure 6.69 (left) were expected for size
selected geometrically magic Ag clusters. Before deposition of Ag clusters UPS
spectra of the sample substrate were taken whieh Veere subtracted from the UPS
signal of Ag clusters on the substrate. Figure 8lv@ws four UPS spectra taken within
this thesis of bulk Au(111) and 1 MLsgAu(111) at 165 K as well as bare HOPG and
3 ML Cso/HOPG at RT. 1 ML G/Au(111) is sufficient to cover the whole Au(111)
surface, whereas for HOPG 3 ML are needed to afreiel HOPG areas due to the
different growth of G on Au(111l) or HOPG. The UPS spectra of Au(111) and
Cso/Au(111) were taken at 165 K, the spectrum of HGR@G&O00 K and the spectrum of
Ceo/HOPG at RT. The spectra were taken by employingl Hadiation with
hn=21.2 eV.
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Figure 6.69: Left: solid dots: UPS spectra of Ag cisters for different cluster sizes given as the mea
number N of atoms in one cluster and of polycrystéihe bulk Ag and an Ag(111) bulk crystal. Open
dots: calculated curve corresponding to clusters wh N = 4-1G atoms [159]. Right: (a) UPS spectra
of the Au d band structure with about 1.3 ML evapoated Au. Solid curve: measured spectrum of
the cluster sample. Dashed curve: spectrum of theabe HOPG substrate. (b) Difference signal of
the two spectra in (a). (c) UPS signal of a polycsyalline gold sample. (d) UPS signal of a Au(111)

single crystal [158].
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Figure 6.70: UPS spectra of Au(111), 1 ML €/Au(111), HOPG and 3 ML GyHOPG. The UPS
spectrum of Au(111l) shows the typical d band, thepsctra of Cs clearly show the different

occupied orbitals.
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6.6 UPS spectra of size selected Ag clusters

UPS spectra of &/Au(111) [238, 239] and §&/HOPG [240] are well-known from
literature and the UPS spectra taken within thésithlook very similar. In Figure 6.70
and all the following UPS spectra a defect of tHeSlkelectronics which led to shifts in
the kinetic energy scale limited the accuracy & émergy to about £ 0.2 eV, which
however is not important for the following discussi

The UPS signal of silver shows a high intensitamtnergy of -5 eV (see Figure 6.69
left). Unfortunately thep- ands-orbitals of Gy show a high intensity in UPS spectra
also at E -5 eV and the measurements showed that the sifiriad) clusters on 6
was not detectable. A larger intensity of Ag colbédobtained by increasing the number
of deposited Ag clusters. But in order to avoidleseence, the number of deposited Ag
clusters should not be too high. A coveragecfidtiepo= 600 pAmMin was deposited,
which is three times of the ‘normal’ number of Alysters (see subsection 5.3.1.2,
equation (5.1)) which already leads to coalescendbe deposition center. But even
with this coverage no UPS spectra ofs4ty ML Cgo/Au(111) or Ag2943 ML Cgo/ HOPG
could be measured due to the strong UPS signadof C

6.6.2 UPS of Ag s5s and Ag ¢2s/ HOPG

Due to the fact that the UPS signal of Ag clustmsGso was not visible Ags and
within a second experiment Agclusters were deposited on bare HOPG at low
temperatures withelstertdepo= 600 pAmin and a deposition energy of B.02eV/atom

in order to guarantee soft landing. Ag clusters exttemely mobile on HOPG and
coalesce at RT. The deposition at low temperatsinesild hinder the diffusion and thus
the coalescence of the clusters. First UPS spettb@mre HOPG were taken and later
subtracted from the AGHOPG signal in order to get the UPS signal ofAtusters.
The spectra of Ag/HOPG were taken at 100 K, the spectra otsA40PG at 50 K.
Below 50 K contamination of the sample due to tdsoaption of residual gas was
visible with UPS. The UPS spectra of AgHOPG, Ag.s Agss/HOPG and Ags are
depicted in Figure 6.71 and Figure 6.72.

The spectra were taken at different sample positiéw some positions the Ag and
Agss clusters could be identified which is clearly tisiin Figure 6.71 and Figure 6.72.
The Ag clusters are visible by a broad shouldehéenHOPG spectrum for low coverage
or for higher coverages by a structure which isilainto the d band of bulk silver. The
shape of the spectra varies depending on the cldstesity. Remembering the UPS
spectra measured for grown Ag islands of diffeenés [158, 159] (see Figure 6.69),
several Ags and Ag,3 spectra are similar to the spectra measured forskagds with
about 200 and 900 atoms, respectively. But sometrspare very similar to spectra of
Ag islands with much more atoms, which lets asstimae especially in the deposition
center the Ags and Agys clusters might be coalesced on the bare HOPG rsitdsh
spite of the low temperature of 50 K and 100 Kpessively. The spectra of Agand
Ago2s Visible within the waterfall diagrams (Figure 6.@nd Figure 6.72) represent an
increasing cluster density from top to bottom. Towar Age,3 spectra (blue, light blue,
pink and yellow colored in Figure 6.71), were prollganeasured at positions with no
or only a few Ag clusters which might be considededling the interpretation of the
spectra.
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Figure 6.71: UPS spectra of Ag/HOPG (as measured) and Ags (HOPG spectra substracted and
normalized) taken at 100 K. Different Ag coveragewere observed at different sample positions.
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Figure 6.72: UPS spectra of Ag/HOPG (as measured) and Ag (HOPG and contamination signal
substracted and normalized) taken at 50 K. Differen Ag coverages were observed at different
sample positions.
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6 Results and Discussion

An observation, which corroborates the assumptioriuster coalescence in the center
of the deposition, is the shift of the Ag signallaoger binding energies for decreasing
cluster density, which is particularly visible imet Ag)23 data. The shift can be explained
by the so called “dynamic final state effect”. metcase of free clusters or clusters
coupled to a poorly conducting surface, like HOR&, final state is characterized by
the excited photoelectron and the corresponding hothe cluster. The shift to larger
binding energies has its origin in a remaining fesi charge on the cluster. The
lifetime of the positive charge on the isolatedstdn is large compared to other
timescales of the experiment. The resulting Coulatikaction therefore increases the
apparent binding energy of the Ag electrons b¥Résee equation (6.11)), where R is
the cluster radius. If clusters are coupled to b @anducting surface, the lifetime of the
remaining charge is smaller due to a stronger ehargnsfer between cluster and
substrate which leads to neutralization of thetehss Ref [241], [242] and [243] first
reported on a final state effect of Ag, Pt, Pd Andclusters on amorphous carbon. Due
to the dependency of the shift on the cluster adRy the shift is larger for smaller
clusters. In the case of the photoemission speftfayss and Agys clusters, the spectra
of Agozs clusters show larger shifts to each other tharspgeetra of Ags clusters. This
could be an indication that the Agclusters coalesced more than thegAglusters,
probably due to larger mobility on the bare HOPGodssible reason could be that the
deposition energy of Ag was slightly larger and for Ags slightly lower than
0.02 eV/atom. After taking UPS spectra of sS4HOPG at 50 K, STM images were
taken which show that the Agclusters indeed coalesced on the bare HOPG stéstra

During the measurement of UPS spectra ofsAdusters at different sample positions
with 1 mm distance to each other it was observeat th large Ag coverage was
measured at two positions and much lower coveragdse remaining positions, which
is visible in Figure 6.73. Together with the 1 mrardeter of the measurement spot this
result corroborates a deposition spot size of aBanin.

intensity [a. u.]

Figure 6.73: 3D plot of the UPS intensity of Ag/HOPG depending on the sample position.
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6.6 UPS spectra of size selected Ag clusters

The spectra of Ag and Ag,3 which were shown in this section show qualitagvblat

it is possible to take UPS spectra of size selectesters. The spectra do not show
features which point to the quantized electroniucitire of geometrically magic
clusters, but show structures which are similarthose for grown Ag clusters in
nanopits which were measured in former experimeniBortmund. Due to the defect in
the UPS electronics the position of the peaks aedtufes in the spectra is
approximately right, but not as precise as it wobkl necessary for a quantitative
analysis of size dependent peak shifts e.g. indtand. In addition the cluster size
selection is at least partly lost due to coalesedoc the deposition on bare HOPG. To
solve the coalescence problem currentlyssAglusters were deposited on 1 ML
Xe/HOPG in order to hinder the cluster diffusiomdda guarantee an ultra soft landing.
STM images showed that the clusters remain sephostd ML Xe/HOPG which is an
optimal condition for taking UPS spectra of sizéesied clusters. Contamination of
Xe/HOPG due to residual gas adsorption was obsemibdat temperatures below 40 K
so that the spectra can be taken at 40 K.

Figure 6.74 depicts two STM images of A4 ML Xe/HOPG taken at 5 K. Some
clusters in the deposition spot coalesced, but rabshe clusters remained separated
and have a height of about 1.4 nm, which is in egent with the height of Ag
measured on 1 ML §/Au(111).

h=1.41nm h=1.39 nm

Figure 6.74: 200x200 nm? (left) and 100x100 nm? STkhage (right) of Agss/1 ML Xe/HOPG taken
at5 K.
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7 SUMMARY AND OUTLOOK

/7.1 Summary

The results presented within this thesis were &eliavithin the priority program SPP
1153: “Clusters in Contact with Surfaces — Eledodtructure and Magnetism” of the
Deutsche Forschungsgemeinschaft (DFG). We colléddravith two groups from
Freiburg in order to study geometric and electrqgrimperties of size selected clusters
on surfaces: the experimental group OERBD VON ISSENDORFF and MCHAEL
MosELER who performed molecular dynamics simulations amnagtic calculations.
The ambitions concerning the geometrical propeniese the stability and thermally
induced processes of size selected clusters amnparison concerning these aspects
with grown metal islands. Regarding the electrqmaperties of size selected clusters
one aim was a comparison between UPS spectra stecduin a free beam and clusters
on surfaces. For geometrically magic metal clusteesfree beam UPS spectra showing
closed shell structures were taken in the groupesiND VON ISSENDORFH54, 55, 9].

7.1.1 Setup, sample systems

We deposited size selected geometrically magi¢ @gsters with an icosahedral shape
from Agss to Agozs, Which are very stable due to closed atomic sliséie chapter 2). In
comparison to size selected Ag clusters grown Ag &b metal islands were
investigated.

The Agy clusters were produced, mass separated and fisaftylanded on surfaces

(section 5.3.1.4) with a cluster deposition macluoesisting of a magnetron sputter gas
aggregation source [98], an acceleration stageaaspecial time-of-flight mass selector
[99] (section 3.1 and 5.3). The size selected, Atusters were investigated with

different experimental techniques, namely STM (sect.1), STS (section 4.2) and

UPS (section 4.3).

For the soft landing of the clusters and the prtidncof grown metal islands we used
an Au(111) or HOPG surface functionalized with &l #hordered monolayers ofs&C
Due to the properties ofgg; the fullerenes work as a buffer layer in ordesupport the
soft landing and due to their corrugation periodabbut 1 nm they hinder the cluster
diffusion on the surface. Thes&film is long-time stable at RT and decouples thg A
clusters electronically from the substrate.

The results for fullerene layers on surfaces wessented in section 6.2. First STM
images and properties ofs&on HOPG were discussedsgEHOPG was investigated
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within a collaboration with ATUR BOTTCHER from Universitat Karlsruhe. The
observations showed that{forms fractal-like islands which lead to a veralde
network, stabilized by significantly stronger fubee-fullerene bonds than found for
1 ML Cgp van der Waals films

The different orientations of &g molecules on Au(111) and HOPG were depicted in
subsections 6.2.2 and 6.2.3. It was observed thdt Cgo molecules on HOPG all have
the same orientation, whereas for 2 Mgg/BOPG three different orientations including
in-plane orientations of singles§&molecules were observed by taking highly resolved
STM images at 5 K of occupied and unoccupigg states. The orientations showed a
three-lobe, a dumbbell-like and a bright spherinalamolecular pattern which can be
assigned to the hexagons and pentagons gf en@ecule.

For Go/Au(111), three different & patterns were observed for certain areas of 1 ML
Ceso islands. The three patterns show arrangementsg®fim@lecules with different
orientations. The §5(1) surface shows a pattern with both dark andhbrigolecules

representing different g orientations and is assigned to a/_&xzﬁ) R30° structure,
whereas the £(2) matches the crystallographic directions of Augl111) units and has
a 38x38 unit cell containing 11ls&molecules [143, 188]. 4{3) is organized in a

supramolecular@ X@) R 14.5° lattice on Au(111) and its unit celcomposed
of 49 molecules in (7x7) array [175]. STM imagesldfiL Cso/Au(111l) at RT taken
consecutively at the same sample area within basi$ revealed that thed3nolecules
change their orientations and rotate at RT [190jemeas at 77 K such effects can be
neglected. This observation was important to erplag thermally induced processes of
clusters on g. Due to the dynamics of thesCfilm at RT the diffusion of clusters
might be enhanced.

7.1.2 Softlanding, thermal stability

In subsection 6.3.1 geometrical properties andnb#y activated processes of size
selected geometrically magic Ag clusters on 1 aMdL2Cg, on Au(111l) and HOPG
were presented. The clusters were deposited atdoweratures because in [165] and
[86] it was shown that Agclusters on g/Au(111l) seem to be not stable after RT
deposition. Agu7, Adsos, Adse1 and Agos were deposited at 165 K and Aat 115 K.
The results show that it is possible to land sieéected Ag clusters softly on
Cso/Au(111) and G/HOPG and to keep the mass selection. After thetemperature
deposition a narrow height distribution for evehyster size was observed and forsAg

to Agoy3 different cluster heights were measured. The nredsheights are similar to
calculated heights by assuming a spherical shapineofclusters. These heights are
slightly higher than the spherical heights, whielvénto be taken as an upper limit. This
difference can be due to different LDOS on the teltssand on the & Molecular
dynamics calculations by EHAEL MOSELER assuming the same parameters as in the
experiments, showed that the \Aglusters kept their global icosahedral shape after
deposition. Only at the interface of clusters argt@ere was a small distortion which
leads to a denticulation of cluster angh {146].

Because former experiments indicated a change ef ctuster height at RT for
Agn/1 ML Cgo/Au(11l), the samples were annealed for differenetintervals up to
RT. During annealing a decrease of the height fgg Blusters on 1 ML g was
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observed and after a few hours at RT a metastaitec size of about 1.5 nm height
was observed. After annealing &gl ML Csy/Au(111l) for 3 h at RT, a height
distribution was observed, which was narrower thian height distribution measured
directly after deposition [195]. This is an indicat that these metastable clusters not
only have the same number of atoms but also the sarantations relative to the;§:
which do not has to be the case fonAdusters after deposition. The metastable cluster
height was observed after RT annealing oksA@di147, Adsos Agse1 and in Ref. [165]
also of Agyz on 1 ML Go/Au(111) and is due to a decay of the clustersTatBuring

RT annealing islands below 1 MLg&with the height of an Ag monolayer were
observed which indicated that the Ag material pextetl the G film. Atomistic
calculations by MCHAEL MOSELER revealed a process by which the clusters decay
atom-by-atom through theggfilm. The penetrating Ag is accompanied by another
silver atom that is still in contact with the clestand at the transition state the bond
between the two atoms breaks. After annealing frofl more hours at RT it was
observed that also the metastable clusters fipahetrated 1 ML €, so that in the end

a network of Ag islands below thewas visible with STM.

The observations for Ag were slightly different. After deposition Aghad a smaller
cluster height than 1.5 nm, but nevertheless thtasteble cluster size was observed
after annealing, together with clusters with hesghtnaller than Ag clusters. One
explanation for this observation is that the metalst cluster size is formed by Ostwald
ripening of Ags clusters. Another explanation is that some largkisters were
deposited together with Ag due to a non optimal waiting timbey between two
acceleration pulses of the mass selector. In tHas the metastable cluster size would be
formed after annealing of these larger clusters.

Because the height of the metastable cluster sizmiween the height of Agand
Agi147, geometrically non-magic clusters betweensf@nd Ag47 were deposited. Ag
was deposited on 1.2 MLggand Ago on 1.1 ML Go. The same height as for A&gvas
measured for both Agand Ago after deposition at 165 K [54]. During annealing o
Ages and Ago on Go/Au(11ll) the metastable cluster size with 1.5 nnghitewas
visible in the height distributions for clusters brand also on 2 ML §/Au(111). This
behavior indicates thermally induced Ostwald ripgnand coalescence of &gand
Agso or other geometrically non-magic clusters. It nhiglso be a property of clusters
up to a certain size. After annealing for 12 h &tAes and Ago clusters on 1 ML &
finally decayed and penetrated thgo@Im, whereas clusters on 2 MLg§ grew.
Therefore, decay and Ostwald ripening play an irngmrrole for Ags and Ago on

1 ML Cgp - Ostwald ripening on a short and decay on a Iotigeescale.

Additionally to the thermally induced mechanisms $ize selected Ag clusters, the
thermally activated processes of grown Ag and Rinds, evaporated at T < 50 K, were
studied (section 6.4). It was observed that 0.026Ag decayed on 1 ML g after
annealing for 45 min at T = 165 K and on 2 Mky@fter annealing for 15 min at RT. In
contrast, for 0.5 ML Ag on 1 ML § the islands completely decayed after 45 min at
215 K. A part of the Ag islands on 2 MLggalso decayed, whereas another part grew
and stayed stable for 14 d at RT. Evaporating 4Adlon Go/Au(111) showed that Ag
islands on 1 ML G decayed after 45 min at 265 K, whereas the Agqadaon 2 ML
Cso grew and stayed stable for at least 12 h at RT.
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In contrast, evaporating Pb on 1 Mlgg®u(111) at T <50 K and annealing up to RT
showed that Pb islands did not decay, but grewssawked stable up to 15 h at RT. The
different behavior of Ag and Pb onsgAu(111) is probably due to the fact that the
mobility of Pb on Gy is large, whereas for Ag islands oe/Bu(111) the Ag-Au(111)
interaction dominates.

7.1.3 Spectroscopy

In order to study the electronic properties of siekected clusters STS spectra at 5 K of
Adsoe and Agps were taken (section 6.5). The spectra of individiitierent clusters
looked similar to each other as it was expectedsine selected clusters. But changes
due to different shapes of the STM tip were obskr¥®r this reason STS spectra of
Cso Were taken as a reference. STS spectra of clustach were taken with the same
condition of the STM tip as monitored by thg,Gpectra showed identical features.
Taking STS spectra on different positions on atelusevealed that the spectra are not
only dependent on the STM tip but also on the dgifon on the clusters during the
STS measurements. Peak shifts occurred for differprpositions on a cluster. The
STS spectra of Agoeand Agys show two characteristic peaks. The distance op#daks

of Agez3 and Agog Seems to be proportional to the inverse radii gf.8&and Agoe, and
might be due to Coulomb staircase effects, quahtiekectronic properties or a
combination of both interpretations (see secti@nlg.

In addition to STS spectra, UPS spectra ofsfsmd Ag.s were taken within this thesis
(section 6.6). Due to the fact that the strong WiRfhal of G superposes the UPS
signal of Ag clusters, UPS spectra ofsAgnd Agzs on bare HOPG were taken at low
temperatures. The Ag signal was visible and loakedlar to the signal for grown Ag
islands on HOPG. For Ags the so called ‘dynamic final state effect’ wasibis by
shifts to larger binding energy of the spectra taler different cluster coverages
(section 6.6.2). STM images of AHOPG revealed that the clusters coalesced. For
this reason Ag was deposited on 1 ML Xe/HOPG. STM images showed the
clusters stayed separated due to the surroundimgnxe

7.2 Outlook

Within future experiments the investigation of ¢tenic and geometric properties of
size selected Ag clusters and metal islands angepties of the metastable cluster sizes
will continue.

The metastable cluster size will be studied in made#ail concerning its geometry,
number of atoms and electronic properties. In otdestudy its exact size, information
about its width can be useful. Producing @ fecklace for the study of the width of
Agsoe by counting the surroundingg§ molecules (subsection 6.3.1.2) was not as
successful as expected, but may be improved inrduaxperiments. A promising
alternative to investigate the width of the methlgtacluster size are TEM
(Transmission Electron Microscopy) measurement$/ hiteasurements and the widths
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of geometrically magic clusters might also reve&imation about the geometric shape
of Ag clusters on a surface. MD calculations shotted the global icosahedral shape is
kept after deposition, but an additional flatteniofjthe clusters on the surface is
possible due to cluster-surface interactions.

Another experiment which will help to understand thermally activated processes of
size selected clusters is the low temperature demosof Agss on 1 and 2 ML
Cso/Au(111) followed by a detailed annealing and STiMdy. The deposition of Ag
on only 1 ML G and annealing for 3 h at RT (subsection 6.3.Jalged the question,
whether the thermally activated instability of /Agan be compared to the thermally
activated Ostwald ripening of Ag and Ago or if annealed Ag clusters show
similarities to other geometrically magic clustafser annealing. In this context the
deposition and thermally activated processes fogela geometrically non-magic
clusters are interesting in order to observe maetild about the differences of
geometrically magic and non-magic as well as smaltel larger clusters.

For the comparison between size selected Ag chusted grown Ag islands future
investigations of Ag islands ong@HOPG are an interesting topic. If the Ag-Au(111)
interaction is the decisive factor for the decay @xpect that Ag islands on 1 ML
Cso/HOPG do not decay due to the weak Ag-HOPG intemadiut show coalescence
and Ostwald ripening. Because Pb islands on 1 M§AQ(111) did not decay after
annealing (subsection 6.4.2), the growth of othedk of metal islands onggAu(111)
can give information about metal-Au(111) and m&gjinteractions.

Further STS and UPS spectra of size selected Asterhi will be taken in order to
obtain information about the electronic structurbe observation of electronic closed
shell structures of deposited geometrically maggs dusters would be an important
result for the use of cluster-specific propertiassarfaces. But also charging effects like
Coulomb staircase, dynamic final state effect angport of single electrons will be
investigated in more detail. It is expected thaBSihd UPS studies of the metastable
cluster size, which occurred after annealingAgAgsos, AJse1 and Agos, look even
more similar than spectra of deposited size salediigsters, because the narrow height
distribution of these cluster size indicates the tlusters not only have the same
number of atoms but also the same orientationiveldad the G, and therefore even
more similar electronic properties.

For UPS measurements size selected Ag clusters billdeposited on HOPG
functionalized with rare gases in order to keepmiass selection, which was not given
for the low temperature deposition of Ag clustemsbare HOPG. By desorbing the rare
gas layer after the cluster deposition a rare ga&lace might be produced which can
help to define the width of the clusters [196]. &gsorbing the rare gas an ultra soft
landing on HOPG can be achieved.

The deposition of size selected Ag clusters qg/Ag(111) will be interesting for
collaborations with theoretical groups because iy different materials have to be
modeled. The decay mechanism ofyAdusters or metal islands ordAg(111) can be
compared with the results achieved within this hdsr Agy and metal islands on
Cso/Au(111). The comparison of STS spectra ofyAdusters measured in Dortmund
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with calculated STS spectra of Aglusters within a future collaboration may help to
understand the observed peaks and features amVeal rmore information about the
electronic structure.

Due to the fact that a buffer layer likegGs useful to decouple the clusters from the
substrate, it is planned to replace, ®y oxide layers or self-assembled monolayers
(SAMSs) and to study the thermally activated mecsiausi and properties of Aglusters

on these kinds of samples.

At long sight, depositions with another kind of stier material are planned. Due to the
fact that Pb islands on 1 MLsgAu(111) are stable after annealing, thermallyvad&d
processes of size selected Pb clusters ggA@111) are interesting, but also other
metals like Au, Cu, Pt or Na will be consideredyexsally for the comparison with UPS
spectra of size selected clusters in the free liaken in Freiburg.

Cluster assembled materials are of great impadutare applications. Particularly size
selected clusters with tailored properties can $edufor different purposes. The RT
stability of these materials is a necessary camdlitbecause most processes and
technical applications need materials which argtime stable at RT. For this reason
the investigation of geometric and electronic praps of supported size selected
clusters and the RT stability of these systemg geat promise for progress in science
and technology.
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8 APPENDIX

8.1 Overview about deposition parameters

and annealing steps

8.1.1 Deposition of Ag n/ Ceso/ Au(111)

8.1.1.1Deposition of Ags/ 1 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 20 min
Cluster current before deposition 10 pA
Deposition temperature 115K
tw 100
Usias -15V

ANNEALING STEPS

1*' annealing step

3hRT

8.1.1.2Deposition of Agoe/ 1 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 5 min
Cluster current before deposition 30 pA
Deposition temperature 165 K
tw 17

Usias oV




8 Appendix

ANNEALING STEPS

1% annealing step 45 min 215 K
2"% annealing step 45 min 265 K
3% annealing step 10 min RT
4™ annealing step 25 min RT
5™ annealing step 45 min RT
6™ annealing step 90 min RT
7" annealing step 180 min RT

8.1.1.3Deposition of Age:/ 1 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 10 min

Cluster current before deposition 16 pA
Deposition temperature 165 K

tw 17

Usias oV

ANNEALING STEPS

1% annealing step 45 min 215 K
2" annealing step 45 min 265 K
3% annealing step 45 min RT
4™ annealing step 15 h RT
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8 Appendix

8.1.1.4Deposition of Ags7/ 1.3 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 60 min
Cluster current before deposition 3 pA
Deposition temperature 165 K
tw 20

Usias -10V

ANNEALING STEPS

1*' annealing step 45 min 265 K
2"% annealing step 15 min RT
3% annealing step 45 min RT
4™ annealing step 90 min RT
5" annealing step 180 min RT
6™ annealing step 3hRT

7™ annealing step 12 h RT

8.1.1.5Deposition of Agoe/ 1.7 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 27 min
Cluster current before deposition 7 pA
Deposition temperature 165 K
tw 25

Usias oV
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8 Appendix

ANNEALING STEPS

1% annealing step 45 min 215 K
2"% annealing step 45 min 265 K
3% annealing step 10 min RT
4™ annealing step 25 min RT
5™ annealing step 35 min RT
6™ annealing step 3hRT

7" annealing step 12 h RT

8™ annealing step 33.5h RT

8.1.1.6Deposition of Agg/ 1.2 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 40 min
Cluster current before deposition 8 pA
Deposition temperature 165 K
tw 35

Usias +12V

ANNEALING STEPS

1*' annealing step 45 min 265 K
2"% annealing step 15 min RT
3% annealing step 45 min RT
4™ annealing step 3hRT

5™ annealing step 9hRT

6" annealing step 33hRT
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8.1.1.7Deposition of Ago/ 1.1 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 12.5 min
Cluster current before deposition 16.5 pA
Deposition temperature 165 K
tw 35

Usias -2V

ANNEALING STEPS

1*' annealing step 45 min RT

2"% annealing step 12 h RT

8.1.2 Deposition of Ag n/ Ceo/ HOPG

8.1.2.1Deposition of Ag,7/ Cso/ HOPG

DEPOSITION PARAMETERS
Deposition time 15 min
Cluster current before deposition 13 pA
Deposition temperature RT
tw 20
Usias -20V

NO ANNEALING
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8.1.2.2Deposition of Agog/ Cso/ HOPG

DEPOSITION PARAMETERS

Deposition time 2 min
Cluster current before deposition 8.3 pA
Deposition temperature 165 K
tw 20

Usias oV

ANNEALING STEPS

1* annealing step 45 min 265 K
2"% annealing step 15 min RT
3% annealing step 45 min RT
4™ annealing step 3hRT

5" annealing step 12 h RT

8.1.2.3 DepOSition of Agzgl Ceo/ HOPG

DEPOSITION PARAMETERS

Deposition time

25 min /18 min / 42 min

Cluster current before deposition

7.5 pA/ 11.7/04.3 pA

Deposition temperature

RT

tw

15

UBias

oV

NO ANNEALING
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8.1.3 Deposition of Ag n/HOPG

8.1.3.1 Deposition of Ags/ HOPG

DEPOSITION PARAMETERS

Deposition time 50 min
Cluster current before deposition 12 pA
Deposition temperature 50 K
tw 100
Usias -7V

NO ANNEALING

8.1.3.2 Deposition of Ag,3/ HOPG

DEPOSITION PARAMETERS

Deposition time 52 min
Cluster current before deposition 11.5pA
Deposition temperature 140 K
tw 15

Usias ov

NO ANNEALING
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8 Appendix

8.1.4 Growth of metal islands / C ¢/ Au(111)

8.1.4.1 Growth of 0.026 ML Ag / 1.3 ML Cgo/ Au(111)

DEPOSITION PARAMETERS

Deposition time 28.6 sec
Deposition temperature <50 K
| emission 8 mA
Iiux 12 nA
I filament 1.7 A
Ubias 700 V

ANNEALING STEPS

1% annealing step 77 K (STM)
2"% annealing step 45 min 165 K
3% annealing step 15 min RT
4™ annealing step 3hRT

8.1.4.2 Growth of 0.5 ML Ag / 1.3 ML Ceo/ Au(111)

DEPOSITION PARAMETERS

Deposition time

17 min 52 sec

Deposition temperature <50 K
lemission 8 mA
Iiux 12 nA
I filament 1.7 A
Ubias 700 V
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ANNEALING STEPS

1% annealing step 77 K (STM)
2"% annealing step 45 min 165 K
3% annealing step 45 min 215 K
4™ annealing step 15 min RT
5™ annealing step 45 min RT
6™ annealing step 3hRT

7" annealing step 12 h RT

8™ annealing step 14 d RT

8.1.4.3 Growth of 4 ML Ag / 1.3 ML Ceo/ Au(111)

DEPOSITION PARAMETERS

Deposition time

2 h 22 min 54 sec

Deposition temperature <50K
lemission 8 mA
liux 12 nA
lfilament 1.7 A
Ubias 700V

ANNEALING STEPS

1*' annealing step 77 K (STM)
2"% annealing step 45 min 165 K
3% annealing step 45 min 215 K
4™ annealing step 45 min 265 K
5™ annealing step 15 min RT
6" annealing step 45 min RT
7™ annealing step 3hRT

8™ annealing step 12 h RT

9™ annealing step 45 min 335 K
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8.1.4.4 Growth of 0.04 ML Pb /1 ML Cg/ Au(111)

DEPOSITION PARAMETERS

Deposition time 90 sec
Deposition temperature <50K
lemission 2.75 mA
liux 10 nA

I filament 1.7 A
Ubias 610 V

ANNEALING STEPS

1* annealing step 77 K (STM)
2"% annealing step 45 min 115 K
3% annealing step 45 min 165 K
4™ annealing step 45 min 215 K
5" annealing step 45 min 265 K
6™ annealing step 45 min RT
7™ annealing step 15 h RT

170



9

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

REFERENCES

C.R. Henry,
Surface studies of supported model catalysts
Surf. Sci. Rep31, 231 (1998)

U. Heiz and E. Bullock,
Fundamental aspects of catalysis on supported nokiaters
J. Mater. Cheml4, 564 (2004)

W. Lu and C. M. Lieber,
Nanoelectronics from the bottom,up
Nature Material$, 841 (2007)

J. van Lith, A. Lassesson, S. A. Brown, M. SizeyJ. G. Partridge, and A.
Ayesh,

A hydrogen sensor based on tunneling between paitadlusters

Appl. Phys. Lett91, 181910 (2007)

J. Bansmann et al.,
Magnetic and structural properties of isolated aassembledlusters
Surf. Sci. Rep56, 189 (2005)

Chenyong Ju, Dieter Suter, and Jiangfeng Du,

Two-qubit gates between noninteracting qubits iodredral-fullerene-based
quantum computatign

Phys. Rev. A75, 012318 (2007)

Dieter Suter and Kyungwon Lim,

Scalable architecture for spin-based quantum coergutith a single type of
gate

Phys. Rev. A5, 052309 (2002)

DFG priority program SPP 1153
“Clusters in Contact with Surfaces — Electronic 8twee and Magnetism”:
http://www.physik.uni-rostock.de/spp1153

Hannu Héakkinen, Michael Moseler, Oleg Kostkan&lMorgner, Margarita
Astruc Hoffmann, and Bernd von Issendorff,

Symmetry and Electronic Structure of Noble-Metahdfzarticles and the Role
of Relativity

Phys. Rev. Lett93, 093401 (2004)



9 References

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

S. Helveg, C. Lopez-Cartes, J. Sehested, Fabsen, B. S. Clausen, J. R.
Rostrup-Nielsen, F. Abild-Pedersen, and J. K. Kars

Atomic-scale imaging of carbon nanofibre growth

Nature427, 426 (2004).

P. Serp, M. Corrias, and P. Kalck,
Carbon nanotubes and nanofibers in catalysis
Appl. Catal. A253 337 (2003).

H. Haberland:
Cluster. InLehrbuch der Experimentalphysik
W. Raith, de Gruyter (1992)

W. P. Halperin,
Quantum size effects in metal particles
Rev. Mod. Phys58, 533 (1986)

W. A. de Heer,
The physics of simple metal clusters: experimeagpects andimple models
Rev. Mod. Phys65, 611 (1993)

ed. K.-H. Meiwes-Broer
Metal Clusters at Surfaces
(Springer, Berlin Heidelberg, 2000)

J. L. Martins, R. Car and J. Buttet,
Electronic and structural properties of sodium ¢ars,
Phys. Rev. B1, 1804 (1985)

B. K. Rao, P. Jena, M. Manninen, and R.M. Nigzn,
Spontaneousfragmentation of multiply charged metal clusters
Phys. Rev. Lett58, 1188 (1987)

M. Cini,
lonization potentials and electron affinities oftaleclusters
J. Catalysig87, 187 (1975)

W. Ekardt,

Work function of small metal particles: self-consig sphericalellium-
background model

Phys. Rev. B9, 1558 (1984)

W. Ekardt,

Dynamical Polarizability of Small Metal ParticleSelf-ConsisterBpherical
Jellium Background Modgl

Phys. Rev. Lett52, 1925 (1984)

172



9 References

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D. E. Beck,
Self-consistent calculation of the electronic stawe of small Jelliunspheres,
Solid State Commurl9, 381 (1984)

D. E. Beck,
Self-consistent calculation of the polarizabilifysonall jelliumspheres
Phys. Rev. B0, 6935 (1984)

M. M. Kappes, R. W. Kunz, and E. Schumacher,
Production of large sodium clusters (N& 65) by seeded beam expansjons
Chem. Phys. Let®1, 413 (1982)

W. D. Knight, K. Clemenger, W. A. de Heer, W. Saunders, M. Y. Chou, M.
L. Cohen,

Electronic Shell Structure and Abundances of Sodilusters Phys.

Rev. Lett.52, 2141 (1984)

W. D. Knight, W. A. de Heer, K. Clemenger,
Electronic shell structure inpotassium clusters
Solid State Commurh3, 445 (1985)

J. Pederson, S. Bjornholm, J. Borggreen, Kndéa, T. P. Martin, and H. D.
Rasmussen,

Observation of quantum supershells in clustersodfian atoms

Nature353 733 (1991)

W. A. de Heer, W. D. Knight, M. Y. Chou, M. Cohen,
in Solid State Physi¢ced. by H. Ehrenreich and D. Turnbull (AcademiewN
York), Vol. 40, p. 30, 1987

Stefanie Duffe (former Krause),
Massenselektierte Cluster deponiert auf Oberflachen
Diploma thesis, Technische Universitat Dortmundd@0

D. Mendeleeff,
The Principle of Chemistn8® Ed. (Longmans, Green and Co., London, 1905)

T. E. Thorpe,
Scientific worthies XXVDimitri Wanowitch Mendeleeff.
Nature XL, 193-197 (1889)

H. A. Jahn and E. Teller,

Stability of Polyatomic Molecules in Degeneratediienic States. I. Orbital
Degeneracy

Proceedings of the Royal Society of London. Sekigslathematical and
Physical Science,61, 220 (1937)

173



9 References

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

D. F. Shriver and P. W. Atkins,
Inorganic Chemistry(3“ ed.), 235, (Oxford University Press)

B. R. Mottelson and S. G. Nilsson,
Classification of the Nucleonic States in Deformatlei
Phys. Rev99, 1615 (1955)

A. Bohr and B. R. Mottelson,
Nuclear Structurg(Benjamin, New York, 1975), Vol Il

K. Clemenger,
Elipsoidal shell structure in free-electron methlsters
Phys. Rev. BB2, 1359 (1985)

C. Bréchignac, Ph. Cahuzac, J. Leygnier, aMl€iner,
Dynamics of unimolecular dissociation of sodiunstduions
J. Chem. Phy<€0, 1492 (1989)

M. P. J. van Staveren, H. B. Brom, L. J. degloy. Ishii,
Energetics of charged small metal partigles
Phys. Rev. B35, 7749 (1987)

K. Manninen, T. Santa-Nokki, H. Hakinnen, dddManninen,
Magic clusters Ng~ and Nay',
Eur. Phys. J. D34, 43 (2005)

George Alameddin, Joanna Hunter, Douglas Camend Manfred M. Kappes,
Electronic and geometric structure in silver cluste
Chem. Phys Lettl92 122 (1992)

C. Pettiette, S. Yang, M. Craycraft, J. Coneei R. Laaksonen, O.
Cheshnovsky and R. Smalley,

Ultraviolet photoelectron spectroscopy of copperstérs

J. Chem. Phys®38, 5377 (1988)

O. Cheshnovsky, K. Taylor, J. Conceicao an&Ralley,

Ultraviolet Photoelectron Spectra of Mass-Selec@egper Clusters: Evolution
of the 3d Band

Phys. Rev. Lettt4, 1785 (1990)

T. P. Martin, T. Bergmann, H. Gdlich, T. Lange
Observation of electronic shells and shells of a@mlarge Na clusters
Chem. Phys. Lettl72 209 (1990)

P. Stampfli, K. H. Bennemann,

Unified Model for the Shell Structure in the Cokedtnergy , lonization
Potential and Photoyield of Metallic Clusters

Phys. Rev. Lett69, 3471 (1992)

174



9 References

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

P. Stampfli, K. H. Bennemann,

Simplified semiclassical theory for the electroshell structure of metallic
clusters

Z. Phys. D25, 87 (1992)

A. L. Mackay,
A dense non-crystallographic packing of equal spher
Acta Crystall.15, 916 (1962)

O. Echt, K. Sattler, E. Recknagel,

Magic Numbers for Sphere Packings: Experimentalfiéation in free Xenon
Clusters

Phys. Rev. Lett7, 1121 (1981)

D. Kreisle, O. Echt, M. Knapp, and E. Reckrlage
Time-dependent size distribution of Xe-cluster,jons
Phys. Rev. A33, 768 (1986)

B. D. Hall, M. Flieli, D. Reinhard, J.-P. B&r&. Monot,

An electron diffraction apparatus for studies oreflirparticles in a molecular
beam

Rev. Sci. Instr62, 1481 (1991)

C. Kittel,
Einfuhrung in die Festkorperphysik
Oldenbourg-Verlag (1998).

M. R. Hoare,
Structure and Dynamics of Simple Microcluste
Adv. Chem. Phys40, 49 (1979)

J. Jortner,
Level structure dynamics of clusters
Bericht der Bunsengesellschatft fiir Physikalischer@ie88, 188 (1984)

M. Moseler, B. Huber, H. Hakkinen, U. Landm&h, Wrigge, M. Astruc
Hoffmann, B. von Issendorff,

Thermal effects in the photoelectron spectra agf Mdusters (N =4 - 19)
Phys. Rev. B8, 165413 (2003)

G. Wrigge, M. A. Hoffmann, B. v. Issendorff,

Photoelectron spectroscopy of sodium clustBisect observation of the
electronic shell structure

Phys. Rev. /65, 063201 (2002)

O. Kostko, B. Huber, M. Moseler, and B. v.dedorff,
Structure Determination of Medium-Sized Sodium t€fss
Phys. Rev. Let®8, 043401 (2007)

175



9 References

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Hellmut Haberland, Thomas Hippler, Jérn Dondekeg Kostko, Martin
Schmidt, and Bernd von Issendorff,

Melting of Sodium Cluster®Vhere Do the Magic Numbers Come from?
Phys. Rev. Lett94, 035701 (2005)

M. Astruc Hoffmann, G. Wrigge, and B. v. Isslenff,

Photoelectron spectroscopy okAbo: Observation of a “Coulomb staircase”
in a free cluster,

Phys. Rev. B6, 041404 (2002)

Hannu Hakkinen, Michael Moseler,
55-Atom clusters of silver and gold: Symmetry birggaby relativistic effects
Comp. Mater. Sci35, 332 (2006)

D. M. Cox, R. Brickman, K. Creegan, A. Kaldor,
Gold clusters: reactions and deuterium uptake,
Z. Phys. D19, 353 (1991)

D. M. Cox, R. Brickman, K. Creegan, A. Kaldor,
Mater. Res. Soc. Symp. Pr@&06, 43 (199)

B. E. Salisbury, W. T. Wallace, R. L. Whetten,
Low-temperature activation of molecular oxygen bidglusters: a
stoichiometric process correlated to electron af§in

Chem. Phys262, 131 (2000)

Y. D. Kim, M. Fischer, G. Gantefor,
Origin of unusual catalytic activities of Au-baseatalysts
Chem. Phys. LetB77, 170 (2003)

Bokwon Yoon, Pekka Koskinen, Bernd Huber, Ofaxstko, Bernd von
Issendorff, Hannu Hakkinen, Michael Moseler, arml Landman
Size-Dependent Structural Evolution and Chemicalckeity of Gold Clusters,
Chem. Phys. Chen8, 157 (2007)

M. Turner, Vladimir B. Golovko, Owain P. H. ghan, Pavel Abdulkin, Angel
Berenguer-Murcia, Mintcho S. Tikhov, Brian F. @hdison, and Richard M.
Lambert,

Selective oxidation with dioxygen by gold nanoptetcatalysts derived from
55-atom clusters

Nature454, 981 (2008)

X. Y. Deng and C. M. Friend,
Selective oxidation of styrene on an oxygen-covArgd11)
J. Am. Chem. Sod 27, 17178 (2005).

176



9 References

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

R. M. Lambert, F. J. Williams, R. L. Cropleand A. Palermo,
Heterogeneous alkene epoxidation: past, presentatode,
J. Mol. Catalys. 2228 27 (2005)

R. J. Chimentao et al.,

Sensitivity of styrene oxidation reaction to théabgst structure of silver
nanoparticles

Appl. Surf. Sci.252, 793 (2005)

F. J. Williams, D. P. C. Bird, A. Palermo, K. Santra, and R. M. Lambert,
Mechanism, selectivity promotion, and new ultrasiale pathways in Ag-
catalyzed heterogeneous epoxidation

J. Am. Chem. Sod.26, 8509 (2004)

Q. Tang et al.,

Cd?*-exchanged faujasite zeolites as efficient heteteges catalysts for
epoxidation of styrene with molecular oxygen

Chem. Commurd4, 440 (2004)

J. Sebastian, K. M. Jinka, and R. V. Jasra,

Effect of alkali and alkaline earth metalions oe ttatalytic epoxidation of
styrene with molecular oxygen using cobalt (I1){exaged zeolite X

J. Catalys244, 208 (2006)

B. Huber, P. Koskinen, H. Hakkinen, M. Moseler

Oxidation of magnesia-supported Pd-clusters lead®¢ ultimate limit of
epitaxy with a catalytic functign

Nature Material®, 44 (2006)

M. Moseler, H. Hakkinen, U. Landman,

Supported Magnetic Nanoclusters: Soft Landing oCRgters on a MgO
Surface

Phys. Rev. Lett89, 176103 (2002)

K. S. Novoselov, D. Jiang, F. Schedin, T. dofh, V. V. Khotkevich, S. V.
Morozov, and A. K. Geim,

Two-dimensional atomic crystals

Proc. Natl. Acad. Sci. USA02,10451 (2005)

K. S. Novoselov, A. K. Geim, S. V. Morozov, Diang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, A. A. Firsov,

Electric Field Effect in Atomically Thin Carbon Rk

Science306, 666 (2004)

S. lijima,
Helical microtubules of graphitic carbon
Nature354, 56 (1991)

177



9 References

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Albert G. Nasibulin et al.,
A novel hybrid carbon material
Nature Nanotechnologd, 156 (2006)

Albert G. Nasibulin, Anton S. Anisimov, Petér Pikhitsa, Hua Jiang, David P.
Brown, Mansoo Choi, Esko I. Kauppinen,

Investigations of NanoBud formation,

Chem. Phys. Le#46 109 (2007)

Ricardo Vieira, Marc-Jacques Ledoux and CuBhgm-Huu,

Synthesis and characterisation of carbon nanofilbvée macroscopic shaping
formed by catalytic decomposition oftg/H, over nickel catalyst

Appl. Catal. A,247, 1 (2004)

E. Osawa,
Superaromaticity
Kagaku25, 854 (1970)

Z. Yoshida and E. Osawa,

Aromaticity

Chemical Monograph Seri@®, 174 Kagaku Dojin: Kyoto, Japan (1971), only
available in Japanese

H. W. Kroto, J. R. Heath, S. C. O’'Brien, R.Eurl, R. E. Smally,
Cso: Buckminsterfullerene
Nature318 162 (1985)

Robert JTernansky, Douglas W. Balogh, and Leo A. Paquette,
Dodecahedrange
J. Am. Chem. Sod.04, 4503 (1982)

Leo A. Paquette, Robert J. Ternansky, DougVadalogh, and Gary Kentgen,
Total Synthesis of Dodecahedrane
J. Am. Chem. Sod.05, 5446 (1983)

W. Kratschmer, K. Fostiropoulos and DonaldHriffman,

The infrared and ultraviolet absorption spectrdaiforatory-produced carbon
dust: evidence for the presence of the@olecule

Chem. Phys. Lettl70, 167 (1990)

L. P. F. Chibante, Andreas Thess, J. M. Alfavd D. Diener, and R. E.
Smalley,

Solar Generation of the Fullerenes

J. Phys. Chenf7, 8696 (1993)

L. Fulcheri, Y. Schwob, F. Fabry, G. FlamantF. P. Chibante, D. Laplaze,
Fullerene production in a 3-phase AC plasma process
Carbon38, 797 (2000)

178



9 References

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Markus Bieletzki,
Rastertunnelmikroskopie an massenselektierten &lustuf G,
Diploma thesis, Technische Universitat Dortmundd@0

S. Bandow, M. Takizawa, H. Kato, T. Okazaki,$hinohara, and S. lijima,
Smallest limit of tube diameters for encasing atipalar fullerenes determined
by radial breathing mode Raman scatteting

Chem. Phys. LetB47, 23 (2001)

H. W. Kroto,
The stability of the fullerenes,Gnith n = 24, 28, 32, 36, 50, 60 and,70
Nature329, 529 (1987)

R. C. Haddon,

Chemistry of the Fullerenes: The Manifestation afai in a Class of
Continuous Aromatic Molecules

Science?6, 1545 (1993)

W. Kratschmer, Lowell D. Lamb, K. Fostiroposland Donald R. Huffman,
Solid Go: a new form of carbgn
Nature347, 354 (1990)

P. C. Eklund, Ping Zhou, Kai-Aa Wang, G. Dedbaus, and M. S. Dresselhaus,
Optical phonon modes in solid and dopeg, C
J. Phys. Chem. Solids3, 1391 (1992)

A. F. Hebard, M. J. Rosseinsky, R. C. HaddonW. Murphy, S. H. Glarum, T.
T. M. Palstra, A. P. Ramirez, and A. R. Kortan,

Superconductivity at 18 K jmotassium-doped dg

Nature350, 600 (1991)

Xin Lu and Zhongfang Chen,

Curved Pi-Conjugation, Aromaticity, and the Relat€@hemistry of Small
Fullerenes (<Gg) and Single-Walled Carbon Nanotubes

Chem. Rev. (Washington, D.CLD5 3643 (2005)

S. Diaz-Tendero, M. Alcami and F. Martin,

Theoretical study of ionization potentials and digation energies of &
fullerenegn =50 - 60,9 =0, 1 and 2)

J. Chem. Physl19 5545 (2003)

Angela Bihimeier, Claire C. M. Samson, and WKitopper,
DFT Study of Fullerene Dimers
Chem. Phys. Cheng, 2625 (2005)

T. Becker, H.Hovel, M. Tschudy, and B. Reihl,
Applications with a new low-temperature UHV STNb &,
Appl. Phys. A66, 27 (1998)

179



9 References

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

H. Hbvel, T. Becker, D. Funnemann, B. Grimm,@iitmann, B. Reihl,
High-resolution photoemission combined with lowftenature STM
J. Elec. Spec. Rel. Pheno&8-91, 1015 (1998)

H. Haberland, M. Mall, M. Moseler, Y. QianghTReiners, and Y.Thurner,
Filling of micron-sized contact holes with coppgrdmergetic cluster impact
J. Vac. Sci. Technol. A2, 2925 (1994)

B. von Issendorff and R. E. Palmer,

A new high transmission infinite range mass setdatocluster and
nanoparticle beams

Rev. Sci. Instr70, 4497 (1999)

Chunrong Yin,
Depositionand Characterization of Size-Selected Metal Clster
Dissertation, Albert Ludwig Universitat Freiburg007)

P. Sigmund,

Theory of Sputtering. Sputtering Yield of Amorphous aRdlycrystalline
Targets

Phys. Rev184, 383 (1969)

SIMION, D. A. Dahl and J. E. Delmore, Idahndineering Laboratory, EG&G
Idaho Inc., P. O. Box 1625, Idaho Falls, ID 83415

Ingo Barke,

Edelgasschichten auf der Au(111)-OberfladRgiparation und lokale
Tunnelspektroskopie

Diploma thesis, Technische Universitat Dortmundd@0

Torsten Richter,

Untersuchung von deponierten und gewachsenen Slilis¢éern auf
Fullerenschichten mittels Rastertunnelmikraysie,

Diploma thesis, Technische Universitat Dortmundd@0

G. Binnig, H. Rohrer, Ch. Gerber, and E. \ib
Tunneling through a controllable vacuum gap
Appl. Phys. Lett40, 178 (1982)

G. Binnig, H. Rohrer, Ch. Gerber, and E. \ib
Surface Studies by Scanning Tunneling Microscopy
Phys. Rev. Lett49, 57 (1982)

G. Binnig and H. Rohrer,
Scanning Tunneling Microscopy
Surf. Sci.126, 236 (1983)

180



9 References

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

R. W. Gurney, E. U. Condon,
Wave Mechanics and Radioactive Disintegration
Naturel22 439 (1928)

R. W. Gurney, E. U. Condon,
Quantum Mechanics and Radioactive Disintegration
Phys. Rev33, 127 (1929)

G. Gamow,
Zur Quantentheorie des Atomkernes
Z. Phys. A51, 204 (1928)

R. W. Wood,

A new form of cathode discharge and the productibx-rays together with
some notes of diffraction

Phys. Rev5, 1 (1897)

H. Bethe and A. Sommerfeld,
Handbuclhder Physik ed. by Geiger and Schied,
Verlag Julius Springer,"2ed. Vol.24, Part 2, p. 450 (1933)

R. Holm, B. Kirschstein,
Uber den Widerstand diinnster Fremdschichten in Nketatakten
Zeit. Techn. Physl6, 488 (1935)

R. Holm,
The Electric Tunnel Effect across Thin Insulatdnts in Contat
J. Appl. Phys22, 569 (1951)

J. Simmons,

Generalized Formula for the Electric Tunnel Effebetween Similar
Electrodes Separated by a Thin Insulating Film

J. Appl. Phys34, 1793 (1963)

J. Bardeen,
Tunneling from a many-particle point of view
Phys. Rev. Lett, 57 (1961)

J. Tersoff and D. R. Hamann,
Theory and Application for the Scanning Tunnelingrivscope
Phys. Rev. Lett50, 1998 (1983)

J. Tersoff and D. R. Hamann,
Theory of the scanning tunneling microscope
Phys. Rev. B1, 805 (1985)

181



9 References

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Léon Brillouin,

La mécanique ondulatoire de Schrédinger: une méthygmhérale de resolution
par approximations successives,

Comptes Rendus de I'Academie des Scieh88s24 (1926)

Hendrik A. Kramers,
Wellenmechanik und halbzahlige Quantisierung,
Z. d. Phys39, 828 (1926)

Gregor Wentzel,

Eine Verallgemeinerung der Quantenbedingungen igiZdiecke der
Wellenmechanik

Zeitschrift der Physild8, 518 (1926)

G. Binnig, K. H. Frank, H. Fuchs, N. Gard&,Reihl, H. Rohrer, F. Salvan, and
A. R. Williams,

Tunneling Spectroscopy and Inverse Photoemissinagé and Field States
Phys. Rev. Lettc5, 991 (1985)

Hans-Christoph Ploigt, Christophe Brun, Marivetta, Francgois Patthey, and
Wolf-Dieter Schneider,

Local work function changes determined by fieldssion resonances:
NaCl/Ag(100),

Phys. Rev. B6, 195404 (2007)

I. S. Tilinin, M. K. Rose, J. C. Dunphy, Maneron, M. A. Van Hove,
Identification of adatoms on metal surfaces by S&xberiment and theory
Surf. Sci418 511 (1998)

Philippe Sautet,
Atomic adsorbate identification with the STM: adtegical approach
Surf. Sci.374, 406 (1997)

Heinz Hovel, B. Grimm, and B. Reihl,

Modification of the Shockley-type surface staté\g(il11) by an adsorbed
xenon layer

Surf. Sci.477, 43 (2001)

H. Hovel and I. Barke,
Large noble metal clusters: electron confinemert band structure effects
New J. Phys5, 31 (2003)

|. Barke and H. Hovel,
Confined Shockley Surface States on the (111) Fat&bold Clusters
Phys. Rev. Let®0, 166801 (2003)

182



9 References

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

B. Grimm,

Tunnelspektroskopie und Photoemission bei tiefemp€eaturen an
Edelgas-Modellsystemen und Nanostrukturen

Dissertation, Technische Universitat Dortmund (2000

H. R. Hertz,

Uber einen EinfluR des ultravioletten Lichtes aiaf electrische
Entladung

Ann. Phys. u. Cheng1, 983 (1887)

W. Hallwachs,
Uberden EinfluR® des Lichtes auf die electrostatiscladgherkorper,
Ann. Phys. u. Cheng3, 301 (1888)

J. J. Thomson,
Cathode Rays
Philosophical Magaziné4, 293 (1897).

G. J. Stoney,
Of the "Electron," or Atom of Electricity
Philosophical Magazine Series3g, 418 (1894)

P. Lenard,
Erzeugung von Kathodenstrahlen durch ultraviolettie$t,
Ann. Phys2, 359 (1900)

A. Einstein,

Uber einen die Erzeugung und Verwandlung des Lschégreffenden
heuristischen Gesichtspunkt

Ann. Phys17, 132 (1905)

D. W. Turner and M. I. Al Jobory,
Determination of lonization Potentials by Photoélen Energy Measurement
J. Chem. Phys37, 3007 (1962)

C. N. Berglund and W. E. Spicer,
Photoemission Studies of Copper and Silver: Theory
Phys. Rev136 A1030 (1964)

L. Pauling,
The Nature of the Chemical Bagnd
p. 235, & Edition (1960)

C. A. Lang, M. M. Dovek, J. Nogami, and C.(uate,
Au(111) autoepitaxy studied by scanning tunnelifgyascopy,
Surf. Sci. Lett224, L947 (1989)

183



9 References

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

K. Reichelt and H. O. Lutz,
Hetero-epitaxial growth of vacuum evaporated silaed gold
J. Cryst. GrowtH0, 103 (1971)

S. Narasimhan and D. Vanderhilt,
Elastic Stress Domains and the Herringbone Recaostn on Au(111)
Phys. Rev. Let69, 164 (1992)

Lukas Patryarcha,

Massenselektierte Silbercluster und aufgedampfteer&uf GyHOPG und
Ceo/Au(111)

Diploma thesis, Technische Universitat Dortmundd@0

E. I. Altman and R. J. Colton,
Nucleation, Growth and Structure of Fullerene FilorsAu(111)
Surf. Sci.279, 49 (1992)

S. Szuba, R. Czajka, A. Kasuya, A. Wawro, EndRafii-Tabar,
Observation of g film formation on a highly oriented pyrolitic grhjie
substrate via scanning tunnelling microscppy

Appl. Surf. Sci.144, 648 (1999)

Hui Liu and Petra Reinke,

Csothin film growth on graphite: Coexistence of sphatiand fractal-dendritic
islands

J. Chem. Phyd.24, 164707 (2006)

Stefanie Duffe, Thomas Irawan, Markus BiekgtZ orsten Richter, Benedikt
Sieben, Chunrong Yin, Bernd von Issendorff, Michdekeler, and Heinz
Hovel,

Softlanding and STM imaging of 4gclusters on a g monolayer,

Eur. Phys. J. @5, 401 (2007)

Artur Bottcher, Patrick Weis, Angela Bihimeiand Manfred M. Kappes,
Csg on HOPG:Soft-landing adsorption and thermal desorption
Phys. Chem. Chem. Phy%.5213 (2004)

Artur Bottcher, Patrick Weis, Stefan-S. Jesbamniel Loffler, Angela Bihlmeier,
Wim Klopper, and Manfred M. Kappes,

Solid Gg films,

Phys. Chem. Chem. Phy&.2816 (2005)

Daniel Loffler, Stefan S. Jester, Patrick 8/ értur Bottcher, and Manfred M.
Kappes,

C.films (n=50, 52, 54, 56, and »8&n graphite:Cage size dependent electronic
properties

J. Chem. Phydl24, 054705 (2006)

184



9 References

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

Benedikt Sieben,
Rastertunnelmikroskopie an Clustersystemen
Diploma thesis, Technische Universitat Dortmundd@0

J. A. Venables,
Rate Equation Approaches to Thin Film Nucleationefics
Phil. Mag.27, 697 (1973)

S. J. Chase, W. S. Bacsa, M. G. Mitch, IRillone, and J. S. Lannin,
Surface-enhanced Raman scattering and photoemis$iGs on noble-metal
surfaces

Phys. Rev. BI6, 7873 (1992)

S. Modesti, S. Cerasari, and P. Rudolf,
Determination of Charge States ofp@dsorbed on Metal Surfaces
Phys. Rev. Lett71, 2469 (1993)

M. W. Ruckman and Bo Xia,
Adsorption of Gy on Ta(110): Photoemission and C K-edge stydies
Phys. Rev. B8, 15457 (1993)

A. Rosenberg,
Resonant second-order Raman spectragfo@ Ag and Irsurfaces
Phys. Rev. B51, 1961 (1995)

M. R. C. Hunt, S. Modesti, P. Rudolf, andmR Palmer,
Charge transfer and structure ins§adsorption on metal surfaces
Phys. Rev. B51, 10039 (1995)

H. Hovel, T. Becker, A. Bettac, B. Reihl, Mschudy, and E. J. Williams,
Controlled cluster condensation into preformed naeter-sized pits
J. Appl. Phys81, 154 (1997)

H. Hovel and I. Barke,

Morphology and electronic structure of gold clusten graphite: Scanning-
tunneling techniques and photoemission

Prog. Surf. Scig8l, 53 (2006)

H. Hovel,
Clusterson Surfaces; high-resolution spectroscopy at langeratures
Appl. Phys. A72, 295 (2001)

H. Hovel, T. Becker, A. Bettac, B. Reihl, Mischudy, and E. J. Williams,
Crystalline structure and orientation of gold clest grown in preformed
nanometer-sized pits

Appl. Surf. Sci.115 124 (1997)

185



9 References

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

T. Irawan, |. Barke, and H. Hovel,
Size-dependent morphology of gold clusters grownamostructured graphite
Appl. Phys. A80, 929 (2005)

F. Ghaleh, R. Kdster, H. Hovel, L. BruchhaBsBauerdick, J. Thiel, and R.
Jede,

Controlled fabrication of nanopit patterns on a ghate surface using
focused ion beams and oxidation

J. Appl. Phys101, 044301 (2007)

L. E. C. van de Leemput, P. H. H. RongenHBTimmerman, and H. van
Kempen,

Calibration and characterization of piezoelectriements as used in
scanning tunneling microscopy

Rev. Sci. Instrun®2, 989 (1991)

S. Liu, Y.-J. Lu, M.M. Kappes, and J.A. Ibers

The Structure of theggMolecule X-Ray Structure Determination of a Twin at
110 K

Science254, 408 (1991)

Thomas Irawan,

Geometric and Electronic Properties of Size-Setetetal Clusters on
Surfaces

Dissertation, Technische Universitat Dortmund (2006

W. B. Pearson,
Handbook of Lattice Spacings and Structures of Metad Alloys
Pergamon, Vol2 (1967)

K. O. McLean, C. A. Swenson, and C. R. Case,
Thermal Expansion of Copper, Silver and Gold BeBovwK,
J. Low Temp. Phy<Z, 77 (1972)

Ting Ning, Qingliang Yu and Yiying Ye,
Multilayer relaxation at the surface of fcc metal, Ag, Au, Ni, Pd, Pt, Al,
Surf. Sci.206, L857 (1988)

C. E. D. Chidsey, D. N. Loiacono, T. Sleatand Sho Nakahara,
STM Study of the surface morphology of gold on mica
Surf. Sci.200, 45 (1988)

V. M. Hallmark, S. Chiang, J. F. Rabolt, J.$walen, R. J. Wilson,
Observation of Atomic Corrugation on Au(111) byr8gag Tunneling
Microscopy

Phys. Rev. Lett9, 2879 (1987)

186



9 References

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

R. D. Jaklevic and L. Elie,

Scanning-Tunneling-Microscope Observation of S@fadfusion on an Atomic
Scale: Au on Au(111),

Phys. Rev. Lett60, 120 (1988)

I. Horcas and R. Fernandez, J. M. GoOmez-Rjoiéd, J. Colchero, J. Gébmez-
Herrero, and A. M. Baro,

WSXM: A software for scanning probe microscopy atabl for
nanotechnology

Rev. Sci. Instrum78, 013705 (2007)

P. Meakin,

Diffusion-controlled flocculation: The effects dfractive and repulsive
interactions

J. Chem. Phy«/9, 2426 (1983)

B. Yoon, V. M. Akulin, Ph. Cahuzac, F. Carlid. de Frutos, A. Masson, C.
Mory, C. Colliex and C. Brechignac,

Morphology control of the supported islands growoeni soft-landed clusters
Surf. Sci 443 76 (1999)

G. Schull and R. Berndt,
Orientationally Ordered (7x7) Superstructure of©n Au(111)
Phys. Rev. Let99, 226105 (2007)

Haigian Wang, Changgan Zeng, Bing Wang, ar@. Hou,

Orientational configurations of theggmolecules in the (2x2) superlattice on a
solid G5 (111) surface at low temperatuyre

Phys. Rev. B3, 085417 (2001)

G. Schull, N. Néel, M. Becker, J. Kroger &dBerndt,
Spatially resolved conductance of orientegd, C
New J. Phys10, 065012 (2008)

Xinghua Lu, M. Grobis, K. H. Khoo, Steven Gauie, and M. F. Crommie,
Charge transfer and screening in individuajy@olecules on metal substrates:
A scanning tunneling spectroscopy and theoretitalys

Phys. Rev. B0, 115418 (2004)

Xinghua Lu, M. Grobis, K. H. Khoo, Steven Gauie, and M. F. Crommie,
Spatially Mapping the Spectral Density of a SinGig Molecule
Phys. Rev. Lett90, 096802 (2003)

W. I. F. David, R. M. Ibberson, T. J. S. D&)nd. P. Hare, and K. Prassides,
Structural Phase Transitions in the Fullereng),C
Europhys. Lettl8, 219 (1992)

187



9 References

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

Paul A. Heiney, John E. Fischer, Andrew R.Ghee, William, J. Romanow,
Orientational Ordering Transition in Solidgg;
Phys. Rev. Lett66, 2911 (1991)

R. Tycko, G. Dabbagh, R. M. Fleming, R. Cddan, A. V. Makhija, and S. M.
Zahurak,

Molecular Dynamics and the Phase Transition in &&Ho,

Phys. Rev. Lett67, 1886 (1991)

C. S. Yannoni, R. D. Johnson, G. Meijer, DB8thune, and J. R. Salem,
13C NMR Study of theggCluster in the Solid State: Molecular Motion and
Carbon Chemical Shift Anisotropy

J. Phys. Chen5, 9 (1991)

Robert D. Johnson, Costantino S. Yannonify&r. Dorn, Jesse R. Salem, and
Donald S. Bethune,

Cso Rotation in the Solid State: Dynamics of a Fac&pterical Top,
Science255 1235 (1992)

D. A. Neumann et al.,

Coherent Quasielastic Scattering Study of the Rotat Dynamics of g in the
Orientationally Disordered Phase

Phys. Rev. Lett7, 3808 (1991)

William I. F. David, Richard M. Ibberson, Ju@. Matthewman, Kosmas
Prassides, T. John S. Dennis, Jonathan P. Hareldiaf. Kroto, Roger Taylor,
and David R. M. Walton,

Crystal structure and bonding of orderedy,C

Nature353 147 (1991)

D. Passerone and E. Tosatti,
Surfacerotational disordering in crystalline &,
Surf. Rev. Lett4, 859 (1997)

Eric I. Altman and Richard J. Colton,
Determination of the orientation ofs¢adsorbed on Au(111) and Ag(111),
Phys. Rev. BI8, 18244 (1993)

X. Zhang, F. Yin, R. E. Palmer, Q. Guo,

The Gy/Au(111) interface at room temperature: A scanrtungnelling
microscopy study

Surf. Sci.602, 885 (2008)

E. I. Altman, R. J. Colton,
The interaction of g with noble metasurfaces
Surf. Sci.295, 13 (1993)

188



9 References

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

W. Ostwald,
Uber die vermeintliche Isomerie des roten und gelQeecksilberoxyd
Z. Phys. Chem. (Leipzigg4, 495 (1900).

M. Wutz, H. Adam, W. Walcher:
Theorie und Praxis der Vakuumtechnik
Vieweg-Verlag (1988)

Niklas Grénhagen,
Wachstum von Nanostrukturen auf strukturiertem Gitap
Diploma thesis, Technische Universitat Dortmundd@0

Farhad Ghaleh,

Characterization of Surface Defects Produced witslsed lon Beams and
Exploration of Applications for Controlled Growth Nano-structures
Dissertation, Technische Universitat Dortmund (2009

Stefanie Duffe, Lukas Patryarcha, Benedikt®n, Chunrong Yin,
Bernd von Issendorff, Michael Moseler, and Heinz/él$
submitted for publication (2009)

R. Schaub, H. Jodicke, F. Brunet, R. MonoBLittet, and W. Harbich,
Decorated Agy on Pt(111) or the “Rare Gas Necklage”
Phys. Rev. Lett36, 3590 (2001)

A. Rapallo, G. Rossi, R. Ferrando, A. FortiinB.C. Curley, L.D. Lloyd, G.M.
Tarbuck, R.L. Johnston,

Global optimization of bimetalliccluster structurésSize-mismatched Ag-Cu,
Ag-Ni, and Au-Cu systems,

J. Chem. Phydl22 194308 (2005)

J. Tersoff,
New empirical model for the structural propertigssgdicon,
Phys. Rev. Lettc6, 632 (1986)

J. Tersoff,

Modeling solid state chemistry: Interatomic potalgifor multicomponent
systems

Phys. Rev. B39, 5566 (1989)

L.A. Girifalco,
Molecular Properties of gg in the Gas and Solid Phases,
J. Phys. Chen®6, 858 (1992)

L.-L. Wang, H.-P. Cheng,

Density functional study of the adsorption of @ @onolayer on Ag(111) and
Au(111) surfaces,

Phys. Rev. B9, 165417 (2004)

189



9 References

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

H. Park, J. Park, A.K.L. Lim, E.H. Anders@aP. Alivisatos, P.L. McEuen,
Nanomechanical oscillations in a singlgo@ansistor,
Nature407, 57 (2000)

M. Moseler, J. Nordiek, H. Haberland,

Reduction of the reflected pressure wave in theoautdr-dynamics simulation
of energetic particle-solid collisions,

Phys. Rev. B56, 15439 (1997)

R. Chatterjee, Z. Postawa, N. Winograd, BrriSan,

Molecular Dynamics Simulation Study of Moleculaedjon Mechanisms: keV
Particle Bombardment of Elg/Ag{111},

J. Phys. Chem. BO3 151 (1999)

A. P. Sutton and J. Chen,
Long-range Finnis-Sinclair potentials,
Phil. Mag. Lett61, 139 (1990)

D. Brenner,

Empirical potential for hydrocarbons for use in silating the chemical vapour
deposition of diamond films

Phys. Rev. B12, 9458 (1990)

Michael Bowker,
Surface science: The going rate for catalysts
Nature Materiald, 205 (2002)

Karina Morgenstern, Georg Rosenfeld, and Ge@omsa,
Decay of Two-Dimensional Ag Islands on Ag(111),
Phys. Rev. Lettr6, 2113 (1996)

Karina Morgenstern, Georg Rosenfeld, Erik kgagard, Flemming Besenbacher,
and George Comsal,

Decay of Two-Dimensional Ag Islands on Ag(111),

Phys. Rev. Lett30, 556 (1998)

H. Cercellier, C. Didiot, Y. Fagot-Revurat, Bierren, L. Moreau, and D.
Malterre, and F. Reinert,

Interplay between structural, chemical, and spestaopic properties of
Ag/Au(111) epitaxial ultrathin films: A way to tutilee Rashba coupling
Phys. Rev. B3, 195413 (2006)

M. J. J. Jak, C. Konstapel, A. van KreuningeériVerhoeven, J.W.M. Frenken,
Scanning tunnelling microscopy study of the grosftemall palladium particles
on TiG(110),

Surface Sciencé57, 295 (2000)

190



9 References

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

Lauren Benz, Xiao Tong, Paul Kemper, Yigdbtch, Andrei Kolmakov, Horia
Metiu, Michael T. Bowers, and Steven K. Buratto,

Landing of size-selected ggclusters on single crystal T®110)-(1x1)
surfaces at room temperatuyre

J. Chem. Phydl22 081102 (2005)

M. M. Dovek, C. A. Lang, J. Nogami, and C.GQuate,
Epitaxial growth of Ag on Au(111) studied by scagniunneling microscopy
Phys. Rev. BI0, 11973 (1989)

M. C. Robinson and A. J. Slavin, and K. Dd/Be

A study of the diffusion of Pb on the Au(111) stefay STM and EAM-MD
simulations

Surf. Rev. Lett6, 793 (1999)

R. DeBoer et al
Cohesion in Metals,
p. 676 North-Holland (1988)

J. A. Meyer, |. D. Baikie, E. Kopatzki, RBehm,

Preferential island nucleation at the elbows of fag111) herringbone
reconstruction through place exchange

Surf. Sci.365 L647 (1996)

A. Goldoni, G. Paolucci,
The interaction of g with Ag(100): strong predominantly ionic bondjng
Surf. Sci.437, 353 (1999)

D. Purdie, H. Bernhoff, B. Reihl,
The electronic structure of Ag(110)c(4x4)y@nd Au(110)(6x5)6o,
Surf. Sci.364, 279 (1996)

E. Magnano, S. Vandré, C. Cepek, A. GolddmD. Laine, G.M. Curro, A.
Santaniellpand M. Sancrotti,

Substrate-adlayer interaction at thed&Ag( 110) interface studied

by high-resolution synchrotron radiation,

Surf. Sci.377-379 1066 (1997)

Haigian Wang and J. G. Hou, O. Takeuchi, Wjigtiku, and A. Kawazu,
STM observations of Ag-induced reconstruction gftin films
Phys. Rev. B1, 2199 (2000)

Oliver Janzen,

Untersuchungen zur Wechselwirkung von Buckmingierdnen

mit Siliziumoberflachen und zur Grenzflachendotigriron Metall-Silizium-
Kontakten mit Buckminsterfullerenen

Dissertation, Gerhard-Mercator-Universitat - Gesarohschule Duisburg
(1999)

191



9 References

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

Gunnar Schulze, Katharina J. Franke and lipscio Pascual,

Resonant heating and substrate-mediated cooliregsirigle Go molecule in a
tunnel junction

New J. Phys10, 065005 (2008)

Lin-Lin Wang and Hai-Ping Cheng,

Density functional study of the adsorption of g @onolayer on Ag(111) and
Au(111) surfaces,

Phys. Rev. B9, 165417 (2004)

Mario De Menech, UIf Saalmann, and MartinGarcia,
Energy-resolved STM mapping ofo©n metal surfaces: A theoretical study
Phys. Rev. B3, 155407 (2006)

M. Grobis, X. Lu, and M. F. Crommie,
Local electronic properties of a molecular monolay@s, on Ag(001)
Phys. Rev. B6, 161408 (2002)

J. Andreas LarssoB8jmon D. Elliott, James C. Greer, Jascha Repp, &eérh
Meyer, and Rolf Allenspach,

Orientation of individual Go molecules adsorbed on Cu(111): Low-temperature
scanning tunneling microscopy and density functieasculations

Phys. Rev. B7, 115434 (2008)

A. E. Hanna, M. Tinkham,

Variation of the Coulomb staircase in a two-junat®ystem by fractional
electron charge

Phys. Rev. Bl4, 5919 (1991)

M. Amman, R. Wilkins, E. Ben-Jacob, P. D. MakR. C. Jaklevic,

Analytic solution for the current-voltage charatgc of two mesoscopic tunnel
junctions coupled in series,

Phys. Rev. B 43, 1146 (1991)

M. Amman, K. Mullen, and E. Ben-Jacob,
The charge-effect transistor
J. Appl. Phys65, 339 (1989)

H. Hovel, B. Grimm, M. Bddecker, K. Fiefem@B. Reihl,

Tunneling spectroscopy on silver clusters at Tk: Size dependence and
spatial anergy shifts

Surf. Sci. Lett463 L603 (2000)

Matthias Brack,

The physics of simple metal clusters: self-consigétlium model and
semiclassical approaches,

Rev. Mod. Phys65, 677 (1993)

192



9 References

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

N. W. Ashcroft, N. D. Mermin,
Solid state Physi¢s
Holt-Saunders, Philadelphia (1976)

Mario De Menech, Ulf Saalmann, and Martin BrGa,

Recovering hidden electronic states using energgived imaging of metal
clusters at surfaces

New J. Phys9, 340 (2007)

D. C. Ralph, C. T. Black, and M. Tinkham,

Spectroscopic Measurements of Discrete Electrot@teS in Single Metal
Particles

Phys. Rev. Lettr4, 3241 (1995)

Niklas Nilius, Maria Kulawik, Hans-Peter Ruktans-Joachim Freund,
Quantization of electronic states in individual dedsupported silver particles
Surf. Sci.572, 347 (2004)

Niklas Nilius, Maria Kulawik, Hans-Peter Ruktans-Joachim Freund,
Erratum to:Quantization of electronic states in individual dedsupported
silver particles

Surf. Sci.600, 3522 (2006)

Heinz Hovel, Ingo Barke,

Morphology and electronic structure of gold clusten graphite: scanning-
tunneling techniques and photoemission

Prog. Surf. Sci81, 53 (2006)

C.-T. Tzeng, W.-S. Lo and J.-Y. Yuh, R.-Y.(€IK.-D. Tsuei,
Photoemission, near-edge x-ray-absorption spectimgcand low-energy
electron-diffraction study of ggon Au(111) surfaces

Phys. Rev. B1, 2263 (2000)

B. W. Hoogenboom, R. Hesper, L. H. Tjeng, &dA. Sawatzky,
Charge transfer and doping-dependent hybridizatb@s, on noble metals
Phys. Rev. B57, 11939 (1998)

P. Reinke , H. Feldermann , P. Oelhafen,
Cso bonding to graphite and boron nitride surfaces
J. Chem. Physl19, 12547 (2003)

G. K. Wertheim, S. B. DiCenzo, and S. E. Ygquist,
Unit Charge on Supported Gold Clusters in Photosiis Final State
Phys. Rev. Lett51, 2310 (1983)

G. K. Wertheim, S. B. DiCenzo, and N. D. EidBanan,
Noble- and transition-metal clusters: The d banfisilver and palladium
Phys. Rev. B3, 5384 (1986)

193



9 References

[243] M. G. Mason, L. J. Gerenser, and S.-T. Lee,
Electronic Structure of Catalytic Metal Clustersidied by X-Ray
Photoemission Spectroscopy
Phys. Rev. Lett39, 288 (1977)

194



10 PUBLICATIONS

[1]

[2]

Stefanie Duffe, Thomas Irawan, Markus BieletzKorsten Richter, Benedikt
Sieben, Chunrong Yin, Bernd von Issendorff, Michidelseler, and Heinz Hovel,
Softlanding and STM imaging of 4gclusters on a gg monolayer,

Eur. Phys. J. @5, 401 (2007).

Abstract:

The low energy deposition of silver cluster catienth 561 (+5) atoms on a cold
fullerene covered gold surface has been studiett byt scanning tunneling
microscopy and molecular dynamics simulation. Thecsgal properties of the
Cso/Au(111) surface result in a noticeable fixation tbe clusters without a
significant change of the cluster shape. Upon hgatd room temperature we
observe a flattening or shrinking of the clustanpkes due to thermal activation.
Similar changes were observed also for mass sdlégelusters with other sizes.
For comparison we also studied Ag islands of sims&e, grown by low
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different behavior is observed with much broadeze sdistributions and a
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Abstract:

Room temperature (RT) nanostructure stability ispafamount importance for
applications in catalysis [3,4], sensors [5] or metge recording devises [6].
Metal particles on carbon nanosubstrates are dicpkar interest [7,8]. Here, a
well defined representative is studied. Size setbcAgoo:3 Clusters were
softlanded on € films supported on Au(111) and graphite is studieédr one
monolayer (ML) Go on Au(111), the Ag clusters shrunk within minutsRT.
Two ML Cgp on Au(111) or the use of HOPG below one Mk Gtabilizes the
clusters over days at RT. Supported by atomistouéaions these results reveal a
finite-size effect for the penetration of a nangscobarrier in which ametal
dimmer, still in contact with the metal clustertg@to the attractive potential of
the metal substrate. This lowers the energy bafoean atom-by-atom cluster
decay at RT. Similar effects will be important father nanosystems in
technology or biology.
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