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Abstract
The purpose of this thesis is to provide a better understanding of the properties of surfaces covered

by self-assembled monolayers (SAMs) as well as the magnetic properties of interacting nanoclusters

of gold and palladium. Surfaces covered by SAMs were studied by investigating their possible metal-

lization as well as the morphological changes in bare and SAM covered Au(111) surfaces induced

by Ar irradiation. The ferromagnetism in bare Au and Pd nanoagglomerates produced by nanocluster

deposition was also investigated.

SAMs used for this thesis are dodecanethiols (DDT, CH3(CH2)11SH) for the study on Ar ion induced

morphological effects, as well as 4-mercaptopyridine (4-MPy) and two different kinds of dithiocar-

bamates (DTCs, R2NCS2) for the metallization study. The Au and Pd clusters were generated using

a gas aggregation source in the low energy-range. Surface morphologies were studied by the use

of scanning tunnelling microscopy (STM), transmission electron microscopy (TEM) and atom force

microscopy (AFM). X-ray photoelectron spectroscopy (XPS) was used to determine the chemical

compositions of surfaces, whereas a superconducting interference device (SQUID) was utilized for

magnetization measurements.

Our results show that DDT covered surfaces are more susceptible for irradiation-induced surface

morphology changes than the unmodified Au surfaces. Flame-annealing of a Au(111) surface prior to

ion bombardment is also found to be more susceptible to irradiation-induced surface defects. Based

on our results it also seems that SAMs of DDT, 4-MPy, DTC, and DTC2 are impenetrable for Pd

clusters deposited at thermal energies.

For assemblies of bare Au nanoclusters we present ferro- and superparamagnetic behaviour dependent

on the interactions between particles. The enhanced surface-to-volume atomic ratio is found to favour

ferromagnetism in the case of bare Au nanoparticles. For palladium nanocluster thin films we show

that the ferromagnetic behaviour is highly dependent on the growth mode and film thickness, as these

cause variations in the Pd cluster structures and resulting film morphologies.
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Chapter 1

Introduction

In nanoscience, objects and systems in which at least one dimension is in the range of 1-100 nm,

are studied. This means that the objects are smaller than structures produced for microtechnologies,

but larger than atoms and small molecules. The size of an object defines the physical properties of

materials. As the size is reduced to the nanoscale the objects can exhibit new interesting and useful

physical behaviour [1].

Already in ancient times gold nanoparticles were used to color glass, however, without the scientific

understanding of today [2]. Probably the oldest and best known example of effects induced by nano-

particles, is the Lycurgus Cup, a Roman goblet from the 4th Century [3]. The glass cup appears opaque

pea-green when it reflects light and deep wine-red as light is transmitted. Uncovering the secret be-

hind the color took researchers over 20 years [4]. In 1962 it was uncovered that the optical effects

were due to the presence of minute amounts of gold and silver in the glass, however the techniques

available at the time, e.g. scanning electron microscope (SEM), were not able to reach the acquired

resolutions, needed for more detailed analysis. In the late 1980s transmission electron microscopy

(TEM) however enabled the researchers to show that the nanoparticles are silver-gold alloys, with a

ratio of 7:3, containing an addition of 10% copper [4, 5]. Nowadays it is widely known that the colour

of an object or liquid can be altered by using nanoclusters of different size and form and by varying

the medium.

A nanocluster is an aggregate of a countable number of particles. Countable number being 2− 10n,

where n ≤ 7, and particles being atoms or molecules [6]. Due to their size, nanoclusters can be con-

sidered to lay a bridge between small molecules and the solid state of matter. As the size is reduced

from macro to micro, the surface to volume ratio will increase. This means that there will be increas-

ingly higher percentages of surface atoms compared to the bulk ones, e.g. a cluster consisting of 106

atoms has 4% of the atoms on the surface, whereas the corresponding value is 40% for a cluster con-

sisting of 103 atoms [7]. Consequently the optical, electronic and magnetic properties of nanoclusters

will differ from those of bulk. One of the most interesting new findings, is the observation of magnetic

properties in nanoscaled materials which are non-magnetic as bulk. This kind of behaviour has been

observed in metal structures that typically are paramagnetic (e.g. Pd) and diamagnetic (Cu, Ag, Pt,

Au), metal oxide nanoparticles and nanocrystalline films [8].
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The deposition of clusters on surfaces creates a new class of systems highly relevant for practical

applications, such as electronics, optics, biology, medicine and catalysis [9]. Thereby also the nano-

scale properties and modifications of surfaces are of importance. E.g. by coating a surface with self-

assembled monolayers (SAMs), organic assemblies formed onto surfaces, a surface can be stabilized

and/or functionalized. SAMs are well-suited for studies in nanoscience as they link structures at the

molecular level to phenomena at the macroscopic interface, e.g. wetting, friction and adhesion, and

couple an external environment to the electronic and optical properties of metallic structures [1].
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Chapter 2

Purpose and structure of this study

The purpose of this thesis is to provide a better understanding of the properties of surfaces covered by

self-assembled monolayers (SAMs) as well as the magnetic properties of interacting nanoclusters of

gold and palladium. More specifically the thesis aims to assess the following points

- The morphological changes in bare and SAM covered Au(111) surfaces by Ar irradiation.

- The metallization of SAM covered surfaces by Pd nanocluster deposition.

- The ferromagnetism in bare Au and Pd nanoagglomerates produced by nanocluster deposition.

The thesis consists of this summary and four research publications published in peer-reviewed inter-

national journals. The publications in this thesis are referred to by bold-face Roman numerals. This

summary consists of seven sections. In this section, the publications are summarized and the author’s

contribution explained. Section 3 provides an overview of nanoclusters and self-assembled monolay-

ers. Section 4 provides an overview on magnetism related to this thesis. Section 5 outlines the various

experimental techniques and procedures used in connection with the conducted research. Section 6

presents the main results and a discussion. Finally, a conclusions and outlooks are presented in section

7.

2.1 Summaries of the original publications

Publication I: Argon ion irradiation induced morphological instability of bare and thiol-func-

tionalized Au(111) surfaces, Annika Venäläinen, Minna Räisänen, Benoit Marchand, Kenizhiro

Mizohata and Jyrki Räisänen, Physical Chemistry Chemical Physics 17 (2015) 10838−10848.

In this publication, the changes in the morphology induced by Ar ion irradiation, of

bare and 1-dodecantehiol (DDT) SAM covered Au(111) surfaces, were investigated. The

changes of the surfaces were analysed by scanning tunnelling microscopy (STM) and X-

ray photoelectron spectroscopy (XPS) measurements, while the ion charge, energy and

fluency were varied. The impact of flame-annealing of the Au(111) surface on subsequent

ion bombardment was also considered. In general the DDT covered surface seemed to be

more susceptible for irradiation-induced surface morphology changes than the bare Au

surface.
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Publication II: Metallization of self-assembled organic monolayer surfaces by Pd nanocluster

deposition, Annika Venäläinen, Kristoffer Meinander, Minna Räisänen, Vladimir Tuboltsev and

Jyrki Räisänen, Surface Science 677 (2018) 68−77.

In this publication, the metallization of thiol functionalized Au(111) surfaces were invest-

igated. Four different kinds of SAMs were characterized by STM, TEM and XPS tech-

niques both before and after deposition of different amounts of preformed Pd clusters.

The experimental results indicated that all of the studied SAMs are impenetrable for Pd

clusters deposited at thermal energies.

Publication III: Ferromagnetism in bare gold nanoagglomerates produced by nanocluster de-

position, Annika Venäläinen, Pasi Jalkanen, Vladimir Tuboltsev, Kristoffer Meinander, Alexander

Savin and Jyrki Räisänen, Journal of Magnetism and Magnetic Materials 454 (2018) 57−60.

In this publication, the magnetic behaviour of assemblies of bare Au nanoclusters were

investigated. The morphology of the samples was analysed by high-resolution transmis-

sion electron microscopy (HR-TEM) and atom force microscopy (AFM) micrographs. A

superconducting quantum interference device (SQUID) was used to determine the hys-

teresis with temperature dependent saturation magnetization, remanence and coercivity,

as well as the magnetization temperature dependence. The results demonstrate ferro- and

superparamagnetic behaviour in assemblies of bare nanoclusters. The detected magnet-

ization is caused by the interaction between the separate clusters exhibiting a core-shell

structure and is dependent on the total amount of gold clusters confined in the samples.

Publication IV: Growth mode-dependent ferromagnetic properties of palladium nanoclusters,

Annika Venäläinen, Pasi Jalkanen, Vladimir Tuboltsev, Alexander Savin and Jyrki Räisänen, Journal

of Applied Physics 124, 033904 (2018) .

In this publication, the changes in ferromagnetic behaviour of bare Pd nanoclusters were

investigated, with respect to range and degree of interactions, starting from a network

of clusters evolving to a film with porous morphology. The varying morphology of the

resulting Pd film with respect to thickness suggests that cluster size, deposition energy

and substrate type are crucial for the resulting film magnetization. This is demonstrated

by the characteristic ferromagnetic hysteresis with the temperature dependent saturation

magnetization, remanence and coercivity of palladium nanocluster aggregates.
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2.2 Author’s contribution

For all the publications presented in this thesis the author has been involved in planning the work,

performed the background research, coordinated the schedules, kept track of the progress, taken part

in the analysis and interpretation of the results, and writing of the manuscripts.

For publication I the author took part in the making of the samples, the argon irradiations as well

as the STM and XPS measurements. The author analysed the STM results using the scanning probe

microscopy data analysis software Gwyddion. The author was also one of the main authors of the

manuscript.

For publication II the author prepared part of the SAM samples and carried out all the of the cluster

depositions and took part in the STM and XPS measurements. The author analysed all of the STM

results with Gwyddion, and took part in interpreting the results together with the results gained from

the XPS measurements. For the manuscript the author wrote the introduction and the STM part of the

results and discussion.

For publication III the author took part in the cluster depositions and carried out the depositions for

the AFM measurements. The author analysed all of the SQUID results using Origin, the TEM results

using Gatan Microscopy Suite software and the AFM results using Gwyddion. The author also wrote

the manuscript.

For publication IV the author took part in the cluster depositions. The author analysed all of the

SQUID results using Origin and the TEM results using Gatan Microscopy Suite software, and was

one of the main authors of the manuscript.
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Chapter 3

Nanoclusters and self-assembled monolayers

3.1 Nanoclusters

Nanoclusters are of high scientific interest, as they are small agglomerates of atoms or molecules and

can be formed from almost all of the elements in the periodic table. Their properties can easily be

tuned by varying the size and changing the materials they are composed of.

For metals and semiconductors the reduced size will e.g. have electronic effects. Large metal clusters

represent a bridge between the molecular and solid state, as they exhibit properties belonging to

both categories. The band structure evolves with increasing particle size [2]. Figure 3.1 shows the

size quantization effect responsible for transition between a bulk metal and a cluster. The continuous

density of states in the valence and conduction bands of the bulk will split into discrete electron levels,

and with decreasing particle size the spacing between these levels and the band gap will increase.

When cluster size becomes of the same order of magnitude as the wavelengths of electrons, the

semiclassical model is no longer sufficient to explain the behaviour of matter and quantum-mechanical

treatment becomes necessary [10].

Figure 3.1: Schematic layout showing the evolution of matter from bulk to atom and the progression
from metallic band structure to quantized electronic structure with the decreasing size.
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Small metal nanoclusters and particles also show size-dependent properties in regard to melting tem-

perature, as well as optical and magnetic properties [2]. As it recently has been observed that Pd and

Au at the nanoscale show ferromagnetic properties, the ferromagnetism in nanoagglomerates of bare

Au and Pd clusters were studied in publications III and IV. Palladium was also chosen for metalliz-

ation of self-assembled monolayers in publication II, because Pd clusters have diverse applications

e.g. as hydrogen sensors [11] and catalysts [12].

3.2 Self-assembled monolayers

Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by the adsorption of an

active surfactant on a solid surface, see Figure 3.2. The order in these layers is formed by a spontan-

eous chemical synthesis at the interface [13]. The monolayers are formed by immersing a substrate

into a solution of a surface active material. A schematic diagram of an ideal SAM is shown in Figure

3.2. The main building block of a SAM is called a spacer, which is usually an alkane chain. The

typical length of the spacer is 1−3 nm, it provides a well-defined thickness, acts as a physical barrier,

as well as alters the electronic conductivity and local optical properties of the monolayer. At one end

of the chain there is a surface active head-group that binds the molecule to the substrate and at the

other end there is a terminal functional group (interface group), which determines the characteristic

properties of the surface [1, 13].

Figure 3.2: Illustration of the formation of SAMs. Image adapted from [13]
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SAMs are highly useful for nanoscience and technology, especially as they are easy to prepare and

do not require specialized equipment, e.g. ultra high vacuum in their preparation [1]. SAMs that

have been used in this thesis are dodecanethiols (DDT, CH3(CH2)11SH) in publication I and II, as

well as 4-mercaptopyridine (4-MPy) and two different kinds of dithiocarbamates (DTCs, R2NCS2) in

publication II. The schematic structures of the SAMs are shown in Figure 3.3.

Figure 3.3: SAMs of n-dodecanethiol (DDT), 4-mercaptopyridine (4-MPy), dithiocarbamate (DTC)
and diethyldithiocarbamate (DTC2) on Au(111) [14].

Alkanethiols (CH3CHn−1SH) are the most commonly used and studied molecules for SAMs. Thiols

have a high affinity for the surface of noble and coinage metals, thereby they are ideal for the formation

of well-defined organic surfaces with useful and highly alterable chemical functionalities, that are

displayed at the interface [1, 15–17]. DDTs are alkanethiols, with an alkyl chain consisting of 11

carbon atoms, as the spacer, methyl (CH3) as the functional group and a S-H as the head group.

DTCs on gold have been investigated both experimentally [18–21] and computationally [22], they

form compact SAM layers, that are stable under various types of environmental stress and their ligands

exhibit strong robustness [19, 20]. Although different in respect of rate and adsorption concentration,

the surface coverage of DTCs on Au (111) is comparable to that of alkanethiols [21]. Under ambient

conditions DTC SAMs on Au can be considered as a good alternative to alkanethiol-based SAMs

[19, 21]. Like DDT, DTC and DTC2 are organic molecules terminated by methyl groups, see Figure

3.3. They do however have a resonant bi-denate structure that provides a molecule-metal coupling

that is characteristically different compared to the one of thiols [20].

Pyridine is often used as "alligator clips" to firmly connect molecules to their respective metal elec-

trodes, in the same manner as functional terminal groups in thiols [23]. Short aromatic thiolate SAMs,

such as 4-MPy also show structural and conductive properties and are promising candidates for ex-

ploratory applications [24, 25]. 4-MPy consists of an aromatic ring, where one of the carbon atoms

in the ring has been replaced by a nitrogen atom, see Figure 3.3. A 4-MPy covered surface will result
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in an interface where nitrogen is situated at the topmost layer, which has shown to be one of the key

factors in successful Pd-metallization [23, 26–31].

3.3 Nanocluster interaction with surfaces

When a cluster-surface collision is described a variety of different phenomena needs to be taken into

account. The collision itself lasts for several picoseconds while the evolution of the cluster-surface

system (e.g. evaporation, diffusion and aggregation) can last from hours to days [32]. When a cluster

first comes into contact with a surface the front atoms of the cluster collide with the substrate atoms

and are abruptly stopped. As the cluster atoms further away still have their initial velocity they will

pile up and collide with the front atoms. Due to this compression the potential energy and internal

kinetic energy of both cluster and surface will increase and heating will occur [32].

The outcome of a cluster-surface collision process varies depending on parameters such as cluster size

(N), binding (cohesive) energy of the cluster and surface, bonds formed between cluster and surface

atoms, impact energy (E0), impact angle, charge state of the particle as well as the temperature of

the cluster and surface [32]. A schematic figure of the fundamental processes that occur as a cluster

interacts with a surface is shown in Figure 3.4.

Figure 3.4: The fundamental processes occurring as a cluster interacts with a surface. Image adapted
from [32].
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Depending on the energy of the incoming cluster, the cluster-surface processes vary. They rarely occur

separately but coexist. With increasing energy the deformation of the cluster and surface will increase.

The interaction is considered to be in the low-energy regime if the kinetic energy per atom Eatom is

below the binding energy of the cluster constituents Ebind , typically < 1 eV/atom [9]. 1 eV is also

considered to be the upper limit for soft landing [32]. When considering soft landing, the collision

is elastic and the cluster will stick to its impact point and keep its identity. The cluster can however

undergo plastic deformation if Eatom is close to Ebind or if the deposited cluster strongly interacts with

the substrate atoms [9, 32].

When Eatom exceeds Ebind the impact is considered as high-energy. If Eatom is only slightly above Ebind

the cluster will on impact undergo significant plastic deformation and only parts of it will fragment

[9]. If the impact energy is further increased cluster decomposition and fragmentation will occur.

The cluster fragments can be backscattered from the surface or implanted in the substrate. When the

fragments are implanted in the surface it will result in intermixing of the cluster and substrate or

the cluster can become completely buried in the solid [32]. At relatively high impact energies the

impact of the cluster can lead to significant erosion such as sputtering of surface atoms, reflection of

cluster and crater formations [9]. At high energies the damage can be seen as formation of vacancies,

interstitials and completely amorphous zones in the substrate [32].

When clusters are deposited on solid or soft surfaces from the gas phase, they impact the surface

with low kinetic energy, as they are rarely accelerated towards the surface [33]. After a cluster has

been deposited on a surface it will interact with the surface and the surrounding clusters, thereby

the final morphology of the surface will depend on the cluster and substrate materials, as well as

on the temperature and surface of the substrate. At first when two clusters impinge, they will become

immobile and start a new island. This is followed by nucleation and island growth, after which islands

saturate while their size continues to increase [34]. The shape of the islands strongly depend on the

way the particles interact, whether they stick together, coalesce, agglomerate, or whether defects

and/or impurities are present. In the case of coalescence, particles will merge and form a single larger

particle. Agglomeration, on the other hand, will immobilize particles and form ramified island, while

still preserving the shapes of the individual clusters [9, 34].

In order to preserve the form of the clusters used for publications II− IV the clusters have been

deposited from gas phase in the low-energy regime (≤ 0.16 eV for Pd and ≤ 0.3 eV for Au) [33].

In the low energy regime the deposited clusters will form well developed branches and porous like

morphology of the resulting sample. The clusters act as building blocks, softly landing on top of each

other and undergoing minor agglomeration [9].
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If a metal surface is coated by a self-assembled monolayer the interactions are different when clusters

are deposited, as the bonds formed between the cluster atoms and the atoms in the topmost layer of

the SAM become crucial. The energy needed to break a chemical bond is roughly around 1 eV, which

is above the energies used for this theses [33]. Penetration is almost always present when soft matter

is affected by clusters, either the clusters have been grown on the surface or they have been deposited.

The interaction between a metal atom and a metal surface is only slightly influenced by a organic

layer. The metal-metal interaction is almost in all cases stronger than any metal-organic interaction,

because of this metal atoms and clusters usually diffuse through soft matter. The final configuration

is not necessarily a metal/metal interface, metal atoms or clusters can also become incorporated in

the soft matter layer. Typically metal atoms penetrate through a monolayer via structural defects and

two-dimensional structures are formed at the SAM-substrate interface [33].

The aim for the study in publication II was to prepare structures where Pd clusters are immobilized

on top of different SAMs to create a metal-SAM-metal structure. The formation of metallic contacts

of this kind are important for e.g. electronic applications [28]. Gas-phase formed clusters were chosen

for the metallization, in order to separate the process of cluster nucleation from the surface interaction

and dynamics of the surface, and limit the possibility for single adatoms to penetrate through the

organic SAM.
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Chapter 4

Magnetism

The macroscopic magnetic properties of matter are a result of magnetic moments associated with

individual electrons. Each electron in an atom has magnetic moments that originate from the electron’s

orbital motion around the nucleus and its spinning around its own axis (spin). The magnetic moment

due to spin is equal to the magnetic moment due to orbital motion (in the first Bohr orbit) and is

approximately expressed in terms of the Bohr magnetron μB, (μB= 9.23 × 10−24 Am2). For each

electron in an atom the spin magnetic moment is ±μB (plus for spin up and minus for spin down).

The contribution of the orbital magnetic moment is equal to mlμB, where ml is the magnetic quantum

number of the electron [35].

The net magnetic moment of an atom is the sum of the magnetic moment for each individual electron,

thereby the orbital and spin moment of some electron pairs cancel each other out. If an atom has

completely filled electron shells there will be a total cancellation of both orbital and spin moments.

Depending on the way electron and atomic magnetic dipoles respond to the application of an extern-

ally applied magnetic field, they can be categorized as diamagnetic, paramagnetic, ferromagnetic and

at the nanoscale also superparamagnetic, typical magnetization curves for these responses are shown

in Figure 4.1 [35].

Both dia- and paramagnetic materials are considered to be non-magnetic, as they only exhibit mag-

netization in the presence of an external magnetic field. Diamagnetism is induced when the orbital

motion of electrons is changed due to an applied magnetic field. In the absence of an external field

no dipoles exist, but as an external field is applied dipoles are induced and align opposite to the field

direction. In a paramagnetic material, each atom has a permanent dipole moment due to incomplete

cancellation of electron spin and/or orbital magnetic moments. These atomic moments are randomly

oriented in the absence of an external magnetic field. As an external magnetic field is applied the

atomic moments align with the external field [35, 36].

Ferromagnetic materials on the other hand possess a permanent magnetic moment in the absence of

an external magnetic field and have very large permanent magnetizations. Even in the absence of

an external magnetic field, coupling interaction will cause the net spin magnetic moments of adjacent

atoms to align with one another. The mutual spin alignment exists over relatively large volume regions

of crystal and are called domains [35].
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Figure 4.1: Typical magnetic behaviour (M) for a ferro-, super-, para- and diamagnet under the influ-
ence of an applied field (H). From the hysteresis loop for a ferromagnet the saturation (Ms), coercivity
(Hc) and remanent magnetization (Mr) can be determined.

The maximum possible magnetization is called saturation magnetization Ms. For a ferromagnetic

material, Ms represents the magnetization that results in all of the magnetic dipoles to be mutually

aligned with an external field. The saturation magnetization is equal to the product of the net mag-

netic moments for all atoms present [36]. Since the atomic magnetic moments are free to rotate, the

magnetic characteristics of a material are also temperature dependent. If the temperature is increased

the thermal motion of the atoms will also increase, which in turn tends to randomize the directions

of any moments that may be aligned. The saturation magnetization reaches its maximum at 0 K, as

the thermal vibrations are at a minimum. With increasing temperature the saturation magnetization

declines to a point, called the Curie temperature, TC, at which Ms abruptly drops to zero [35].

A ferromagnetic material at temperature below TC is composed of domains. The magnitude of the

magnetization (M) of the entire solid is the vector sum of the magnetization of all the domains. If an

external magnetic field (H) is applied on a ferromagnetic material, it will cause the domains having

magnetization vectors in the direction of the applied field to grow at the expense of the domains in the

opposite direction. When the total saturation is reached, the entire solid has become a single domain

structure with the magnetization aligned with the external magnetic field [35].

The magnetization of a material (M) as a function of an applied field (H) is demonstrated by a hys-

teresis loop, see the magnetic behaviour (M) for a ferromagnetic material in Figure 4.1. After a ferro-

magnetic material has been magnetized in one direction, it will not relax back to zero magnetization,

as the applied field is removed. In order to drive the magnetization back to zero, a field needs to be
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applied in the opposite direction. If an alternating external field is applied on the ferromagnetic ma-

terial, its magnetization will trace out a hysteresis loop. Hysteresis is the lack of re-traceability of the

magnetization curve, which in turn is related to the existence of magnetic domains in the material. In

order to change the domain structure in a ferromagnet (cause saturation) the existing domain walls

need to move. The domain walls will resist this change, which can be seen as the lag of magnetization

behind the applied field H and remanence Mr in the hysteresis curve. Mr is the induced magnetization

that remains after an applied field has been removed. Coercivity Hc is the magnitude of an external

field, that is needed to force the magnetization back to zero [35, 36].

4.1 Nanoparticle magnetism

Magnetic nanoparticles (MNPs) are nanoparticles (NPs) that show a response to an applied magnetic

field. There are three main factors that influence the magnetic properties of MNPs and their ensembles:

(1) the surface effects (2) interparticle interactions and (3) finite size effects [37].

4.1.1 Surface effects

At nanoscale the surface to volume ratio increases and thereby there is a larger number of atoms at

the surface, along grain boundaries or particle/support interface than in the inner layers. Hence the

surface will pay a significant contribution to the magnetization [38]. Surface effects result form the

symmetry breaking of the crystal structure at the surface of a particle, oxidation, dangling bonds,

existence of surfactants, surface strain or even different chemical and physical structures of internal

core and surface shell parts of the nanoparticle [39].

The atoms at the surface have different environments than those in the core of a nanoparticle. Defects

at the surface are not uncommon and they are usually a product of atomic vacancies, dangling bonds,

lattice disorder or changes in atomic coordination. Due to these defects spins at the surface of NPs will

be uncompensated disordered which in turn leads to surface magnetization [39]. It has been suggested

that the total magnetization of a NP would be composed of two components; one component is related

with the surface spins and the other with the core of the particle. Thereby the magnetization could be

modelled via a core-shell magnetic model [38, 39].

4.1.2 Interaction effects

Depending on the nature of the matrix material and concentration of particles in an ensemble, various

types of interparticle interactions can be present. The strength of these interactions determines the

final magnetic structure. At a long range nanoparticles interact via dipolar forces, whereas exchange

forces govern at the short range. The cross-over from dipolar-coupled to exchange-coupled behaviour

occurs when the two types of interactions have comparable strengths. Interparticle interactions play
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a crucial role on determining the response of an assembly of magnetic nanoparticles to an externally

applied field. The interactions also influence the temperature dependence of the magnetic properties

[37, 40].

Dipolar interaction summarizes the energy relationship between two magnetic moments. The interac-

tion is long range and anisotropic in nature. The strength of the interaction depends on the separation

of the dipoles as well as their mutual alignment. Depending on how de-localized the magnetic mo-

ments are and on the metallic/non-metallic properties of a solid, four different kinds of exchange

couplings can be distinguished: direct exchange, superexchange, indirect exchange and itinerant ex-

change [41]. The relation between these couplings can be seen in Figure 4.2.

Figure 4.2: Relations between the exchange interactions. Double exchange is indicated as dashed
circles. Image adapted from [41].

Direct exchange and superexchange apply for insulators. The direct exchange results from com-

petition between kinetic energy (de-localization) and Coulomb repulsion. Direct exchange operates

between moments, which are sufficiently close for their wave functions to overlap. This provides a

strong coupling on a short range, which decreases rapidly as the moments are separated. Direct ex-

change interaction plays a leading role in the nanoparticle assemblies, as the surfaces of the particles

often are in close contact [37]. Indirect exchange is the coupling between local magnetic moments

of magnetic metals via conducting electrons, whereas itinerant exchange deals with the coupling

between conducting electrons in metals. Additionally a double exchange needs to be added to all of

the exchange couplings. This involves the coupling of two localized magnetic moments through an

itinerant electron [41].
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4.1.3 Size effects

As the size of a particle decreases, the domain walls will start to disappear, as they are energetic-

ally unfavourable, see Figure 4.3 [42]. This results in an increase of coercivity (Hc) until the particle

size reaches a point, Ds, at which all the spins are aligned and a single domain is created [43]. In a

single domain state the magnetization is uniform and behaves like a small permanent magnet. If a sys-

tem consists of non-interacting (widely spaced) single domain particles the magnetic moments of the

particles act independently. At this state the magnetization becomes unstable, as thermal agitation en-

ergy will overcome the magnetic anisotropy energy. When each particle behaves like a paramagnetic

atom having a magnetic moment (m ≈ 103− 105μB) the phenomenon is called superparamagnetism

[37, 43, 44].

Figure 4.3: The influence of the particle size on the coercivity. Image adapted from [43].

4.1.4 Superparamagnetism

Superparamagnetism (SPM) refers to the influence of thermal energy on a ferromagnetic nanoparticle.

Thermal energy causes the magnetic moments of the NPs in the superparamagnetic regime to fluc-

tuate. This fluctuation will cause the magnetic moments to randomize unless a magnetic field is ap-

plied. SPM can be identified by characteristics of magnetization curves. A superparamagnet has no

remanence or coercivity, see Figure 4.4a. Below a certain temperature, blocking temperature TB, the

ferromagnetic order will reappear [36, 45]. TB is determined by measuring the magnetization as a

function of temperature in a zero field cooled (ZFC) state, which is followed by a field cooled (FC)

measurement, see Figure 4.4b.

In the ZFC-FC measurement the magnetization (M) is measured as a function of temperature under

the influence of an external magnetic field (H). A sample is first cooled down in a zero field, after
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(a) Typical magnetization curve for a SPM
as a function of an applied magnetic field.

(b) Typical temperature dependent magnet-
ization for a SPM.

Figure 4.4: Magnetization as a function (a) of applied field and (b) temperature. The zero field-cooled
(ZFC) part in blue, field-cooled (FC) in red, the blocking, TB, and irreversibility temperatures, Tirr,
are indicated with arrows.

which an external magnetic field (H) is introduced. The magnetic field will cause the spins in the

sample to reorientate away from the anisotropy axis into the direction of the magnetic field. After this

the magnetization is measured with increasing temperature (ZFC part). The increased temperature

assists the moments to reorientate in the direction of the magnetic field, which induces the measured

magnetization [38]. The magnetization of a superparamagnetic material will pass through a maximum

before it starts to reduce again at higher temperatures. The peak in the ZFC curve indicates the block-

ing temperature, TB. Below the blocking temperature, the effects of thermal energy are diminished

and ferromagnetic order will be regained. In the FC part the process is repeated, with the difference

that the sample is cooled, in the presence of the same external field, applied during heating [36]. The

temperature where ZFC and FC curves merge, and below which thermomagnetic irreversibility is

shown (MFC >MZFC), is called the irreversibility temperature, Tirr [46].

When an external magnetic field is applied to an assembly of superparamagnetic nanoparticles, their

magnetic moments tend to align along the applied field. As superparamagnets don’t show remanence

or coercivity, it also means that the magnetization is reversible. In an ideal superparamagnetic system,

the magnetization curve resembles an increasing s-shape, see Figure 4.4a, and can be expressed using

a Langevin function [42, 47]:

M = M0L(
μB
kBT

) = M0

[
coth

(
μB
kBT

)
− kBT

μB

]
. (4.1)
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Chapter 5

Experimental techniques and procedures

5.1 Preparation of self-assembled monolayers

The SAMs that have been used in this thesis are dodecanethiols (DDT, CH3(CH2)11SH) in publication

I and II, as well as 4-mercaptopyridine (4-MPy) and two different kinds of dithiocarbamates (DTCs,

R2NCS2) in publication II.

The SAMs of 4-MPy, DCT and DTC2 were prepared from their respective disulph-

ide compounds, whereas DDT SAM was prepared from thiol. n-Dodecanethiol (DDT,

CH3(CH2)11SH, purity 98%), 4,4’-dithiodipyridine (C10H8N2S2, purity 98%), tetramethylthiuram

disulfide (TMTD, (CH3)2NCSS2CSN(CH3)2, purity 97%) and tetraethylthiuram disulfide (TETD

(CH3CH2)2NCSS2CSN(CH3CH2)2, purity � 97%) were purchased from Sigma-Aldrich and used as

received. All SAMs were prepared at room temperature (22 ◦C) on freshly flame-annealed Au(111)

coated mica slides (300 nm Au, Georg Albert PVD). After immersions, the samples were rinsed with

ethanol.

• DDT SAM: Au substrate was immersed in 1 mM ethanol solution of DDT for 24 h.

• 4-MPy SAM: Au substrate was immersed in 20 μM aqueous solution of 4,4’-dithiodipyridine

for 15 min.

• DTC SAM: Au substrate was immersed in 1 mM solution of TMTD (ethanol:N,N’-

dimethylformamide 1:1 v/v) for 24 h.

• DTC2 SAM: Au substrate was immersed in 1 mM solution of TETD (ethanol:N,N’-

dimethylformamide 10:1 v/v) for 24 h.

5.2 Cluster deposition

The clusters used in publications II− IV were generated using the Facility for Nanocluster Deposition

(FANADE) at the University of Helsinki. FANADE consists of a gas aggregation source connected

to an ultra-high vacuum (UHV) chamber. A schematic overview of the instrument is shown in Figure

5.1.

The cluster material in a gas-aggregation cluster source is vaporized by magnetron sputtering [48]. In

magnetron sputtering the target atoms are produced by bombarding a target (cathode) with ions that

are generated in a glow discharge plasma, which is confined by a magnetic field [6, 49]. The sputtered
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Figure 5.1: A schematic diagram of a condensation-cell-type cluster aggregation source.

atoms are neutrally charged and are unaffected by the magnetic trap, thereby the vaporized atoms can

be swept into a condensation chamber (the aggregation region in Figure 5.1) by a flow of inert gas. In

the condensation chamber the vapour cools down, due to collisions with the inert gas. After clusters

condensate from the super-saturated vapour, they are swept out of the chamber by the inert gas flow

and are deposited on a substrate. The size of the clusters generated can be varied by adjusting the

length in which the clusters aggregate and by varying the power to the magnetron and the flow of the

aggregation gas [50].

As the atoms exchange energy in collisions with the atoms in the inert gas the clusters eventually

reach a velocity that is less than that of the streaming gas [51]. Thereby, the cluster velocity vc can be

approximated to be close to the expanding gas velocity, vc=vgas=[2kBT γ/(γ−1)mgas]
1/2, where γ is

the heat capacity ratio for inert gas material, kB is the Boltzmann constant, T the gas temperature and

mgas the atomic weight of the gas atoms [52]. Thus the kinetic energy Ec for the produced clusters

can be approximated, based on Ec= 0.5NMcv2
c .

For the work in this thesis gas-phase formed clusters were chosen, as it allows to control the properties

of the deposited clusters. For publications III and IV preformed clusters at the low energy-range were

desired, as the aim was to investigate how the degree and range of interaction between the deposited

clusters on a surface influences the magnetic behaviour. For publication II gas-phase formed clusters

were chosen for the metallization of SAMs, in order to separate the process of cluster nucleation from

the surface interaction and dynamics of the surface, and limit the possibility for single adatoms to

penetrate through the organic SAM.
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The palladium clusters for publications II and IV were produced with FANADE, charged with a

Pd target of 99.99% purity. The clusters were agglomerated in argon gas and deposited in ultra-high

vacuum at room temperature directly on the sample surfaces. For publication III the gold nanoclusters

were produced with the same instrument, charged with a Au target of 99.999% purity, liquid nitrogen

was employed as cooling, in order to produce larger clusters.

5.3 Ion irradiation

Ion irradiation is commonly used for surface modification. By varying the ion type, energy and flu-

ency, the surface morphological changes generated can be controlled [53]. The use of low fluencies

enables e.g. the creation of isolated defects such as vacancies and adatoms. An increased fluency may

generate coarsening of the surface, and a longer bombardment time can lead to the development of a

specific surface morphology [54, 55].

For publication I ion irradiation was employed in order to investigate the morphological changes in

bare and thiol-functionalized Au(111) induced by argon ion irradiation. The argon ions were produced

with a High Voltage Engineering 500 kV ion implanter at the University of Helsinki, where ions are

produced by an cold cathode penning ion source (SO-60). The energies used for the normally-incident

Ar ions were 10, 30 and 40 keV. The fluency during the Ar1+ irradiations of both bare Au(111)

and DDT SAM/Au(111) surfaces were 1012, 5×1012 and 1013 ions/cm2. Bare Au(111) and DDT

SAM/Au(111) surfaces were also irradiated with Ar4+ ions to the fluency of 1012 ions/cm2 and 1013

ions/cm2.

5.4 Surface characterization

5.4.1 Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a branch of microscopy that forms images of surfaces using

a physical probe that scans a sample. All probe microscopes have two features in common. Firstly,

they consist of a tiny and sharp probe that is placed very close to a surface. The probe senses the

surface by monitoring a distance sensitive interaction between the probe and the surface. Secondly

the probe or the sample is scanned in a raster fashion, with almost an atomic accuracy. The variation

in the investigated interaction is then translated to a topographic image of the surface. The two most

commonly used SPMs are the Scanning Tunnelling Microscopy (STM) and Atomic Force Microscopy

(AFM) [56, 57]. These are also the SPMs used in this thesis.
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Scanning Tunnelling Microscopy

STM is an imaging technique, capable to an atomic scale resolution of an electrically conductive

sample. On the left hand-side of figure 5.2 an overview of the working principle for a STM system

can be seen. Under the optimal conditions it is possible to acquire three-dimensional (3D) images at

near sub-atomic resolution. The operating principle is based on the quantum-mechanical phenomena

of tunnelling current, where a sample and a sharp tip are held a few Ångströms apart and the current

between them is measured [56, 57].

Figure 5.2: A schematic showing the basic setup for a STM (to the left) and for an AFM (to the right).

The tip (or the sample) is mounted on a piezoelectric scanner (with three perpendicular piezoelectric

transducers:x-,y- and z piezo). As the tip is moved relative to the surface, changes in the tunnelling

current represent a change in the separation distance [57, 58]. The measured tunnelling current is

converted to a voltage by a current amplifier, which is then compared with a reference value. When

the tip scans over the xy plane, a two-dimensional array of equilibrium z positions, representing the

contour plot of the equal tunnelling-current surface, is obtained [58].

The STM characterizations for Publications I and II were performed using a Veeco Instrument Nano-

Scope V-MultiMode scanning probe microscope in constant-current mode under ambient conditions,

at the University of Helsinki. The STM tips were mechanically cut Pt/Ir (80:20) wires of 0.25 mm

diameter. The acquired STM data were analysed using the SPM data analysis software Gwyddion

[59].
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Atom Force Microscopy

The operating principle of an atom force microscope is based on the ability to sense small forces.

On the right hand-side of figure 5.2 an overview of the working principle for an AFM system can

be seen. In an AFM, the probe tip is attached to a cantilever with a small spring constant. A forces

acting on the probe tip deflect the cantilever and the tip displacement is proportional to the force

between the surface and the tip. The resultant bending of the AFM cantilever is measured optically

by the deflection of a reflected laser beam onto a split photodiode. The most important advantage that

AFM has over STM is that the former is not limited to conducting samples, so materials can often be

imaged "as is" with almost no sample preparation [56].

The AFM characterizations for Publication III were performed using a Veeco AutoProbe CP-

Research atom force microscope, in tapping mode, under ambient conditions, at the University of

Helsinki. A silicon cantilever was used with a tip radius > 20 nm. The acquired AFM data was ana-

lysed using the SPM data analysis software Gwyddion [59].

5.4.2 Transmission Electron Microscopy

In a transmission electron microscope a thin sample is irradiated with an electron beam, with uniform

current density. An overview of the working principle for a TEM can be seen in Figure 5.3. Elec-

trons are emitted with an electron gun. Condenser-lens systems enable variations in the illumination

aperture and the beam can be focused and aligned to the sample using electromagnetic lenses. If the

sample is electron dense, less electrons will penetrate. This will form an image of light areas where

the electron beam has remained intact and dark areas where electrons have scattered. [57, 60].

The TEM characterizations for Publications III and IV were performed using a high-resolution TEM

(JEOL JEM-200FS) at the Aalto University School of Science. The acquired TEM data were analysed

using the Gatan DigitalMicrograph software.
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Figure 5.3: A schematic showing the basic components for a TEM.

5.4.3 X-ray Photoelectron Spectroscopy

XPS is a surface sensitive quantitative spectroscopic technique. XPS spectra are obtained by meas-

uring the energy distribution of electrons ejected from a solid via irradiation by X-rays and the pho-

toelectronic effect. The detected electrons contain information about the chemical oxidation state,

electronic structure and the atomic composition of the studied substrate[61].

A schematic representation of a typical XPS setup is given in Figure 5.4. The basic operating prin-

ciple is based on the interaction of an X-ray photon with a sample, which leads to the ejection of

photoelectrons. The analysis is based on the determination of the kinetic energy of the outgoing elec-

tron, as the kinetic energy (Ekin) of the ejected photoelectron is related to the electron binding energy

(EB). The binding energy defines the element and atomic level from which the photolectron origin-

ates [62]. As the energy of the used X-ray with a particular wavelength is known (for Mg Kα X-rays,

Ephoton=1253.6 eV) and the emitted electrons kinetic energy is measured the electron binding energy

can be determined for each of the emitted electrons based on, EB = Ephoton− (Ekin +φ), where φ is

the work function for the spectrometer.

The XPS data for the work in this thesis was obtained using an Hiden Analytical SIMS/SNMS/XPS
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Figure 5.4: Schematic representation of a XPS setup.

system, equipped with an Mg Kα X-ray source (Omicron DAR 400), at the University of Helsinki. In

publication I, the X-ray photoelectron spectroscopy technique was used to characterize the chemical

and physical effect that argon ion irradiation induced on the samples. In publication II, the XPS

technique was used to determine the composition and chemical state of the sample surfaces before

and after Pd cluster deposition. The main results are outlined in section 6.

5.5 Magnetization measurement

The most sensitive magnetic flux detector is the superconducting quantum interference device

(SQUID). The device operates at cryogenic temperatures with quantum-limited sensitivity. It uses

the Josephson effect to measure extremely small variations in magnetic flux [63].

Typically a SQUID sensor consists of a superconducting loop which has one or more Josephson

junctions, see Figure 5.5. The sensor’s input coil is connected to a pickup coil inside a superconducting

magnet. When a sample is moved inside the superconducting magnet and pickup coil it will induce a

change in the current of the pickup coil, that in turn will induce a change in the magnetic flux from

the input coil [64].

In the SQUID loop a bias current (Ib) is applied giving a operational point, that is midway between the

superconducting and resistive behaviours. As a magnetic flux is inductively coupled into the SQUID

loop a screening current is created. The screening current will increase or decrease the critical current

Ic, of the Josephson junction, depending on the direction of the induced flux. Ib is fixed at a slightly
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Figure 5.5: Schematic representation of a SQUID sensor. Image adapted from [64].

higher value than Ic, so that when an external magnetic flux (Φext = BextA) is coupled into the Joseph-

son loop, the voltage will drop [64].

The magnetic flux through the loop is quantized. As the external flux increases (or decreases)

the voltage will change periodically, where the period corresponds to one flux quantum Φ0

(2.068×10−15Wb). The variation of the flux by one quantum causes the current to change sign,

thereby monitoring the change in voltage allows the determination of the magnetic flux that has been

coupled into the SQUID loop and the magnetic moment can be measured [64, 65].

The SQUID measurements for Publications III and VI were performed using a Quantum Design

MPMS-XL7 SQUID magnetometer at the Aalto University School of Science. The used nanocon-

ducting solenoid provided a magnetic field up to 70 kOe at temperatures from 1.8 to 400 K. Before

the actual SQUID measurements of the investigated nanoclusters, the background signal influenced

by the template shape, local deformations, material defects and non-homogeneity was measured. This

was done by measuring the template (without any depositions) with all of the experimental conditions

exactly the same as during the actual measurements. The resulting data was then subtracted from the

actual magnetization data measured from the clusters deposited on the templates. The results are

outlined in section 6.3.
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Chapter 6

Results and Discussion

6.1 Morphological changes in bare Au and SAM covered Au(111)

surfaces by argon irradiation

Ar ion irradiation-induced changes in the morphology of bare Au(111) surfaces as well as surfaces

covered by 1-dodecanethiol SAMs, were examined in publication I. The changes in the surface

morphology were followed by STM and XPS measurements while varying the ion charge (Ar1+,

Ar4+), energy (10−40 keV) and fluency (1012−1013 ions/cm2). The impact of flame-annealing of the

Au(111) surface prior to ion bombardment was also investigated.

Our study of Au(111) surfaces irradiated by Ar ions serves as control experiment for the irradiated

DDT covered Au(111) surfaces. In spite of the fact, that gold is the most common substrate for SAMs,

there are no previous systematic studies available, regarding the effects of ion bombardment on Au

surfaces as a substrate for SAMs. The reports available in literature are found to be disconnected

studies mainly concerning structures created by highly charged Xe25+,44+ ions, with non-conclusive

results [66–68].

The majority of studies available in the literature, concerning ion-SAM interactions report observa-

tions of the sputtered molecular and cluster ions and emission processes [69–71]. Only one previous

study was found to concern the morphological modifications of SAM covered surfaces induced by ion

interactions [72]. In that study DDT SAM covered Au(111) surfaces were irradiated by 14 keV argon

ions with charge states of 7+ and 8+. The results obtained by STM and TOF-SIMS measurements

led the authors to the conclude, that only minor surface defects which correspond to cleavage of the

uppermost hydrogen atoms from the thiolate molecules, were induced by the used irradiation [72].

In publication I the impact of flame annealing of the Au(111) surface was investigated by irradiating

a Au(111) substrate in as-received condition and another that had been flame-annealed. Both samples

were irradiated by 40 keV Ar+ to the fluency of 1013 ions/cm2. STM characterization and subsequent

data analysis of the samples clearly show irradiation-induced changes on their surface morphologies

(Figure 6.1 a− c). STM image of the surface prior the irradiation appears similar to that of the flame-

annealed surface presented in Figure 6.1a. On the whole the STM data suggests that annealing of the

substrate makes it more susceptible to irradiation-induced surface defects but no specific cause for
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(a) Flame-annealed Au(111) surface
prior to irradiation.

(b) Flame-annealed Au(111) sur-
face after irradiation.

(c) Non-annealed Au(111) surface
after irradiation.

Figure 6.1: Large-scale STM images of Au(111) prior and after 40 keV Ar+ to the fluency of 1013

ions/cm2.

this can be pointed out. All of the subsequent experiments were carried out by using flame-annealed

substrates, since they are more conventionally used.

The irradiation of bare Au(111) surfaces was found to generate Au vacancy and adatom islands and

cause roughening of step edges. The ion energy and fluency had a large impact on the size and abund-

ance of the islands caused by the irradiation as well as on the level of reconstruction on the step

edges. The correlation between ion energy and fluency as well as the average projected surface area

of vacancy and adatom islands of the irradiated Au(111) surface is shown in Figure 6.2 a.

For the SAM functionalized surface, the Au adatom islands were modified, step edges roughened

and Au adatom islands were formed. The level of surface reconstruction also increased as a function

of ion energy and fluency for the SAM functionalized surfaces. The surface modification occurs in

such a way that the combined defect island surface areas are roughly the same before and after the

irradiation. Surface reconstruction increases as a function of ion energy and fluency and the gold va-

cancy and adatom islands are on the average larger on the Ar4+ irradiation modified surfaces than on

the Ar1+ modified surfaces. The correlations between ion energy, fluency and charge state, and the

average projected surface area of vacancy and adatom islands of the irradiated DDT SAM covered

Au(111) surface is shown in Figure 6.2 b. A more detailed analysis revealed that the thiolate mo-

lecules remained mostly closely-packed and in a standing-up orientation on the surface irradiated

to the fluency of 1012 ions/cm2 whereas irradiation to the fluency of 1013 ions/cm2 resulted in their

reduced surface coverage and flat-lying molecules.
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Figure 6.2: a) The correlations between ion energy and fluency, and the average projected surface
area of vacancy and adatom islands of the irradiated Au(111) surfaces. b) The correlations between ion
energy, fluency and charge state, and the average projected surface area of vacancy and adatom islands
of the irradiated DDT SAM covered Au(111) surface. Note that no adatom islands were present in the
non-irradiated sample. Reproduced from Ref. [73] with permission from the PCCP Owner Societies.

6.2 Metallization of SAMs by Pd nanocluster deposition

For publication II Au(111) surfaces were covered with four different SAMs (DDT, DTC, DTC2 and

4-MPy). The surfaces were uniformly deposited with Pd clusters for 15, 30, 45 and 60 s. The surface

structures prior to and after Pd-metallization were studied using STM and XPS techniques. Publica-

tion II is a build-up on a previous study by our group, where morphologies of DDT SAM/Au(111)

surfaces were investigated after gas phase deposition of gold and other coinage metal clusters [74, 75].

In this work the study was extended to the cluster deposition on different types of SAMs as such sys-

tematic studies have so far been lacking in the literature.

In most studies reported in the literature, metallization is achieved by vapour [76–79], electrochemical

[29–31] or electroless deposition [76, 80–82]. The downside with the vapour deposition techniques

is that they are based on separate atoms being deposited on the surface and then undergoing possible

nucleation. Organometallic chemical vapour deposition has been used to deposit Au on SAMs [79]

and pulsed laser deposition has been used to deposit patterns of Pt, Pd, Cu and Au on different SAMs
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[76–78]. Electrochemical method on the other hand requires a precise potential control on samples,

which is also a challenge for serial production of nanostructured molecular junctions. The drawbacks

with electroless deposition is the involvement of solution electrochemistry as reducing agents for

metallic adlayer formation, as well as the care required in choosing reducing agents in order to avoid

impurities in the final deposit [82].

For the study in publication II Pd clusters were chosen for the metallization of SAMs, as Pd clusters

show different possibilities in applications e.g. as hydrogen sensors [11] and catalysts [12]. To our

knowledge there are no previous reports on gas-phase Pd clusters deposited on SAMs. In our study

we have chosen to use gas-phase formed clusters, as the use of preformed clusters has the advantage

of separating the process of cluster nucleation from surface interactions and dynamics on the surface.

In order to characterize the size distribution of the deposited Pd clusters TEM measurements were

carried out. Figure 6.3 a) shows a typical TEM image from a 15 s Pd cluster deposition on a standard

TEM-grid, while Figure 6.3 b) shows the radial size distribution of clusters for both 15 and 60 s Pd

depositions. Diffusion and coalescence of the clusters determines the final cluster size distribution,

this can be seen from the irregular shape of the upper cluster in the high-resolution inset (side length 10

nm) and the shift in the cluster size distributions going from 15 s to 60 s deposition. STM studies were

conducted for bare and DDT, DTC and DTC2 SAM covered Au(111) surfaces before and after Pd

cluster deposition. Typical STM images of the sample surfaces before and after Pd cluster deposition

Figure 6.3: a) TEM image of Pd clusters deposited on a carbon coated TEM-grid. The inset in the
top right corner (side length 10 nm) shows a magnification of an irregular cluster shape. The size
distributions of cluster radii, as calculated from the cluster areas, is given in b) for 15 and 60 s of Pd
cluster deposition, respectively [14].
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Figure 6.4: a)−h) STM images before and after Pd deposition on bare Au(111), DDT, DTC, and
DTC2. Side lengths are 150 nm, height scale is 1.4 nm. Line profiles from h) are shown in i). δ = 0.24
nm.

are shown in Figure 6.4. For 4-MPy we were not able to obtain good quality images, thereby the

4-MPy samples were only studied by XPS.

In all of the post-deposition STM images the Pd clusters can clearly be distinguished and a height

distribution for the deposited clusters could be extracted, see histograms in Figure 6.5. The height

distribution of Au islands on the DTC and DTC2 covered surfaces before and after Pd cluster de-

position are presented in Figure 6.5 a). Figure 6.5 b) shows a comparison of the Pd cluster height

distributions on Au(111), DDT, DTC and DTC2 covered surfaces.

From the histogram in Figure 6.5 a) it can be seen that the total amount of Au monolayer islands on

DTC and DTC2 covered surfaces decreases as Pd clusters have been deposited. The more significant

decrease of Au monolayers for DTC SAM, could be due to Au islands acting as pinning points for

the clusters. The DTC also exhibits a broader distribution, with increased amount of larger clusters

compared to DTC2. This would imply toward a more intense aggregation and diffusion of clusters on

the DTC surface. According to previous studies DTC2 form more well-ordered monolayers than
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Figure 6.5: a) A comparison of measured heights from the DTC and DTC2 STM images before and
after a 30 s Pd deposition. b) Distribution of cluster heights acquired by STM [14].

DTC [21, 83, 84], which could explain wherefore a larger amount of smaller gold islands are formed

on the DTC2 surface, see Figure 6.5.

For the Pd cluster distribution on the bare Au surface it can be noted that there seems to be periodicity

in the measured heights of ∼2.9 Å. Since Pd and Au are both FCC metals, they have a certain affinity

for each other and can easily form alloys, therefore Pd clusters will align themselves in the [111]

direction when they are deposited on Au(111) surfaces. The step height of a Pd(111) surface should

be ∼ 2.3 Å, but due to oxidation there will be an increase of 18-30% in the step height, which would

correspond to the observed periodicity of ∼ 2.9 Å [85]. A similar periodicity cannot however be seen

for the Pd clusters deposited on the SAM covered surfaces, which would indicate that the Pd clusters

have not penetrated through the organic layer and formed a single-atom thick interfacial layer between

the thiolate SAM and the Au surface.

The chemical state and composition of the sample surfaces were analysed by XPS. Typical C 1s, S 2p,

and N 1s peaks are shown for the different types of SAM-covered samples in Figure 6.6. The darker

colours represent the peaks before Pd clusters were deposited for 60 s, and the lighter colours represent

the corresponding values after the deposition. The most important finding from Figure 6.6, is that no

major changes can be detected between the substrates before and after Pd cluster deposition, despite

the difference between the different samples. There are neither any shifts in the binding energies for

the elements detected. Thereby it can be assumed that only weak van der Waals type bonding occur

between the Pd clusters and thiolate SAMs.
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Figure 6.6: High-resolution XPS peaks of C 1s, S 2p, and N 1s core-levels, for bare Au and organic
SAM-covered surfaces, both before (darker colours) and after (lighter colours) 60 s Pd cluster depos-
ition. No major shifts in binding energy can be seen for samples before and after deposition [14].

Figure 6.7 shows the relative amount of each element as a function of Pd cluster deposition time for

the different types of samples. For the bare Au surface, the relative amount of Au decreases with

increasing amount of Pd. There is also an increase in the relative amount of oxygen coupled with the

increase of Pd and a slight increase in the amount of carbon. This is most likely due to the oxidation of

the Pd clusters upon introduction to the ambient and the slight increase of carbon stems from impurity

carbon that binds to the partially oxidized surface. A similar increase in oxygen can be measured for

the other sample types as well. A partial covering of the clusters with organic material is most likely

the reason for lower Pd intensities for some substrates. According to this the bonding strength between

Pd clusters and thiols is lowest for clusters on 4-MPy, and increases for DDT, DTC and DTC2.
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Figure 6.7: The atomic concentrations of elements detected in the samples by XPS. The bare and SAM
coated Au(111)surfaces were analysed before and after Pd depositions for 15, 30, 45 and 60 s. Linear
fits have been adapted as a first approximation. Error bars represent the combined standard deviation
from both peak fitting and measurements on at least three different samples for every substrate type
[14].

The relative amount of Au on the SAM covered surfaces increases as the amount of deposited Pd is

increased. A possible explanation is that the deposited Pd clusters attract the underlying SAMs so

strongly that they agglomerate under the clusters and thereby form higher densities than normally on

the Au surface. Since SAM layers typically incorporate several types of intrinsic and extrinsic defects,

they can induce lowering in the global density of the organic molecules. This in turn can cause some

gold from the substrate to be uncovered, leading to higher intensities of the Au 4f peak. The lowering

of the density of organic molecules would explain the unproportionally large decrease in the total

carbon concentration.

Figure 6.8 shows the relative ratios between XPS intensities for a) Pd and S, b) Pd and N and c) N and

S measured at different photoelectron angles. From a) and b) it can be seen that the relative strength

of the Pd signal increases as compared to both S and N signals. This indicates that the Pd clusters

are situated above the organic SAM layers, whereas the increased relative amount of N compared to

S indicates that the SAM layers have formed a bond to the gold substrate via sulphur and that the

nitrogen is facing the ambient.
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Figure 6.8: Changes in the relative ratios between XPS intensities for a) Pd and S, b) Pd and N, and
c) N and S when measured at different photoelectron emission angles. The vertical axes indicate the
relative changes in the ratios between the elements, as compared to those measured at an angle of
30◦[14].

6.3 Magnetic properties at the nanoscale

6.3.1 Gold

In publication III the ferromagnetism of Au cluster agglomerates was studied. As presented in sec-

tion 4.1 the magnetic phenomena are extremely sensitive to the atomic environment, which is why

the magnetic behaviour in assemblies of Au nanoclusters is of interest. In literature data can be found

regarding ferro- and superparamagnetic behaviour of Au thin films and individual clusters. Our group

has previously studied the ferromagnetism in nanocrystalline gold thin films [86]. The intrinsic mag-

netic moment of 4 nm bare face-centered cubic (fcc) Au nanoparticles have been investigated by Li

et al. [87, 88]. Sato et al. have studied the impact of air exposure of Au nanoclusters in regard of their

magnetization as well as the temperature dependence of Au nanocluster magnetization [89, 90]. Stud-

ies regarding the size- and temperature dependent structural transitions in gold nanoparticles have
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been made by Koga et.al. [91], but not in the connection with their magnetic properties. Consequently

experimental studies of the behaviour of similar systems are desirable.

In publication III different amounts of Au clusters were deposited (energy 0.3 eV/atom) directly on

a template for the SQUID measurements and on carbon holey films for HR-TEM measurements.

HR-TEM and AFM were used to determine the size distribution and the developed morphology of

the deposited clusters. Table 6.1 summarises the total volume of Au confined in the three different

samples used for magnetization measurements. Figure 6.9 demonstrates the developed morphology of

our samples. The morphology is a result of unavoidable coalescence and coarsening of the deposited

clusters. The 1 min deposition produces a dispersion of separate Au particles, whereas the 20 min

deposition results in a fragmentary morphology of gold aggregates that are partly interconnected.

Table 6.1: Summary of the samples showing the total volume of Au confined in them and the depos-
ition time.

sample symbol deposition time (min) volume 10−8 (cm3)
1 2.5±0.6

A � 5 13±3
B � 10 25±6
C • 20 50±11

Figure 6.9: HR-TEM micrographs of (a) single Au clusters after 1 min deposition and (b) cluster-
assembled aggregates after 20 min deposition (sample C) [92].

Magnetization measurements were performed on all samples (Table 6.1), but no magnetic signal

could be detected after 1 min deposition. The magnetization of the deposited nanoparticle samples

are shown in Figure 6.10.
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Figure 6.10: Magnetization as a function of magnetic field measured at 5 K, 100 K and 400 K [92].

For samples B and C the magnetization can be seen to exhibit characteristic ferromagnetic hysteresis,

with the remanent (MR) and saturation (MS) magnetizations, with minor temperature dependence (Fig-

ure 6.11). As expected the coercivity (HC) for samples B and C decreases as a function of temperature,

due to thermal excitations. The magnetization of sample A exhibits a typical Langevin function like

behaviour, i.e. behaviour characteristic for superparamagnetic (SPM) material. This however is not

unexpected as it is a typical behaviour for small interacting ferromagnetic element clusters [93].
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Figure 6.11: Saturation, remanence and coercivity as a function of temperature [92].

Temperature dependence of magnetizationa is presented in Figure 6.12.The measured magnetization

can be seen to be irreversible between zero field cooled (ZFC) and field cooled (FC) branches in

all of the applied fields. In the case of sample A the Au clusters exhibit typical Langevin type of

superparamagnetic core-shell behaviour up to a dilute/percolation limit. As the sample is heated and

the clusters connect with one and other the magnetization decreases. Due to the coalescence, dipole

and exchange interaction will start to disturb the internal core-valence spin interaction of isolated

clusters. The two peaks in the ZFC magnetization are related to the changing interaction between

clusters. The narrow low temperature peak between 2 and 4 K is related to surface spin alignment,

whereas the broad peak at higher temperature is due to the core-shell spins. The width of the maximum

is associated to a wide size distribution among clusters and the corresponding (blocking) energy

landscape [94, 95]. In sample B some of the clusters are connected while others still remain isolated,

which is why the sample presents a combination of ferromagnetic and Langevin types of interactions.

As the cluster density in sample C exceeds the dilute/percolation limit, the sample exhibits saturated

ferromagnetic response. The smaller low temperature peak that can be distinguished for samples A

and B is due to the core shell/super spin alignment.
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Figure 6.12: Temperature dependence of magnetization in magnetic fields of 150 and 500 Oe. Zero
field cooled (ZFC) magnetization in red and field cooled (FC) magnetization in blue [92].
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6.3.2 Palladium

For publication IV the magnetic behaviour of Pd nanoclusters was investigated by varying the range

and degree of interactions of the clusters. Ferromagnetic behaviour in bare Pd fine particles was first

reported in 1997 by Tanyama et al. [96], since then similar findings have been reported by others

as well [96–106]. The explanation for the occurrence of magnetism at the nanoscale in otherwise

nonmagnetic materials however still remain unanswered. Unstable surface atoms in the top few atomic

layers in (100) facets are believed to be the origin for the magnetism in nanosized particles [96–

98]. According to different theoretical reports available, the ferromagnetism in Pd could arise due to

icosahedral structure [107], crystal defects [108], HCP crystal structures [108], surface effects [108]

or lattice expansions [109, 110]. Even if the reason for the magnetic behaviour remains unanswered,

there seems to be a clear correlation between the ferromagnetic property of Pd at the nanoscale and

prevailing defects [111]. As the magnetic phenomena in Pd nanoparticles is highly influenced by

the atomic environment, we have chosen to investigate the changes in the magnetic behaviour of Pd

nanoclusters, due to changes in degree and range of interactions.

The volume of Pd deposited for publication IV was based on rigorous analysis of HR-TEM micro-

graphs, similar to those in Figure 6.13. By varying the deposition time the volume of the Pd confined

in the analysed samples could be adjusted. Four different samples with different volumes of Pd were

analysed, see Table 6.2. From Figure 6.13 it can be seen that after a 15-min deposition a percolating

Figure 6.13: HR-TEM micrographs of a) single Pd clusters by a 1-min deposition, b) a percolating
network of clusters after a 15-min deposition, c) island growth after a 30-min deposition and the
formation of a thin film after a d) 45-min and e) 60-min deposition.
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Table 6.2: Summary of the samples showing the total volume of Pd confined in them and the depos-
ition time.

sample symbol deposition time (min) volume 10−8 (cm3)
1 1.5±0.3

A (A.1/A.2) �/� 15 23±5
B (B.1/B.2) ©/• 30 45±10
C (C.1/C.2) �/� 45 68±15
D (D.1/D.2) �/� 60 90±21

monolayer of Pd clusters has formed. After a 30-min deposition a change to island growth is clear,

which in turn leads to surface coarsening. A 60-min deposition results in a porous film, consisting of

a network of percolating Pd clusters.

Magnetization measurements were performed on all samples (Table 6.2), but no magnetic signal could

be obtained after the 1 min deposition. The acquired magnetization for the samples as function of

magnetic field is shown in Figure 6.14. Based on the hysteretic behaviour observed in the M-H curves

there is a ferromagnetic spin ordering in the samples. The magnetization curves consist of a saturated

ferromagnetic and a paramagnetic component, which implies to the coexistence of ferromagnetism

and superparamagnetism in the Pd-cluster films [97, 102]. The proportion of superparamagnetic nano-

clusters present in the films is related to the variations in the hysteresis loops [112]. Volume magnet-

izations, coercivity and remanence were extracted from the M-H curves at temperatures ranging from

1.8 K to 400 K, and are presented in Table 6.3.

Table 6.3: Summary of the results.

Pd form nanoparticle oxidation T μS ·10−3 MS MR HC
diameter (nm) (K) (μB/atom) (emu/cm3) (emu/cm3) (Oe)

NP agglomerates 4.1 ± 1.6 exposed
prepared by VA = 2.3 ± 0.5 to ambient 1.8 74 ± 15 46 ± 10 3.4 ± 2.4 85 ± 21

gas evaporation conditions 400 65 ± 6 42 ± 4 2.2 ± 2.1 (300 K) 48 ± 4 (300 K)
VB = 4.5 ± 1.0 1.8 26 ± 10 16 ± 6 2.9 ± 0 150 ± 23

400 22 ± 5 14 ± 4 0.8 ± 0.3 42 ± 3
VC = 6.6 ± 1.5 1.8 39 ± 17 24 ± 11 1.5 * 140 *

400 37 ± 21 23 ± 13 0.48 * 63 *
VD = 9.0 ± 2.1 1.8 34 ± 2 22 ± 1 1.3±0.4 68 ± 3

400 23 ± 6 15 ± 4 0.65 ±0.16 33 ± 1

* only C.1.
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Figure 6.14: Magnetization as a function of magnetic field measured at 1.8 K, 20 K, 100 K and 400 K.
In the left column the full range measurements of all of the samples at a given temperature are shown.
In the right column zoomed graphs highlighting the remanence and coercivity are shown [113].

Additional information regarding superparamagnetic (SP) and single (SD) (ferro)magnetism of the

deposited cluster films was acquired by analysing the data in Figure 6.14 [112]. The difference

between the descending and ascending parts of the hysteresis (ΔM) and its derivatives d/dH [ΔM]

are shown in Figure 6.15. The shape of the ΔM plots are due to different kinds of hysteresis. For the

15 min deposition the shape of ΔM is due to ”wasp-waist”- hysteresis, where as the d/dH [ΔM] plot

(Figure 6.15 e)), corresponds to SD+SP magnetism with two sets of coercivities.
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The shape of the ΔM plot for the 30 min deposition (Fig.6.15 b)) shows a combination of ”potbelly”-

and ”wasp-waist”-types of behaviour [112]. The evolving hysteresis from ”wasp-waist” to ”potbelly”

shape is due to an increase of small magnetic clusters with respect to the larger ones found in the

15 min deposition. The ΔM plot for the 45 min deposition is characteristic for a ”potbellied” hys-

teresis (Figure6.15 c)), this indicates that small magnetic clusters dominate and suppress the ”wasp-

waist” part (in comparison to the 30 min deposition). The merging of the first and second peak in the

d/dH [ΔM] plot (Fig.6.15 d)) for the 60 min deposition corresponds to the tendency of SP clusters,

with single valued coercivity, to transform to a single domain magnetization.

Based on the acquired results we propose that the magnetization of Pd cluster networks and films

depends on the growth properties determining the variations in the Pd cluster structures and resulting

film morphologies. After a 15 min deposition (initial formation of a film) the coercivity values (by

d/dH [ΔM]) are related to two possible cluster agglomeration configurations: cluster layers and layers

with small pile-ups of clusters (islands), which can be seen in the HR-TEM micrographs (Fig.6.13).

As the clusters have been deposited for 30 min the magnetization weakens, and can be understood by

the reduced surface- to -volume ratio. With an increased amount of Pd clusters on the surface the film

growth becomes more complex. The incoming clusters will gain an increased impact energy due to

adhesion acceleration, which in turn depends on the impact area between the cluster and the surface

[114]. In case of full coalescence of nanoclusters on a Pd substrate, a significant surface energy release

will lead to an additional heating of the merging Pd clusters.

Figure 6.15: The ΔM and its derivative d/dH [ΔM] measured at 20 K. The lines in the figure correspond
to 5-point averaging of the data [113].
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Chapter 7

Conclusions and outlook

The purpose of this study was to contribute to the better understanding of properties related to SAM

covered surfaces and the research on the magnetic properties of palladium and gold at the nanoscale.

Surfaces covered by SAMs were studied by investigating the morphological changes induced by Ar

ion irradiation in bare and thiol functionalized Au(111), as well as the possible metallization of SAM

covered surfaces by preformed Pd cluster deposition. Magnetic properties of nanosized Pd and Au

were investigated by studying the ferromagnetism in bare Au and Pd nanoagglomerates produced by

nanocluster deposition.

Based on our results we can conclude that DDT covered surfaces were more susceptible for

irradiation-induced surface morphology changes than the unmodified Au surfaces. Flame-annealing

of a Au(111) surface prior to ion bombardment was also found to make it more susceptible to

irradiation-induced surface defects. Our results also strongly point toward SAMs of DDT, 4-MPy,

DTC, and DTC2 being impenetrable for Pd clusters deposited at thermal energies. Contrary to most

methods of metallization, cluster deposition therefore efficiently allows for the growth of metal over-

layers on organic SAMs, without the formation of metallic shorts or unwanted interfacial layers.

Deposition of preformed metal clusters efficiently hinders the penetration of metal adatoms through

the thiolate layers, as all deposited atoms are bound to the clusters, thereby limiting their ability to

diffuse on the surface and leak through defects or other parts of the film.

For assemblies of bare gold nanoclusters we presented ferro- and superparamagnetic behaviour de-

pendent on the interactions between particles. The enhanced surface-to-volume atomic ratio was

found to favour ferromagnetism in the case of bare Au nanoparticles. The behaviour of the Au cluster

agglomerates was also found to be analogous to that of transition metal clusters. For palladium nano-

cluster thin films we found that the ferromagnetic behaviour is highly dependent on the growth mode

and film thickness, as these cause variations in the Pd cluster structures and resulting film morpholo-

gies. The surprising magnetism in gold and palladium nanostructures is everything but clear, it opens

many new possibilities as well as challenges, before a full understanding of the physical and chemical

effects giving rise to this phenomenon is fully understood. These new findings, may open new indus-

trial possibilities towards the design of new functional materials and consequently applications in the

field of catalysis, biomedicine and information technology [8].
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