
1. INTRODUCTION

Clusters, in general, are aggregates of atoms that are too large compared to atoms 
and molecules and too small compared to small pieces of crystals (bulk materials). 
Generally, clusters does not have the same structure or atomic arrangements as a 
bulk solid and can change its structure with the addition of just one or few atoms. As 
the number of atoms in the cluster increase, the bulk structure is established and the 
addition of atoms has no more effect on the structure. Of course there will be some 
rearrangement  of  the  atoms on the  surface  of  this  bulk  structure,  but  since  the 
surface to volume ratio is very low in bulk material it can be neglected with a good 
approximation. However, in case of clusters, most of the atoms lie on the surface 
(extremely high surface to volume ratio) and such rearrangement produce a drastic 
effect. Owning to their high surface to volume ratio, the surface science from both 
chemical and physical point of view has become crucial in order to collect data and 
information about such systems.  The ways to study such small cluster is nearly the 
same as the way they have been fabricated. With Bottom-up approach (chemical 
point of view) these clusters are formed from atoms and/or molecules by assembling 
it together to form the cluster, and there were many calculation based on this view 
point.  Also  these  clusters  can  be  fabricated,  starting  from  the  bulk  material  by 
reducing its dimension somehow, which is the Top-down approach. 

Geometric structure
Usually the crystal structure of a large nanocluster is the same as the bulk structure 
of the material, with somewhat different lattice parameters (in general clusters are 
slightly contracted as compared to bulk). E.g. Cu clusters tend to have an FCC 
structure

                              



Even smaller clusters can be amorphous-like (spherical, etc.), although a general 
tendency of the clusters is to form structures where the total surface energy (and 
internal energy) is minimized , the exact structure then depends on the surface 
energies related to the specific crystal facets of the material.

Electronic structure
Structural magic numbers affect the formation and abundances of larger clusters, 
whereas for the case of smaller clusters the combined electronic structure of all the 
atoms is of greater importance.

For instance in a Pbn cluster spectrum, clusters with n=7 or 10 are more abundant 
than others.

When the ionization potentials of sodium clusters are plotted as a function of the 
number of atoms in the clusters, peaks are observed at clusters having two and eight 
atoms. This can be compared to the high ionization potentials observed for example 
in  rare-gas  atoms,  where  electrons  are  removed  from  filled  orbitals. 

Magic Number Clusters
are an important topic in cluster science. According to the spherical jellium model, 
near spherical metal clusters with specific number of valence electrons, (e.g.  8, 18, 
20,  34,  40,  58,…) are very robust  because of  their  closed electronic shells.  These 
clusters are called (electronic) magic-number clusters due to their high stability and 
much higher  abundance in  mass  spectrometric  studies  than other  sizes  of  metal 



clusters. Another hallmark of electronic magic-number clusters is that they typically 
have much larger energy gap between the highest occupied molecular orbital and 
the lowest unoccupied molecular orbital (HOMO-LUMO gap) than their neighboring-
size clusters.

HOMO and LUMO diagrams of Ih-Al@Ag54 − and  Ih-Al@Cu54− are shown in Fig. It 
can be seen that the HOMOs are quite similar, contributed mainly by the p orbitals 
of the noble-metal atoms but little from the central Al atom. The LUMOs are mainly 
contributed by the s and p orbitals of noble-metal atoms as well as the 3s orbital of 
Al atom.

Magic Numbers are given by the following formula:
 Σ(n+1) (n+2) 

à  2, 8, 20, 40, 70, 112 

 Jellium Model
The Jellium model replaces the ions with a uniform positive background and ignores 
the  discrete  ionic  structure  (structureless  solid).  The  valence  electrons  are  then 
confined by this positively charged background,

        The jellium model envisions a cluster of atoms as a single large atom, where the 
distribution of  ionic  cores  is  replaced by  a  constant  positive  background,  the  so 
called “jellium density”, and only valence  electrons are treated explicitly.

         In effect a large spherically symmetric potential well is used to represent the 
potential describing the interaction of valence electrons with the positive spherical 



charge  distribution.  Energy  levels  can  be  calculated  by  solving  the  Schr¨odinger 
equations in a fashion analogous to that for the hydrogen atom.

As can be seen from the jellium model, the electronic structure of a cluster varies 
from that that of a single atom, but it also varies greatly from that of a bulk material. 
When a bulk lattice is formed, the discrete energy levels of the atoms are smuged 
out  into  energy  bands.  E.g.  valence  bands  and  conduction  bands  exist  in 
semiconductors and metals. As particles shrink in size there is a dramatic change in 
these bands, as the continuous density of states in bulk is replaced with a set of 
discrete energy levels.

 

The  Spherical jellium model

The  spherical  Jellium  model  provides  the  simplest  approximation  for  the  ionic 
background in the case of clusters: the detailed spatial distribution of the ions is 
replaced by  a  uniform positive  charge  distribution, i.e.  jellium confined within  a 
chosen spherical volume.

The validity of this picture for simple metal clusters is supported by the available 
experimental data on the optical properties of size selected clusters, showing that 



their absorption spectra are dominated by collective excitations reminiscent of 
plasma excitations, even for very small cluster sizes.
In our study, it is assumed that the relevant degrees of freedom are the valence 
electrons which can be treated by standard many-body techniques, in our case 
Monte Carlo. More precisely, the spherical jellium model consists of N valence 
electrons with the Hamiltonian 

where the first term is the electronic kinetic energy, the second is the electron-

electron interaction and  is just the Coulomb potential of a homogeneous 

sphere of charge density  and radius Rb=N1/3 rs: 

(4.2)

where rs is the electron Wigner Seitz radius in units of the Bohr radius and Rb is such 
that the integrated positive density is the same as the total number of electrons. We 
see that the jellium model for clusters is similar to an artificial atom whose nuclear 
charge has been expanded up to the length scale typical of the valence electrons. For 
this reason, we shall use the concepts and terminology of atomic physics.
One essential point is that, besides the number of electrons in the cluster, there is 
only one single parameter in the model, namely rs. This is normally taken to be the 
bulk metal value, for example for sodium rs=4.0. Clearly, this is only justified for 
large clusters. However, in the jellium model there is no way to theoretically 
determine the finite size variation of rs, so the bulk value is the simplest choice.

Melting temperatures
Another effect caused by a high surface to volume ratio in clusters, is a substantially 
lower melting temperature as compared to bulk materials. Unusual phenomena such 
as  negative  heat  capacities  have  also  been  observed  in  clusters  (at  the  melting 
temperature, an increase of the internal energy of Na+

147 by 1 eV leads to a decrease 
in temperature by about 10 K). In large enough systems added energy is converted 
completely  into  potential  energy,  reducing  continuously  the  fraction  of  its  solid 
phase.  The  kinetic  energy  and  thus  the  temperature  remain  constant.  A  small 



system, on the other hand, tries to avoid partly molten states and prefers to convert 
some of its kinetic energy into potential energy instead. Therefore the cluster can 
become colder, while its total energy increases.

 

Variation in the melting point with respect to decreases in
particle size     (a) Aun Cluster         (b) CdS

Measurements on metallic clusters

The stability of clusters

The stability of multiply charged small clusters is one of the fundamental subjects in 
the field of cluster research. Depending on cluster size, charge state, and material, 
multiply charged clusters may be stable, meta-stable or unstable. In some cases, 
fission is caused by the Coulomb repulsion of like charges concentrated in a cluster 
smaller than a critical size. 
 The stability of the multiply charged alkali metal and alkaline earth metal clusters 
was studied up to   Z=7. As for transition metal clusters, most of the studies were 
only on a doubly charged state. 

For clusters, properties such as ionization potentials, polarizabilities, optical 
properties and plasma resonances are best described in terms of excited states

Ionization potentials.

 The threshold ionization potentials for sequences of alkali metal clusters drop 
abruptly following spherical and ellipsoidal shell closings.
 In the early days of cluster investigations, one worried whether dissociation 
occurring with ionization would distort the mass spectra, but that worry has proven 



unfounded, providing the clusters are not too hot and the ionizing radiation is not 
too intense. The breadth of the ionization threshold depends on the cluster 
temperature.
In general, it is found that shell effects are superposed on an N~l/3 cluster-size 
dependence, a trend that is believed to stem from electrostatic charging effects.
The good correlation between mass abundance spectra and the corresponding 
ionization potentials initially served to support the idea that observed shell effects 
are electronic in origin and that the jellium model was applicable to simple metal 
clusters. Recent measurements on Al clusters suggest the existence of a more 
complicated electronic structure for such systems.

Photoelectron spectroscopy.

 Photoelectron spectra of clusters give the electron affinities and energy levels. This 
is a genuine spectroscopy of the electronic levels of the systems, and the results are 
in good agreement with other level spectroscopies that identify shell closings. The 
observation of the evolution of the d band in a long sequence of Cu clusters 
represents a major step in studying the evolution from cluster to bulk metallic 
electronic structure. In fact, indications of bulk metallic properties are recognizable 
in even the smallest clusters, and the transition to bulk-like behavior takes place 
gradually.

Static electric polarizability.

 This property is a direct measure of electronic screening. Early predictions of 
reduced screening and metal-insulator transitions in small clusters were not borne 
out in experiments. 
The pervasive jellium implies delocalization of the conduction electrons and suggests 
the onset of metallic behavior with the smallest cluster. Because the shell model 



implies that there is a large energy gap in the excitation spectrum above shell 
closings, one expects spherical clusters to have low polarizabilities compared with 
adjacent clusters in a sequence. This is indeed what is observed.

Magnetic properties

Interesting magnetic properties have also been observed in small clusters. In a 
cluster the magnetic moment of each atom will interact with the moments of the 
other atoms, and can force all the moments to align in one direction with respect to 
some symmetry axis of the cluster – the cluster will have a net magnetic moment, it 
will be magnetized.
As cluster size decreases it therefore becomes easier for them to exhibit 
ferromagnetic behaviour. In some cases, even clusters made up of nonmagnetic 
atoms can have a net magnetic moment. For instance rhenium clusters show a 
pronounced increase in their magnetic moment when they contain less than 20 
atoms. For clusters with less than 15 atoms these moments are fairly large.

The optical properties 

Nanoparticles  are  calculated  using  classical  electrodynamics.  the  wavelength 
corresponding to maximum extinction shifts to longer wavelengths as the size of the 
nanoparticle is increased. 

The influence of higher-order multipoles is evident for large nanoparticles, making 
the  spectra  more  complex.  When  the  shell  thickness  of  a  core/shell  particle  is 
decreased,  the  plasmon resonance shifts  to  longer  wavelengths.  This  red  shift  is 
accompanied by an increase in peak intensity. A model for core/shell Nanoparticles 
is  presented  to  investigate  surface  coverage  effects.  This  model  can  be  used  to 
interpret the optical properties during the growth process or to examine the effects 
of shell defects, uneven growth, and surface roughness. The preliminary results for 
low  surface  coverage  show  an  increase  in  extinction  as  the  Number  of  surface 
particles is increased. The peak position for the array of surface particles matches the 
resonant wavelength for an isolated spherical nanoparticle with a radius equal to 
half the shell size, as expected for the uncoupled limit.

Reactivity
Since the electronic structure of nanoclusters depends on their size, their ability to 
react with other species should also depend on size. This has important applications 
for the design of catalytic agents. Reactivity is highly dependent on the electronic 
structure, leading to large variations in the reactivity of clusters even with sizes 
differing by only single atoms. In general, however, the reactivity of all nanoclusters 
is high as compared to that of bulk, due to their higher surface to volume ratio. E.g. 
gold nanoclusters are highly reactive if compared to the fairly inert bulk material.
Chemical reactivity and thermodynamic stability of various metal nanoparticles have 
been studied extensively.  Most of these studies have been on monolayer protected 



clusters (MPCs), which are typically nanoparticles with diameters larger than 2 nm. 
Stability of nanoparticles depends on the chemical constitution and the shape of the 
core as well as the structure and the functionality of the ligands surrounding them.

Nanocluster applications

Applications of physically manufactured nanoclusters generally rely on the use of 
nanocluster beams and the deposition of clusters on surfaces with the help of these. 
The morphology of thin films made from deposited clusters depends on a number of 
factors including the substrate and particle materials and temperatures, and the 
impact energy of the cluster. A detailed description of cluster collisions with surfaces 
has been given by Harbich The use of beams and deposition of clusters, however, 
opens new possibilities as the range of energy and mass deposition in cluster beams 
greatly differs from that of conventional ion beams and atomic or molecular beams. 
The resulting features produced with cluster beams generally rely on the energy at 
which the clusters are deposited. Generally, three energy regimes are distinguished, 
i.e. low energy ( 0.1 eV/∼ atom), medium energy (1–10 eV/atom) and high energy 
(>10 eV/atom). low-energy deposition produces a sooty, easily removed film, and at 
medium energies the film adheres more strongly to the substrate and is coloured, 
while high-energy deposition gives a hard shiny metallic coating. In the low-energy 
regime, the clusters suffer little distortion, there is no damage to the surface and the 
film consists of a highly porous array of randomly stacked particles. The model takes 
no account of diffusion of the clusters on the surface in between the arrival of new 
particles, which is reasonable for Mo clusters deposited on a Mo surface and so on. 
At medium energies, the clusters remain intact but their morphology is modified and 
there may be some induced defects on the surface. For clusters that are highly 
mobile on a given substrate, the increased energy may render the particles immobile 
as a result of the surface damage. The impact energy also modifies the diffusion of 
clusters by creating a surface defect at the landing site. 
At high energies, the clusters are completely disrupted and there is damage to the 
surface that runs several layers deep. Although the original cluster is lost in this 
process, as described below, there are technical advantages in depositing high-
energy cluster, rather than atomic, ions. At higher deposition energies the usefulness 
of cluster beams is at its fullest. Irradiation with high energy cluster ions can be used 
for instance in the manufacturing of high standard thin films, for shallow 
implantation of cluster material and surface cleaning. Cluster ion beams are superior 
to conventional ion beam methods due to the high energy densities during 
bombardment and the low charge to mass ratio of clusters which leads to a more 
dense deposition of material at every impact. As a result of the simultaneous 
impacting of several atoms, multiple collisions occur at the impact point. This causes 
a very high increase in the local temperatures, which is suitable for the rearrangment 
of local atoms, at the same time as it limits the depths to which cluster atoms can 
penetrate into the substrate. Implantation depths for cluster ions are several times 
more shallow than implantation depths for single atom ions. 



Molecular dynamics simulations of the impact of individual Mo clusters and the 
morphology of the cluster-assembled films created on a Mo(1 0 0) surface as a 
function of the cluster energy: (a, d) 0.1 eV/atom; (b, e) 1 eV/atom; (c, f) 10 
eV/atom.


