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fLaboratoire de Physique de la Matiere Condensée et Nanostructures, Université Claude Bernard,
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Abstract

Within the last years, a fundamental understanding of nanoscaled materials has become a tremendous challenge

for any technical applications. For magnetic nanoparticles, the research is stimulated by the effort to overcome the

superparamagnetic limit in magnetic storage devices. The physical properties of small particles and clusters in the

gas phase, which are considered as possible building blocks for magnetic storage devices, are usually size-

dependent and clearly differ from both the atom and bulk material. For any technical applications, however, the

clusters must be deposited on surfaces or embedded in matrices. The contact to the environment again changes their

properties significantly. Here, we will mainly focus on the fundamental electronic and magnetic properties of metal

clusters deposited on surfaces and in matrices. This, of course, requires a well-defined control on the production of

nanoparticles including knowledge about their structural behaviour on surfaces that is directly related to their
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magnetic properties. We describe two different approaches to produce magnetic nanoparticles: (i) cluster

aggregation on reconstructed single crystal surfaces and (ii) deposition of mass-filtered clusters from the gas

phase onto surfaces and into matrices. The process of cluster deposition offers the possibility of creating new

materials in non-equilibrium conditions with tailored properties.

A theoretical description of the evolution of cluster magnetism is given with respect to contributions from

magnetic anisotropy effects and the local atomic environment. Especially small clusters show size-dependent

magnetic orbital and spin moments that can experimentally be accessed by the element-specific technique of X-ray

magnetic circular dichroism (XMCD). The magnetic properties of self-organized iron and cobalt clusters on

Au(1 1 1) surfaces are discussed with respect to growth conditions. For deposited Fe clusters on surfaces increased

orbital moments have been found even for large particles. Additionally, the influence of capping layers and

deposition into matrices is discussed.

While investigations on relative simple structures in pure 3d metal particles yield insight into the basic

mechanisms of magnetism, alloy nanoparticles seem to be more promising in terms of technical application since

they offer the possibility to adjust the magnetic properties by varying the stoichiometry. Alloys consisting of 3d

metals (e.g. FexCo1�x alloys) have usually very high magnetic moments and are soft-magnetic. Binary clusters

consisting of a 3d metal (e.g. Co) in combination with a heavy element (Sm, Ag or Pt) are candidates for materials

with high magnetic anisotropies and increased blocking temperatures. The magnetic properties are directly related

to their structural order. Here, we show first results for such alloy nanoparticles.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Free clusters and nanoparticles are not just small pieces of material with physical properties nearly

identical to the bulk. Their electronic, optical and magnetic properties are clearly size-dependent with a

non-linear behaviour between the two general limits given by the atomic and the bulk-like behaviour.

Thus, cluster physics is related to the evolution of the fundamental physical properties of a material as it is

built up atom by atom (for overviews, see [1–4]). The clusters themselves can be considered as

functionalized building blocks whose properties can be selected by controlling their size. In addition,

there is a growing realization of the enormous potential of assemblies of supported nanoclusters in the

production of high-performance magnetic materials and devices. Technical applications of these new
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materials require the deposition on surfaces or into matrices, which often changes the properties of free

clusters by the particle–support interaction (e.g. hybridization, changes in the geometry upon deposition,

diffusion, alloy formation) and, in the case of high coverages, by particle–particle interaction. The

motivation for studying mass-selected magnetic nanoclusters is the unique opportunity to observe how

magnetism develops as a material is built from individual atoms to the solid state.

Most of the atomic scale magnetic structures have been created by atom agglomeration on epitaxial,

sometimes reconstructed, surfaces. Typical examples are Co clusters on Au(1 1 1) [5] and Pt(9 9 7) [6]

surfaces as well as Fe particles on Cu(1 1 1) [7], Mo(1 1 0) [8] and W(1 1 0) surfaces [9]. For example,

Gambardella et al. [6] observed very large orbital moments (up to 1.1mB per atom) for Co nanoparticles

with a few number of atoms on a platinum surface. The data nicely show the decrease of the orbital moment

towards the bulk value with increasing cluster size. Time-resolved spin-polarized STM measurements on

nanoscaled Fe clusters on Mo(1 1 0) clearly show the superparamagnetic switching in individual islands.

These highly exciting experimental results are restricted to very small structures and low temperatures.

Experiments on free, mass-selected 3d metal clusters also showed striking size effects and strongly

enhanced total magnetic moments [10]. An open question is whether or not such effects can still be observed

when clusters from the gas phase are deposited on surfaces or into matrices. Moreover, it will be important

to determine up to which cluster size these interesting phenomena with potential technical applications can

be observed. The aim here is to give an overview of the magnetic phenomena of deposited clusters in contact

with surfaces in comparison to the behaviour of thin films and bulk-like materials. Moreover, the article

outlines recent approaches in cluster physics to extend the fascinating results on atomic scale structure to

larger cluster sizes and to higher temperatures.

1.1. Production of clusters

The starting point in experimental research related to cluster physics is the possibility to produce these

nanoparticles with a well-defined number of atoms. Today, different kinds of approaches exist for

producing nanostructures and nanoparticles on surfaces. Nanostructures can be created sequentially by

electron beam lithography, focused ion beam (FIB) techniques and related methods. Recently, wet

chemical processes were invented to produce, e.g. FePt clusters with a narrow size distribution covered

with an organic ligand shell in solutions. These nanoparticles form well-ordered structures on surfaces

within a lateral regime of several mm [11] and thus have a huge potential for technical applications

[12,13]. However, further chemical processes are necessary to remove the ligands and to obtain

optimized physical properties since the particles are usually oxidized, at least after removing the outer

ligand shell by, e.g. plasma etching. For fundamental research, one possible way of obtaining

nanoparticles on surfaces is the deposition of atoms on carefully controlled substrates with well-defined

nucleation sites or thin oxide film given rise to cluster growth. Such sites can be formed, for example, by

surface reconstructions (herringbone reconstruction on Au(1 1 1), Ag overlayer on Pt(1 1 1) [14]) or

artificially created defects on HOPG and Cu(1 0 0). Details on cluster growth by atom aggregation are

given in several review articles (e.g. [3,4,15]). A short description of the cluster formation on Au(1 1 1) is

given in Section 2.4. As an alternative to this process, which dramatically depends on the properties of the

substrate and its interaction with the deposited atoms, one can nucleate the particles as free clusters and

finally deposit them under soft-landing conditions on surfaces. This approach has the advantage that the

size of the clusters, as well as their structure to a certain extent, can be controlled prior to deposition. The

technique has the potential of creating new materials with tailored properties. Since the clusters are
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generated under non-equilibrium conditions it is possible to create metastable structures or alloys which

cannot be fabricated by atom aggregation on surfaces. Moreover, upon deposition on surfaces the clusters

must transfer their kinetic energy to the substrate to ensure efficient sticking. The energy dissipation

depends mainly on the relation between internal cluster binding strength and on the cluster impact energy

(see [16]). Here, we will focus on the low-energy impact regime, which is characterized by kinetic

energies of about 0.1–1 eV per atom. Clusters deposited on different substrates may adopt different

geometrical shapes and structures depending on the nature of the substrate.

1.2. Magnetic behaviour of clusters

The main sources of magnetism in atoms, clusters and solids are the currents associated with the

electronic motion (orbital magnetism) and the intrinsic angular momentum of the electrons (spin

magnetism). These properties have a quantum mechanical nature and cannot be regarded as the

superposition of independent individual electron contributions. They result from the behaviour of the

ensemble of electrons in the relevant low-energy scale (valence electrons). Consequently, the magnetic

properties of matter are very sensitive to the details of the electronic correlations and to temperature.

In isolated atoms almost all elements show a non-vanishing magnetic moment given by Hund’s rules,

while in the solid state only a few of them (some transition metals of the Fe group, the lanthanides and

actinides) preserve a non-vanishing magnetization. The latter is a consequence of the delocalization of the

valence electrons, which favours equal occupation of states having opposite projections of spin and orbital

moments. Finite clusters constitute a new state of matter with its own fascinating characteristics. From this

perspective, the properties of atoms and solids may be regarded as limiting cases of a much richer and

complex dependence on system size. One of the main goals in cluster theory is to understand how the

properties of the valence electrons of atoms change as they become part of a small particle and start to

delocalize. The magnetism of transition metal (TM) clusters constitutes one of the fundamental challenges,

since atomic and bulk behaviours are intrinsically different. Atomic magnetism is due to electrons that

occupy localized orbitals, while in TM solids the electrons responsible for magnetism are itinerant,

conducting d-electrons. Consequently, the magnetic properties of nanoparticles are very sensitive to size,

composition, and local atomic environment thus showing a wide variety of intriguing phenomena.

It has been known for over a decade that free nanoclusters have novel magnetic properties. Magnetic

phenomena are very sensitive to the details of the atomic environment. First calculations on the electronic

structure and magnetic properties of small iron and nickel clusters started already in the 1980s. Lee et al.

[17] proposed a narrowing of the d-bands with decreasing number of atoms in Fe clusters and an

enhanced spin polarization in Fe clusters compared to the bulk. Shortly later, Pastor et al. [18] extended

these calculations significantly, including different geometric structures in the size range from 2 atoms

per cluster up to about 50 atoms. Very small Fe clusters with less than 10 atoms showed magnetic

moments of about 3mB with decreasing values for larger clusters. The first measurements on magnetic

phenomena of 3d metal clusters in a molecular beam were performed in the beginning of the 1990s by the

groups of de Heer [10,19,20] and Bloomfield [21–24]. Both groups used inhomogeneous magnetic fields

(Stern–Gerlach magnets) to explore the magnetic moments by deflecting the superparamagnetic clusters.

It turned out that the temperature of the clusters, being a crucial parameter in investigating magnetic

properties, is difficult to determine and opened a discussion on the experimental results. For free mass-

selected clusters, it is possible to observe how the magnetic properties change from the monomer to the

bulk [10,21]. These include a significant increase in the magnetic moment per atom relative to the bulk in
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3d transition metals [10,20,23], the appearance of magnetism in paramagnetic metals [25] and

ferrimagnetism in antiferromagnetic materials [26]. Lowered magnetic moments per atom in ferromag-

netic rare-earths have been ascribed to canted atomic moments [23,27] and both lowered [20,28] and

increased [29] Curie temperatures have been observed. Particularly large changes are observed in very

small clusters; Knickelbein [30], for example, observed a magnetic moment per atom very close to the

atomic limit of 6mB per atom in 12-atom clusters that reduces to a value close to the bulk limit of 2.2mB

per atom on addition of a single atom to produce a 13-atom cluster.

This rich variety of behaviour can be understood in general terms as arising from the reduced average

coordination per atom, the quantum size effect and modified collective electron behaviour such as

screening and charge spill-out from the surface. Theoretical models have been developed that explain

many of these phenomena in detail. Ab initio methods and total energy calculations can be used to

determine the cluster structure as well as their magnetic properties but are restricted to small clusters

containing a few tens of atoms. Hartree–Fock based methods can be used to calculate the magnetic

behaviour of much larger clusters but an atomic structure must be assumed. It is found in all cases that the

atomic structure and the nearest-neighbour distances are critical to determine the magnetic properties in

clusters.

The average coordination number hzi is a key parameter that controls the evolution of magnetic

behaviour. In transition metals magnetism is dominated by the spin moment mS. Reducing the dimension

leads to a narrowing of the valence d bands that generate most of the magnetic moment. The increase in

the density of states at the Fermi level EF also opens the chance to detect magnetic phenomena in

materials which are non-magnetic in bulk (e.g. Ru monolayers [31] and 4d clusters on Ag(0 0 1) [32]).

Itinerant magnetic materials have an orbital magnetic moment mL induced by spin–orbit coupling. The

general trend is the same one as for the spin moment, the orbital moment increases with decreasing

coordination. However, the orbital moment does not linearly follow the spin moment, the ratio mL/mS

varies with atomic structure, dimensionality and coordination number [33]. In the case of free atoms, the

orbital and spin moment can be calculated by Hund’s rules in atomic physics. For Fe having six electrons

in the d-shell, we gain values of mS ¼ 4mB and mL ¼ 2mB. The spin moment for an individual Fe atom is

thus twice the value of the corresponding bulk material. On the other hand, the orbital moment for bulk

iron is only mL ¼ 0:086mB per atom and thus more than one order of magnitude smaller than the value of

an Fe atom. The orbital moment in clusters is very sensitive to neighbouring atoms and decreases rapidly

with an increasing coordination number, only the two outer shells of clusters show values being

significantly different from bulk values [34]. In conclusion, the spin moments of surfaces, nanostructures

and clusters larger than 100 atoms show a relatively small enhancement, on the other hand, the orbital

moment maybe enhanced by a factor of 2–3.

Deposited magnetic clusters have typically diameters of less than about 5 nm and are therefore well

below the critical dimension at which it becomes energetically favourable to form domain boundaries. As

isolated particles they can be considered as single giant moments of ferromagnetically coupled atomic

spins that can be aligned by the application of an external magnetic field. When a saturating field is

removed the magnetization decays with a relaxation rate. At room temperature the thermal energy is

much greater than the anisotropy energy of each particle so that all magnetization directions are almost

energetically equal. The magnetization is then described by the classical Langevin function [35]

containing the magnetic moment of each cluster. This can be several hundred atomic spins and is

unlike isolated atoms where very low temperatures or very high fields are required to achieve saturation,

whereas assemblies of clusters can be saturated easily. The temperature at which half the cluster moments
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have relaxed is known as the blocking temperature TB. Additionally, particles on surfaces and in matrices

can be accumulated to a sufficient density to study the effects of interactions.

The cluster–surface interactions will modify the free particle magnetic behaviour. The comparison of

the ratio mL/mS with the bulk values has been performed for mass-filtered Fe clusters deposited onto

surfaces (small Fe clusters on graphite [36] and large Fe clusters on cobalt films [37]) as well as for Co

islands grown on the herringbone reconstructed Au(1 1 1) surface [38]. Both types of sample exhibit

ratios that are greater than the bulk value and increase with decreasing particle size. In Section 5, the data

for free Fe clusters will be compared to small mass-selected clusters deposited on HOPG in UHV both

exposed to vacuum and capped with metal films. The experimental results showing enhanced magnetic

moments in the case of cobalt capping layer are confirmed by theoretical studies of Fe clusters embedded

in Co [39]. The interaction of Fe and Co clusters with a non-magnetic matrix is described in Section 6 for

different volume fractions, from isolated particles to volume fractions above the percolation threshold.

Experimental results related to self-organized cobalt and iron clusters grown on Au(1 1 1) are discussed

in Section 8. Most of the investigations have been carried out using the element-specific technique of

XMCD giving access to both contributions to the total magnetic moment, the orbital mL and spin moment

mS per valence-band hole nh independently. The technique is briefly described in Section 4.3.1.

Technical applications of small 3d metal clusters are generally hindered by the low blocking

temperatures of these nanoscaled materials. A promising way to overcome the superparamagnetic limit

are alloy clusters consisting of a combination of a 3d metal with a high spin moment (Fe, Co) and, e.g. 4d

or 5d metals (such as Rh, Pd, Pt) which induce a large orbital moment (via the much higher spin–orbit

interaction) that stabilizes the magnetization in the clusters. However, the magnetic properties are

strongly related to the stoichiometric composition and the crystallographic structure in such alloy

clusters. FePt clusters, which have been considered as building blocks for magnetic storage devices [11],

have to be present in a special crystallographic phase (the L10-phase) in order to show appropriate

magnetic properties. This requires a thermal treatment of the clusters at several hundreds �C which leads

to strong interdiffusion effects or intermixing with the substrate in case of deposited clusters. First

attempts have been made in order to anneal the clusters in the gas phase before deposition [40].

Alloy clusters are not necessarily homogeneous, they may also form core–shell structures as observed

for, e.g. cobalt particles with an oxide shell or AgCo nanoparticles where the silver tends to stay at the

surface. Such structures may result from the immiscible character of the elements involved, as in the case

of Ag and Co combined with different physical properties (e.g. strongly different surface energies).

Section 7 deals with different types of magnetic alloy clusters, FeCo, CoRh, CoAg, CoPt and CoSm

clusters, and focuses on their structural and magnetic properties on surfaces and in matrices.

The review is organized in Sections 2–8, which concern, respectively, the production of clusters and

nanostructure formation, the theoretical background, a summary of the magnetic characterization

techniques, supported 3d transition metal clusters, clusters in matrices, binary alloy clusters, and

self-organized clusters on surfaces. Finally, Section 9 points out some general conclusions and

perspectives.

2. Cluster production and nanostructure formation

This section gives an overview of different techniques for creating clusters and nanostructures on

surfaces including their characterization with transmission electron microscopy (TEM), in situ scanning
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tunneling and atomic force microscopy. The first three parts describe methods based on cluster formation,

the last part is related to self-organization of clusters on surfaces.

2.1. Gas aggregation source

The starting point for gas aggregation is the evaporation of a solid or a liquid material into an

aggregation chamber, which is filled with a cold gas at several mbar. Upon reaching supersaturation after

many collisions within the inert gas, the atoms nucleate to clusters or particles. The formation of smoke,

fog, and clouds in nature occurs according to the same principle. First efficient cluster sources were

developed by Mühlbach et al. [41]. Since then many groups use this technique (see [42]).

In the set-up used here, the aggregation cluster source produces pure Fe and Co nanoclusters in the size

range 150–700 atoms (or a diameter between 1.5 and 2.5 nm, respectively). It was described previously

in [43] and is shown schematically in Fig. 1. It is a UHV gas aggregation source producing a continuous

flux in which the metal vapour is generated thermally, using an alumina crucible with embedded tungsten

heater, and mixed with He gas cooled to 100 K at a pressure in the range of 10 mbar. The aggregation

region in which the nanoclusters form incorporates aerodynamic lenses described by Tafreshi et al. [44],

so that there is an efficient transfer of clusters through the first differential pumping aperture. Mass

selection is achieved by ionizing the clusters with a conventional electron bombardment ionizer and

passing the ions through a quadrupole mass filter operating at masses up to 350,000 amu (5 nm Fe

clusters). The mass resolution is approximately 1% but the resolution/flux trade-off can be altered with a

simple electronic adjustment.

Fig. 2 shows in the left part an in situ STM image of unfiltered Fe clusters from the cluster source

presented in Fig. 1 deposited on Si(1 1 1) [45]. The dots in Fig. 2b show the diameters measured directly

from the STM images of exposed clusters in UHV. The histogram in Fig. 2b was obtained by fitting

Langevin functions to the magnetization curves of Fe clusters embedded in Ag with the source operating
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Fig. 1. Schematic of cluster source used to produce pure Fe and Co clusters [43]. It consists of the gas aggregation area (left

part), the mass selector (quadrupole filter in the middle) and the UHV deposition chamber (right part). Set-up of the Binns’

group, Leicester.



at similar conditions, cf. Section 6.1. The two distributions correspond as does the distribution obtained

by measuring the ion current with a quadrupole mass filter [43]. Thus, the clusters deposited on surfaces

retain the free cluster size distribution when they land on a surface or if they are embedded in a matrix.

The shape of the distribution can be fitted by a log-normal function (see Eq. (1)) with typical s values in

the range 1.8–2.0. Embedded cluster films were produced by co-depositing the gas-phase clusters and an

atomic vapour of the matrix material (Ag and Co in this review) onto a common substrate as shown in

Fig. 1. Thus, granular films could be produced with independent control over the size and volume fraction

and the results presented in Sections 5 and 6 are for cluster films with volume fractions varying from the

dilute limit to films of pure clusters with no matrix. Two important aspects of the structure of cluster

films, apparent in Fig. 2a, are that the clusters show facets and that neighbouring clusters tend to come

into contact along the facets. It is clear from the image that a strong exchange interaction will be invoked

between neighbouring clusters. We will demonstrate in Section 6 that the crystalline alignment of the

clusters is randomly distributed over three dimensions.

2.2. Arc cluster ion source

The continuously working arc cluster ion source (ACIS) has been developed to produce a high flux of

mass-filtered metal clusters in the size regime from about 3 to 15 nm. The technique is based on an arc

discharge in a hollow cathode, cf. Fig. 3. The complete source is UHV compatible, the target material is
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Fig. 2. (a) In situ STM image (40 nm � 40 nm) of unfiltered Fe clusters deposited on Si(1 1 1) [46]. (b) Heights (in nm) of Fe

clusters on Si(1 1 1) measured directly from the STM images (dots). The histogram shows the size distribution of clusters

embedded in Ag obtained by fitting Langevin functions to the magnetization curves [47].

Fig. 3. Schematic view of the continuously working arc cluster ion source. The left part displays the area where the clusters are

generated in the hollow cathode made of the target material. The right part shows the mass-filtering unit, which consists of an

electrostatic quadrupole deflector [48]. Set-up of the Meiwes-Broer/Bansmann group, Rostock.



eroded from the cathode. In the cases presented here, the material is usually iron with a purity of more

than 99% or an FeCo alloy. Clusters start to nucleate in the presence of the argon seeding gas and are

finally accelerated by a weak supersonic expansion to approximately the velocity of the gas. In order to

reduce the high amount of seeding gas, the cluster beam passes through two skimmers. Two oil-free

pumping stages are equipped with: (i) a roots pump in combination with a large scroll pump and (ii) a

turbomolecular pumping stage. The background pressure is reduced by several orders of magnitude. In

order to carry out a mass filtering, charged particle are required that can be deflected in an electric field.

Thus, for an efficient deposition, a high portion of the clusters have to be charged. This has been tested by

applying an electric field perpendicular to the direction of the beam and monitoring the deflection of the

clusters and their intensity in comparison to the neutral part in the beam. The experiment is briefly

described in [48]. It has be found that about half of the particles are charged, with equal amounts of

positive and negative charges. Assuming a nearly constant velocity v of the incoming clusters due to the

supersonic expansion and an equal charge state, it is possible to carry out size filtering in an energy

dispersive analyzer known from electron and ion spectroscopy. In the current set-up, a 90� electrostatic

quadrupole deflector is used. After passing the mass-filtering unit, the kinetic energy E of the cluster ions,

in our case less than 0.1 eV, is clearly below the fragmentation threshold. Details of the cluster source are

described by Methling et al. [48]. The amount of cluster material can be estimated either, by measuring

the current of the cluster ions upon deposition or at a small mesh at the exit slit of the quadrupole

deflector. It should be noted that a base pressure of 1� 10�10 mbar, without cluster beam, is commonly

reached in the UHV chamber where the quadrupole deflector is located. A valve between the skimmers

and the deflecting unit serves to maintain UHV conditions even if the target has to be replaced.

For the size characterization of metal clusters from the arc cluster ion source, transmission electron

microscopy has been performed on nanoparticles deposited onto TEM grids covered with an amorphous

carbon layer. The deposition itself takes place under UHV conditions, the sample with the uncapped

clusters is subsequently transferred under ambient conditions to the TEM. In this contribution, we will

focus on Fe clusters and FeCo alloy clusters. Without mass filtering, the source produces a very high flux

of nanoparticles, but with a broad size distribution, cf. Fig. 4. In this case, the deposition has been carried

out in forward direction behind the deflector unit. Thus, all kind of particles (charged as well as

uncharged) are deposited directly onto the TEM grid. The right part shows the corresponding size

distribution starting from a particle size d of about 3 nm to more than 20 nm with a maximum close to 8–

9 nm. The size of the particles is related to the log-normal distribution (Eq. (1)), typical values for the

width of the distribution s are in the range of 2.2:

f ðdÞ ¼ 1ffiffiffiffiffiffi
2p

p
sd

exp
ln d 2

2s2

� �
: (1)

For charged clusters, the mass-filtering unit shown in Fig. 3 offers the possibility to narrow down the size

distribution significantly and to adjust the cluster diameter. In order to vary the size of the clusters

between 3 and 15 nm, the voltage of the electrostatic quadrupole deflector has to be tuned between 125

and 5000 V. The effect of mass filtering is demonstrated for Fe clusters in a sequence of figures (cf.

Figs. 4 and 5). A detailed evaluation of these TEM results, cf. the histograms in the lower panels of Fig. 5,

clearly shows the different size regimes of each sample. The size distributions exhibit sharp lower limits.

The limit to larger sizes is probably influenced by multiple charged clusters and the onset of a velocity

slip. Both effects lead to an additional contribution of larger clusters. The resolution, e.g. for Fe clusters

with a mean size of 12.0 nm is about�1 nm. Results on the magnetic properties are described in Section
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5. The ACIS cluster source can also be used to fabricate alloy clusters from a target, the corresponding

structural data and magnetic results are shown in Section 7.1.

Furthermore, the chemical composition of all clusters has been characterized by in situ deposition

experiments at the storage ring BESSY in Berlin with X-ray absorption spectroscopy (XAS) using

tuneable synchrotron radiation. With the UHV standard source, it is possible to perform deposition
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Fig. 4. TEM images and histogram of unfiltered Fe nanoparticles. Note the broad size distribution when compared to the mass-

filtered deposits results shown in Fig. 5 [49].

Fig. 5. TEM images (upper panels) and related histograms (lower panels) for mass-filtered Fe clusters with a mean size of

6.1 nm (left), 12.0 nm (middle), and 16.4 nm (right part) [49].



experiments being free of contaminations. Even small amounts of contaminations (e.g. oxygen) could be

traced in photoabsorption spectroscopy.

2.3. Laser vaporization cluster source

Bondybey and English [50] and Andriotis and Menon [51] introduced the concept of laser vaporization

(for nearly any solid material) and subsequent cluster growth in a stream of a cold carrier gas. This

technique has become a reliable tool to produce intense cold cluster ion and anion beams without any

additional ionizing agent (see [52]). In the experiment, cluster assembled films are prepared by

deposition of low-energy clusters preformed in the gas phase using such a laser vaporization source

(see Fig. 6). Cluster assembled films are prepared by deposition of low-energy clusters preformed in the

gas phase using a specially designed equipment schematically represented in Fig. 6. Intense supersonic

jets of nanoclusters can be produced with sizes ranging from a few tens to a few thousands of atoms

(diameter: 1 to a few nm), typically. Briefly, a Nd:YAG laser (l ¼ 532 nm, pulse duration: a few ns,

frequency:�30 Hz), or a Ti-Sapphire laser (l ¼ 790 nm; pulse duration: a few ms; frequency:�30 Hz)

are used to vaporize the target rod mounted in the source chamber (see Fig. 6). For the generation of

binary clusters, two target rods can simultaneously be evaporated [53]. Combined with the laser-pulse, a

high pressure gas-pulse (He, 3–6 bar; pulse duration: 200–500 ms) is injected in the source to rapidly

cool the plasma generated at the target surface and to nucleate clusters, which are subsequently cooled

and stabilized in the supersonic expansion taking place at the exit nozzle of the source.

The main feature of this type of cluster source compared to other ones currently used (thermal,

sputtering) is the very high cooling rate up to about 1010 K/s, which governs the formation of original

nanoscale systems in non-equilibrium conditions. From the key parameters of the source (laser pulses,

gas pulses/continuous gas flow, delay between both pulses, and geometries of the nucleation chamber in

the source and the nozzle), it is possible to control the cluster size distributions measured in the high-

resolution time-of-flight (TOF) mass spectrometer mounted behind the skimmer (Fig. 6). In this case,

neutral clusters are photo-ionized using a tuneable excimer-pumped dye laser, then deviated and

accelerated at the entrance of the TOF-line. At this stage, photo-ionization near threshold and

photo-fragmentation experiments are performed on free clusters to characterize their properties. In

the particular case of free Co and Ni clusters, icosahedral structures are clearly observed in a size range up

to a few thousands of atoms [55] while for Fe clusters the situation seems more complicated probably due

to the competition between different structures [55]. For mixed cluster production (i.e. bimetallic), two

methods have been developed based on the use of a compound target directly mounted in the source or a

special source with two independent targets simultaneously vaporized by two independent lasers as

mentioned earlier (Fig. 6). When using the technique with a compound target, it has been verified for

various bimetallic systems studied (i.e. Pt–Pd [56], Au–Ni [57], Au–Ag [58], Co–Sm [59]) that the

clusters exhibit the same compositions of the target rod. However, depending on some specific effects

such as segregation, atoms can be inhomogeneously distributed within the clusters.

After the first stage of free cluster studies in flight, deposition experiments to grow nanostructured

films from clusters were performed. In these experiments, only neutral clusters having a very low energy

gained in the supersonic expansion at the exit of the source (less than a few 10�2 eV per atom) are

deposited on substrates in the UHV deposition chamber mounted on line with the cluster generator TOF

arrangement (Fig. 6). In this case, the complete distribution of neutral clusters (nearly Gaussian in shape

and rather narrow when using the laser vaporization generator) are directly deposited on the substrates to
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grow films, which allows to reach relatively high deposition rates (0.1 nm/min to 0.1 nm/s) for all kinds

of clusters. Moreover, by co-depositing on the same substrate an atomic beam emitted by the e-beam

evaporator mounted in the deposition chamber (cf. Fig. 6), it is possible to produce films of clusters

embedded in various matrices (metallic, transparent oxides). In this last case, since both cluster and
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Fig. 6. Schematic view of the cluster generator based on a combined laser vaporization/inert gas condensation source,

associated to a time-of-flight mass spectrometer for the studies of free clusters and a UHV deposition chamber for cluster

assembled film preparations. The source can operate with one or two independent laser/target arrangements for the production of

pure clusters as well as mixed clusters. Some characterization techniques of the films are available in situ in UHV: RHEED

diffractometry, STM-AFM microscopy, XPS-ISS spectrometry. An UHV transfer system is used for sample transfers to ex situ

equipments. An electron-beam evaporator in situ in UHV is used for co-deposition experiments to produce films of clusters

embedded in various media. Set-up of the Perez group, Lyon.



atomic beams are independent, this technique allows the preparation of any kind of cluster/matrix system,

even with miscible elements, in a wide range of cluster concentration.

The characteristic nanostructured morphologies of cluster assembled films as a function of the

deposition parameters (nature, mean size, and flux of the incident free clusters, nature and temperature of

the substrate) are observed in situ using the STM-AFM microscope mounted in the UHV deposition

chamber [60] (Fig. 7). Complementary high-resolution transmission electron microscopy observations

(HRTEM) are performed ex situ to characterize the atomic structure of isolated supported clusters and

cluster assembled nanostructures [61]. In this case, deposits below the 2D percolation threshold

(coverage rate: 50%) are performed on amorphous carbon coated grids and subsequently protected

by a thin amorphous carbon layer on top before removing in air. Structural characterizations on

collections of clusters by X-rays techniques (diffraction and absorption (EXAFS)) [61,62] are generally

performed in addition to HRTEM observations. From both these experimental and theoretical studies it is

clearly shown that in the low-energy regime, clusters are not fragmented upon impact on the surface of

the substrate. Deposited clusters as large as a few thousands of atoms can diffuse quite fast on the

substrate. A key parameter to control this process is the misfit between both lattices at the cluster/

substrate interface, in addition to the substrate temperature [54,63–66]. Up to room temperature,

experimental observations as well as molecular dynamics simulations show that the coalescence between

two adjacent clusters to form a larger nanostructure is limited leading to a characteristic two dimensional

growth process of the cluster film [33,67]. This is particularly justified for clusters of moderately high
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Fig. 7. STM images (100 nm � 100 nm) of thin Au films produced by depositing Auh750i clusters on Au(1 1 1) at room

temperature with a flux F ¼ 10�3 nm/s, for different equivalent thicknesses eq: (a) eq ¼ 0:01 nm; (b) eq ¼ 0:03 nm; (c)

eq ¼ 0:08 nm; (d) eq ¼ 3:4 nm [54].



melting temperature materials as in the cases of the magnetic systems under consideration in our

experiments. Having control on the above-mentioned cluster/substrate characteristic parameters, specific

nanostructure morphologies can be stabilized on the substrate between the two extreme cases: (i) isolated

supported clusters randomly distributed on the substrate when the diffusion process is very limited [54]

(Fig. 7) and (ii) ramified islands formed by cluster aggregation when diffusion is taking place [54,66]

(Fig. 8a). In this case, various defects on the surface of the substrate act as traps for the diffusing clusters

leading to the creation of nucleation-centres for the formation of cluster islands.

Surface-defects to trap clusters can be natural (i.e. atomic steps, etc.) or artificially created. This is well

illustrated in Fig. 8b, showing the morphology of a cluster film deposited on an ion-irradiated HOPG

substrate compared to the morphology of the film deposited in the same conditions on the non-irradiated

HOPG substrate (Fig. 8a). Randomly distributed defects in the form of nano-holes resulting from

energetic heavy-ion impacts are the cause of the trapping process of the diffusing clusters as shown in the

inset in (Fig. 8b). The capability of surface defects to influence the nucleation and growth process of

cluster assembled films could be efficiently used in the near future to produce 2D-organized arrays of

nanoclusters on functionalized substrates for applications in the areas of high density magnetic-memory

devices, spin electronics, and new, novel quantum devices. In this context, preliminary experiments to

deposit clusters on HOPG substrates exhibiting a 2D-organized array of nanosize defects obtained by the

FIB-nanoengraving technique have been carried out [68] (Fig. 9a–c). Clusters concentrated around the

nano-defects, as shown in Fig. 9b and c, show promise as precursers for future experiments to build well-

ordered 2D arrays.

2.4. Self-organization of clusters formed on reconstructed surfaces

When atoms are adsorbed on a flat single-crystal surface, they move and stick together to form

aggregates. At first sight one would expect that if atoms diffuse in chaotic random motion, what they
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Fig. 8. AFM images (1000 nm� 1000 nm) of 0.5 nm thick gold films prepared by Au750 cluster depositions on HOPG graphite

substrates at room temperature: (a) virgin substrate; (b) ion-irradiated substrate (2 keV Ar+ ions). The characteristic ramified

island morphologies formed by juxtaposition of deposited clusters is clearly observed in inset of figure a (100 nm � 100 nm).

Note that clusters can easily diffuse on HOPG at room temperature. Different island morphologies are observed in (b) due to the

trapping of the diffusing clusters by radiation defects. Three gold clusters trapped at the border of a nano-hole created by Ar+-ion

impact are shown in inset of the right figure (25 nm � 25 nm).



build must look like shapeless debris. One of the most fascinating discoveries in surface physics during

the last decade was that adsorbed atoms may lead to well organized aggregation patterns whose structure

can be manipulated experimentally (for a review, see [3]). In other words, the density, shape, distribution

of clusters (or any small entity of atoms) can be controlled to a large extent without any external

intervention by controlling the physical parameters such as substrate temperature, substrate crystal-

lographic symmetry and deposition rate. In this context, the controlled formation of ordered metal

nanostructures on solid surfaces by self-organized growth, allows one to anticipate new data storage

technologies based on nanoscale dots with tuneable densities in excess of 1 Tbits/in.2.

A possible scenario of island formation and growth is as follows: when an incoming adatom is

adsorbed on the surface from the gas phase it may have two distinct destinies: (i) it may meet another

adatom during its thermally activated random walk and form a stable nucleus (an immobile dimer), or (ii)

it may be directly incorporated into an already existing island. The later step does not contribute to

increase the number of islands on the surface, it just increases the size of an existing island. The first event

is much more frequent in the first stage of the growth process while the incorporation into an already

existing island will dominate at longer times. At very long time, no new islands are formed and an

incoming adatom diffuses to an existing island before it has the opportunity to meet another adatom. As a

result, the island density saturates and we can define a capture area for each island. The average

separation between islands then provides a good measure of the adatom diffusion length La. An

analytical expression of this saturation density of islands Nsat has been proposed by Venables et al. [69]:

Nsat ¼ hðuÞ R

n0

� �i=ðiþ2Þ
exp

Ei þ iEd

kBTðiþ 2Þ

� �
; (2)

where h is a slow varying function of the coverage u, R is the deposition rate and n0 is the attempt

frequency of the order of 1013–1014 Hz. Ed is the energy barrier for adatom diffusion on the surface. The

size of the critical nucleus is i and Ei is its binding energy. ðiþ 1Þ is the smallest island still stable at a
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Fig. 9. AFM images of a FIB-structured HOPG substrate (3.4 mm� 3.4 mm) (a) and 2D-organized arrays of clusters (2 mm�
2 mm) obtained by deposition of Au750 clusters (10�2 ML) on FIB-functionalized HOPG substrates at 373 K (b and c). Using

the FIB-nanoengraving technique with 30 keV Ga+ ions, depending on the ion-fluence per point, various types of 2D-organized

arrays of nanosize defects are created on HOPG substrates (i.e. array of nanosize holes with a lattice parameter of 300 nm as

shown in inset of image (a) with a size of 500 nm � 500 nm). Gold clusters subsequently deposited on these substrates are

trapped on the defects (see insets (500 nm � 500 nm) of images (b) and (c)) to form organized arrays. In the case of image (c),

the FIB fluence per point was 10 times lower than in the cases of images (a) and (b). For such a low FIB-fluence, the defects

consist on nanosize bumps, which seem quite efficient to trap the diffusing gold clusters as observed in inset of image (c). The

preparation of magnetic cluster arrays is in progress.



given temperature. When the critical nucleus is one, Ei becomes zero and we get the exponent Ed/3. The

formula reflects the fact that the density of islands can be adjusted since it depends exponentially on

temperature and on parameters such as the energy barrier Ed. On a homogeneous surface, isotropic

clusters will be distributed randomly. Under certain circumstances however (anisotropic diffusion or

anisotropic bonding) atomic chains and stripes can be grown [70,71]. In this case, particular symmetries

of the surface may play a leading role. For example, by favouring the easy diffusion of adatoms along

potential wells or grooves. The anisotropic diffusion can be exploited to tailor highly elongated

metastable islands. The simplest example of an anisotropic substrate is a (1 1 0) surface of a fcc

crystal. Such a substrate is made of compact atomic rows, along the [1 1̄ 0] direction, separated by

channels. In a favourable case, the adatoms will diffuse preferentially within the channels in a linear type

of random motion. The linear chains form spontaneously by aggregation of adatoms diffusing along the

channels.

The following part deals with surface reconstruction and strain relaxation patterns owing to their

central role as atomic scale templates for the self-organization of small entities at the nanometer scale.

Surfaces may reconstruct spontaneously as a result of free energy minimization. This means that with

respect to their positions in the bulk crystal, surface atoms adopt new equilibrium positions. An example

of such a reconstruction is the chevron reconstruction of the Au(1 1 1) surface [72,73]. It produces

rearrangements of surface atoms at the nanoscopic scale that may appear as a modulation of the topmost

atomic layer. Dislocation networks that are interesting for self-organized growth are most easily induced

by hetero-epitaxy where the lattice mismatch between two different materials is exploited, see the case of

the dislocation pattern formed by Ag bilayers on Pt(1 1 1) [74]. The left part of Fig. 10 shows a hard

sphere model of a dislocation network on a fcc(1 1 1) crystal, where adjacent domains correspond to

different stackings of the topmost layer (fcc of hcp). The right parts of Fig. 10 show the example of

Au(1 1 1) zigzag reconstruction where the bright contrasts result from the domain walls corrugations

visible in the STM images. These discommensuration walls are limiting fcc and hcp stacking domains of

the topmost atomic layer, which form spontaneously by strain relaxation. The registry of surface gold

atoms varies from hollow sites of the fcc to the hollow sites of the hcp stacking (the fcc regions are wider

than the hcp regions). The fcc to hcp transition (the discommensuration wall) appears as ridges in the

STM images since surface atoms near bridge sites rest about 0.2 Å higher than in hollow sites.
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Fig. 10. Left part: schematic diagram of the two-dimensional hard sphere model of fcc and hcp commensurate domains

separated by domain walls. Right parts: zigzag reconstruction of the Au(1 1 1) surface with STM image 100 nm � 100 nm

(middle) and schematic view of the domains.



Due to its particular conformation, the zigzag reconstruction of Au(1 1 1) leads to singularities that

can best be illustrated as single atomic site dislocations (five nearest-neighbours instead of six) located at

the elbows of the chevron reconstruction [75]. The dislocations are distributed on a rectangular lattice

with a unit cell 75 Å� 140 Å. Although this reconstruction has first been evidenced experimentally, it is

fairly well understood today thanks to molecular dynamics simulations [76]. Among other potentially

interesting systems with stress relaxation patterns, lets mention Ag on Cu(1 1 1) [77], Cr on Pt(1 1 1)

[78] and Au on Ni(1 1 1) [79], which have been investigated both from the experimental and theoretical

point of view.

It has been observed that the Au(1 1 1) surface may be used as a template to grow organized metal

clusters of transition metals [75,80–82]. The point dislocations at the elbows of the chevron reconstruc-

tion (see Fig. 10) act as nucleation sites for adatoms adsorbed from the gas phase. The adatoms diffuse

randomly until finally they reach the point dislocations. The density of islands is then dictated by the

density of point dislocations rather than by Eq. (2) for the kinetic growth. Variable temperature STM is

used to follow the growth on self-organized templates [83]. Fig. 11 shows an example of self-organized

cobalt bilayer clusters containing 300 atoms each. If one would be able to store information in these dots,

one would reach a storage density of 1012 bits/cm2, namely 103 times higher than the highest storage

densities reached today. These clusters are stable in UHV environment up to 400 K. Above this

temperature, the clusters may burrow into the gold substrate, by simultaneously expelling gold atoms.

This is due to the low surface energy of gold, which tends to encapsulate the cobalt clusters. Annealing

below 600 K, does not perturb significantly the cobalt clusters since the magnetic properties are

preserved. For ex situ measurements, and potential applications, Co clusters and films can easily be

stabilized by a protective film of a few gold monolayers.

If the growth temperature is lowered below a given limit, the mean free path of a diffusing adatom may

not be enough to reach the point dislocation, and the growth will be dictated by the random nucleation

according to Eq. (2). Therefore, low temperature deposition favours growth of small islands with a high
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Fig. 11. Cobalt clusters made of 2 Co monolayers, approximately 300 atoms each, self-assembled on the zigzag reconstruction

of the Au(1 1 1) surface. Image: 100 nm � 100 nm [83].



surface density [84]. This behaviour manifests itself in a quite spectacular way in Co/Au(1 1 1) because

of the large incidence on magnetism. The two different outcomes will be analyzed more in detail in

Section 8. Variable temperature STM experiments are shown in Fig. 55 in Section 8.3.

3. Theoretical background on cluster magnetism

The purpose of this section is to introduce several basic concepts in the microscopic theory of cluster

magnetism with focus on the properties of TM systems [85]. The electronic models relevant for

describing the magnetic behaviour of nanometer-scale particles are briefly recalled. Mathematical

equations are provided which relate the main properties of experimental and technological interest, such

as the spin and orbital magnetic moments per atom, magnetic order, and magnetic anisotropy energy

(MAE) with the magnitudes that characterize the cluster electronic structure (e.g. Coulomb and spin–

orbit interactions, local electronic densities of states, spin-density distribution, etc.). The size and

structural dependence of various cluster magnetic properties is analyzed and the microscopic origin of

various experimental observations on clusters is discussed.

3.1. Model Hamiltonians

We consider the non-relativistic Schrödinger equation for the valence electrons and expand the field

operator ĉsðrÞ ¼
P

ia fiaðrÞ ĉias for spin s in a set of orbitals fiaðrÞ centered at each atom i, where a
refers to the different s, p, and d orbitals. The Hamiltonian can be written as H ¼ Ĥ0 þ V̂, where

H0 ¼
X
ia;jb

t
ab
ij ĉ

y
ias ĉjbs (3)

takes into account the single-particle hybridizations and

V̂ ¼ 1

2

X
ss0

X
ijkl

X
abgd

V
abgd
ijkl ĉ

y
ias ĉ

y
jbs0 ĉkgs0 ĉlds (4)

is the electron–electron interaction. The transfer or hopping integrals t
ab
ij correspond to single-electron

transitions between the orbital b at atom j and the orbital a at atom i. e0
ia ¼ taaii stands for the single-

particle energy level of the orbital ia. The Coulomb integrals V
abgd
ijkl represent transitions of a pair of

electrons from at the orbitals kg and ld to the orbitals ia and jb.

The intra-atomic terms in V̂ are the dominant ones for the magnetic properties. As already discussed,

they are responsible for the Hund-rule correlations that lead to the formation of local magnetic moments

in an open d shell. Therefore, in first approximation, we may treat explicitly only the intra-atomic

Coulomb terms (i ¼ j ¼ k ¼ l) by including the inter-atomic Coulomb contributions as a mean-field

correction to the single-particle potential and hopping integrals. An explicit treatment of inter-atomic

contributions becomes important for heterogeneous clusters, such as TM oxides, where significant site-

dependent charge transfers occur.

The Coulomb integrals V
abgd
ijkl are approximately proportional to the product of the overlap between fia

and fld, and between fjb and fkg . Thus, the interaction Hamiltonian may be simplified by retaining

explicitly only the terms involving at most two different orbitals, namely, the direct contributions having
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ia ¼ ld and jb ¼ kg, and the exchange contributions having ia ¼ kg and jb ¼ ld (two-center approx-

imation). Thus, the interaction term takes the form:

ĤC ¼
1

2

X
iabs

½Uabn̂iasn̂ibs̄ þ ðUab � JabÞn̂iasn̂ibs� �
1

2

X
i;a 6¼b

Jabðŝþiaŝ�ib þ ŝ�iaŝþibÞ; (5)

where n̂ias is the number operator and ŝþia ¼ ĉ
y
ia " ĉia # the spin-1/2 raising operator [ŝ�ia ¼ ðŝþiaÞ

y]. Uab ¼
V
abba
iiii and Jab ¼ V

abab
iiii refer, respectively, to the direct and exchange Coulomb integrals between the

orbitals a and b of atom i. For homogeneous clusters, they are independent of i. Uab acts irrespectively of

the electrons’ spin and controls charge transfers among the different orbitals. Jab is responsible for

Hund’s first rule in the atom and for the formation of spin moments. Finally, the orbital dependence of

Uab and Jab tends to stabilize the formation of orbital moments and leads to Hund’s second rule in atoms.

Notice that in Eq. (5) we have neglected for simplicity the off-diagonal (scattering) terms of the Coulomb

interaction that involve more than two different orbitals. Therefore, ĤC satisfies atomic rotational

invariance strictly only when Uab = U and Jab = J are independent of the orbital quantum number m. The

calculations of MAE presented in Section 3.4 fulfil this condition. A detailed discussion of results

obtained using more general orbital-dependent models is beyond the scope of this review [85,86]. With

the present computer facilities it is possible to perform mean-field ground-state calculations on small

clusters using complex multiband models that treat all s, p and d valence electrons explicitly (e.g.

Hartree–Fock or density functional theory in the local spin density approximation). The situation changes

completely when electron correlation effects or finite-temperature properties are explicitly addressed. In

this case, it is necessary to simplify the valence-electron dynamics further by focusing on the d orbitals

responsible for magnetism. Comparative studies between spd and d models at T ¼ 0 show, as expected,

that the magnetic properties of TM systems are largely dominated by the d valence electrons. Therefore,

one often restricts a and b in Eqs. (3) and (5) to the 3d states.

In the mean-field approximation the fluctuations of the correlation term are neglected and the

Hamiltonian is given by:

H ¼
X
ias

eias n̂ias þ
X

i 6¼ j;abs

t
ab
ij ĉ

y
ias ĉjbs; (6)

with

eias ¼ e0
ia þ

X
b

Uab �
1

2
Jab

� �
nib �

s

2

X
b

Jabmib: (7)

Here, nib ¼ hn̂ib " i þ hn̂ib # i and mib ¼ hn̂ib " i � hn̂ib # i refer, respectively, to the average occupation

and spin polarization of orbital ib (s ¼ �1). Notice that we have assumed here for simplicity that the

magnetic moments are collinear (i.e. hsþiai ¼ 0, 8 ia). The collinear state is always a self-consistent

solution since, in the absence of spin–orbit interactions, the eigenstates of H are products of spin-up and

spin-down states when hsþiai ¼ 0. However, it is sometimes possible to find lower-energy solutions

having non-collinear arrangements of the local spin polarizations. This is the case when magnetic

frustrations are present, for example, in antiferromagnetic compact clusters (see [87–91]).

The average occupation numbers hn̂iasi are determined self-consistently from:

hn̂iasi ¼
Z eF

�1
N iasðeÞ de;
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where

N iasðeÞ ¼ �
1

p
ImfGias;iasðeÞg

is the local density of states (LDOS) per spin orbital and Gias;iasðeÞ the local Green’s function

[Ĝ ¼ ðe�HÞ�1]. A particularly efficient way of determining N iasðeÞ in systems lacking translational

symmetry (free and deposited clusters, surfaces, thin films, etc.) is the Haydock–Heine–Kelly’s recursion

method [92], which expresses Gias;iasðeÞ as a local expansion around each atom i of the cluster. This local

approach is physically very appealing since it stresses the role of the local environment as a function of

size and composition, or as we move from the interior to the surface of the cluster.

3.2. Local atomic environment and spin magnetic moments

The lowest-order local approximation toN iasðeÞ is the second-order approximation which is obtained

by taking into account only the contributions to Gias;iasðeÞ from the nearest-neighbours of atom i.

Dropping the orbital dependence (Uab ¼ U; Jab ¼ J) and averaging over a one obtains:

N ð2Þ
is ðeÞ ¼

10

pwi
1� ðe� eisÞ2

w2
i

( )1=2

; (8)

where w2
i ¼ ðzi=zbÞw2

b is the second moment of the local DOS. wi ¼
ffiffiffiffiffiffiffiffiffiffi
zi=zb

p
wb plays the role of an

effective local band-width that depends on the local coordination number zi at the cluster atom i. zb refers

to the coordination number in the bulk (zb ¼ 12 for an FCC lattice, for example) and wb to the bulk band-

width.

As illustrated in Fig. 12, the reduction of local coordination number results in a reduction of the local

effective band-width and thus in an enhanced paramagnetic density of statesN i0ðeFÞ at the Fermi energy.

The resulting self-consistent magnetic moments are given in Fig. 13. This very simple approximation

already explains qualitatively various major trends in low-dimensional TM magnetism:

(i) The local spin magnetic moments mi increase as the local coordination number decreases since the

kinetic (promotion) energy involved in the formation of local moments is smaller for largerN isðeÞ
(Stoner’s criterion). Thus, surface atoms have larger spin-moments that the atoms inside the cluster.

In addition, the enhancement of hSizi is more important at open surfaces than at closed ones [93].
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Fig. 12. Local density of states N ð2Þ
i0 ðeÞ in the second-moment approximation for the local coordination numbers zi ¼ 12 and

zi ¼ 5 (Eq. (8)). The Fermi energy eF ¼ 0 corresponds to Fe (nd ¼ 7) [85].



(ii) The average spin moment per atom m̄N of an N-atom cluster increases with decreasing N since hzii
decreases. Moreover, the enhancement of m̄N originates at the cluster surface where zi is smallest.

(iii) Bond length contraction results in a reduction of mi and m̄N since for shorter inter-atomic distances

the hopping integrals and thus wb increase.

(iv) It is in principle possible that TMs which are non-magnetic in the bulk could develop non-vanishing

magnetizations if the system dimensions are reduced. This has been observed experimentally in the

case of RhN clusters [24,25]. For specific quantitative calculations on RhN, see [94–99].

Of course, such a simple structureless LDOS cannot explain many other important properties. Eq. (8)

fails to reproduce that in clusters m̄N can only adopt discrete values due to the discreteness of the

electronic spectrum in a finite system. The same holds for the changes in the local spin moments observed

even for atoms having a complete nearest-neighbour (NN) shell below the cluster surface. Eq. (8) is also

unable to distinguish between different magnetic orders which may depend on the cluster structure, as

obtained, for example, in bcc- and fcc-like Fe clusters [18]. These are just a few examples. Nevertheless,

despite these drawbacks, the second moment approximation remains an illustrative start point for a more

rigorous analysis of cluster magnetic properties from a local perspective. A detailed review of theoretical

studies on clusters may be found, for instance, in [85] and references therein.

To close the discussion at the non-relativistic level it is useful to recall that the magnetic properties of

embedded clusters can be significantly modified by the interactions with the matrix if the hybrizations are

strong. This is often the case for metallic substrates, particularly when the magnetic behaviour of the

cluster and the matrix are very different. For example, very strong effects have been found in Co or Fe

clusters embedded in Nb (non-magnetic) or in Cr (antiferromagnetic) [100,101]. In the latter case, one

observes that if the size of the embedded Fe cluster is small, the magnetic order within the Fe cluster is

antiferromagnetic with strongly reduced local magnetic moments mðiÞ. In other words, very small Fe

clusters adopt the magnetic order induced by the spin density wave of the Cr matrix. This contrasts with

the behaviour observed for free clusters which show ferromagnetic order and mðiÞ>mb. For N� 6, one

observes the expected transition from antiferromagnetic to ferromagnetic order within FeN. However,

close to the interface with the matrix the mðiÞ are significantly smaller than mb. The magnetic moments

mFeðiÞ of the Fe atoms are very sensitive to the local chemical environment. In fact, hSiziFe is found to be

roughly proportional to the number of Fe atoms zFeðiÞ found in the first NN shell of atom i. Moreover, the

average magnetization per atom is always smaller than mbðFeÞ due to the contributions of interface Fe

atoms. The trend is thus opposite to that of free clusters or infinite surfaces. Similarly strong effects are
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Fig. 13. Self-consistent magnetic moments as a function of J=wb as obtained by using the second-moment approximation to the

local density of states [85], for the local coordination numbers zi ¼ 5 and zi ¼ 12.



observed in the case of Co clusters in Nb, where the magnetic moments of the Co atoms at the Co/Nb

interface are simply quenched due to strong hybridizations with the environment. In contrast, in the case

of inert matrices or colloidal solutions the properties of embedded clusters often resemble those of free

clusters in many respects. Clusters on surfaces experience both the reduction of the local coordination

number, as free clusters, and the cluster–substrate interactions, as embedded clusters. A variety of

remarkable magnetic behaviours result from these competing effects. These are subjects of mayor current

interest which shall be discussed in some detail in following sections.

3.3. Relativistic contributions

So far we have discussed the magnetic properties of clusters at a purely non-relativistic (NR) level. In

NR quantum mechanics, the total spin operator~S ¼
P

i
~Si commutes with the Hamiltonian operator and

therefore the direction of the magnetization relative to the cluster structure plays no role in the electronic

properties. Thus, in the absence of an external magnetic field the NR ground-state and excited-state

energies are independent of the direction of the magnetization. However, the electronic and magnetic

properties of real ferromagnets do depend to some extent on the orientation of the magnetization with

respect to the crystal structure and to the external shape of the system. The anisotropy of the ground-state

energy (or of the free energy at T > 0) is one of the main characteristics of a magnetic material. It

determines the low-temperature orientation of the magnetization with respect to the geometry of the

system and the stability of the magnetization direction in the case of single-domain particles. The

magnetic anisotropy energy—defined as the energy difference involved in changing the magnetization

direction from the low-energy direction or easy axis to a high-energy direction or hard axis—is a property

of crucial importance in technological applications (e.g. magnetic recording or memory devices) where

the magnetization must be pinned to a given direction in space.

The magneto-anisotropic behaviour is the result of relativistic corrections to the single-electron

dynamics (Dirac equation) and to the electron–electron interaction (Breit interaction) (see, for

instance, [102]). The leading terms are of second order in the ratio v=c between the velocity of

the electrons and the velocity of light. The relativistic corrections to the electron–electron interaction

have two origins. First, the electrons are moving charges and therefore each electron interacts with the

magnetic field generated by the current and by the spins of the other electrons. Second, the

electromagnetic interactions are mediated by photons which travel at the speed of light and are thus

affected by retardation effects. In the Hartree approximation to the Breit interaction, the magnetic

dipole–dipole energy EDD is given in terms of the magnetization density ~mðrÞ ¼ h~̂mðrÞi [102,103]. For

transition metals EDD may be obtained as the sum of the dipole–dipole interactions between the local

magnetic moments ~mi at each atom i:

EDD ¼
m2

B

2

X
i 6¼ j

~mi �~mj

R3
ij

�3
ð~Rij �~miÞð~Rij � ~mjÞ

R5
ij

" #
: (9)

The dipole–dipole interaction energy between pairs of local moments is very small even at NN distances

(EDD’ 3� 10�6 eV for R0’ 2:5 Å and m’ 1mB). However, EDD decreases slowly as a function of

distance ðEDD� 1=R3
ijÞ and the summation over pairs ij converges very slowly. Therefore, EDD depends

on the shape of the nanoparticles and on the relative orientations of the magnetic moments in a

nanostructure.
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The other relativistic corrections to the Schrödinger equation come from the single-electron dynamics

which is ruled by the Dirac equation. The non-relativistic limit of the Dirac equation—including the

terms up to the order ðv=cÞ2—is the Pauli Hamiltonian HPauli ¼ HNR þ HSR þ HSO [102]. One

distinguishes, on the one side, the non-relativistic (Schrödinger) term HNR and the scalar relativistic

corrections HSR, usually included in the external (pseudo)potential that defines the hopping integrals (see

Eq. (3)). On the other side, one finds the spin–orbit interactions:

HSO ¼
�h2

2m2c2r

@V

@r
~‘ �~s ¼ aðrÞ~‘ �~s; (10)

which are qualitatively important since they modify the symmetry of the wavefunction [104]. The spin–

orbit coupling represents the interaction of the magnetic moment of the electron with the magnetic field

that results from the electronic motion relative to the lattice potential VðrÞ. Since the electric field is

strongest close to the nuclei, the SO effects are most important for the heaviest elements and for the most

localized orbitals (core-electron states and d or f valence orbitals). For the d-electrons in transition metals

it is a good approximation to consider only the intra-atomic terms. Thus, HSO may be expressed as:

HSO ¼ �
X

i;as;bs0
jið~Li �~SiÞas;bs0 ĉþias ĉibs0 ; (11)

where ji > 0 is the SO coupling constant at atom i, which is element-specific (e.g., ji ¼ jCo or jPd).

ð~Li �~SiÞas;bs0 stand for the matrix elements of~‘ �~s among the d states, that couple the up and down spin-

manifolds depending on the relative orientation of the magnetization with respect to the lattice structure.

The redistributions of the spin-polarized electronic density which follow the specific local environ-

ment of different atoms are crucial for the properties of itinerant electrons in nanostructures. Since the

spin–orbit (SO) interactions are very sensitive to the details of the electronic spectrum, the properties

related to SO interactions (e.g. orbital moments and MAEs) depend significantly on the spin density

distribution and on the variables that define it. For this reason, it is meaningful to perform accurate self-

consistent calculations for each orientation of the magnetization and in particular to derive the MAE in a

non-perturbative fashion as difference between electronic energies. In the following, a self-consistent

tight-binding approach is considered, as extended to include SO interactions [85]. The Hamiltonian is

given by H ¼ H0 þ HC þ HSO, where the inter-atomic hopping term H0 and the Coulomb interaction

term HC are the same as in Eqs. (3) and (5), and the SO coupling term HSO is given by Eq. (11). The

average d-electron occupation at site i:

nðiÞ ¼
X
a

ðhn̂ia " i þ hn̂ia # iÞ; (12)

and the local spin magnetic moment:

hSidi ¼
1

2

X
a

ðhn̂ia " i � hn̂ia # iÞ; (13)

are calculated self-consistently by integrating the local densities of states (LDOS) rdiasðeÞ up to the Fermi

energy eF. Since rdias depends on the magnetization direction d, it is determined by performing

independent calculations for each orientation of ~M. In this way, the effects of hybridization, Coulomb,

and SO interactions are treated on the same footing.
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Once self-consistency is achieved, the average local orbital moments hLidi at atom i along the

magnetization direction d are calculated from:

hLidi ¼
X
s

X2

m¼�2

Z eF

�1
m rdimsðeÞ de; (14)

where m indicates the magnetic quantum number. For simplicity, the quantization axis of the orbital

momentum is here taken to be the same as the spin-quantization axis. The other components of h~Lii can

be obtained in an analogous way by rotating the orbital quantization direction. The cluster average of

hLdi ¼ ð
PN

i¼1hLidiÞ=N can be compared with the outcome of XMCD experiments (cf. Section 5).

The electronic energy Ed ¼
P

i EdðiÞ can be written as the sum of local contributions:

EdðiÞ ¼
X
as

Z eF

�1
erdiasðeÞ de� Edc

ias

� 
; (15)

corresponding to the different atoms i of the deposited cluster and its environment. Here, Edc
ias ¼

ð1=2ÞDeishn̂iasi stands for the double-counting correction. The MAE is defined as the change DE in the

electronic energy Ed associated to a change in the orientation of the magnetization. In the case of

deposited clusters, one usually considers the direction d ¼ z perpendicular to the surface and two

directions within the surface plane: d ¼ x along a nearest-neighbour bond and d ¼ y perpendicular to x̂.

Thus, positive (negative) values of the off-plane anisotropy energy DExz ¼ Ex � Ez indicate a perpen-

dicular easy (hard) axis. Taking advantage of the local formulation one may express DExz ¼
P

i DExzðiÞ
as a sum of atom-resolved contributions:

DExzðiÞ ¼ ExðiÞ � EzðiÞ; (16)

where EdðiÞ is given by Eq. (15). Thus, the magneto-anisotropic properties can be related to the various

local atomic environments. Analogous expressions hold for the in-plane anisotropy energy

DExy ¼ Ex � Ey. Notice that the calculation of DE as difference of Ed’s is a non-perturbative approach

that includes in particular the effects of spin density redistributions resulting from SO interactions. This

requires a very precise determination of Ed and of the self-consistent equations, since DE is usually a

small quantity of the order of a meV.

A simple physical picture for the MAE and its relation to the orbital moments can be derived for

homogeneous systems in the limit of saturated magnetic moments with a large exchange splitting eid " �
eid # ¼ Jm [105]. In this case, at lowest-order perturbation theory, we may neglect the terms that mix

spin-up and spin-down states. Thus, HSO’ðj=2Þ
P

ið‘̂iz " � ‘̂iz # Þ can be regarded as a magnetic field

acting on the orbital moment ‘̂izs . Moreover, hHSOi=Na ¼ ðj=2ÞðhLz " i � hLz # iÞ, where hLzsi is the

average orbital moment per atom. Taking the up spins as the majority ones, we have hLz # i’ 0 for nd < 5,

and hLz " i’ 0 for nd > 5. Thus, hHSOi=Na’ � ðj=2ÞhLzi, where the þ (�) sign corresponds to nd < 5

(nd > 5). As in the atom, antiparallel (parallel) alignment of hLzi and hSzi is favoured for nd < 5 (nd > 5).

Under the previous assumptions, the lowest-energy magnetization direction (easy axis) is the one

yielding the largest orbital moment. In other words, the stable configuration is obtained when the spin

magnetization is ‘‘turned’’ to the direction yielding the largest jh~Lij.
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3.4. Magnetic anisotropy of small clusters

In Fig. 14, results are given for the MAE DE, the orbital angular momentum hLdi along the

magnetization direction d (d ¼ x; y; z), and the average spin projection hSzi of an Fe4 cluster with

rhombohedral structure [106]. The results are given as a function of the bond length d in order to analyze

the role of cluster relaxation and to infer the possible coupling of the magnetization direction to

vibrations and distortions. Only hSzi is shown, since the magnitude of the spin magnetization jh~Sij
depends very weakly on the considered direction (typically, jhSzi � hSxij � 10�3 to 10�4). Comparing

Figs. 14a and c, it is clear that the variations of the MAE are related to the variations of hSzi and to the

resulting changes in the electronic spectrum. For large values of d=dB, the spin magnetic moments are

saturated, i.e. hSzi’ ð10� ndÞ=2 ¼ 3=2. When d=dB decreases, discrete changes in the spin polarization

occur and non-saturated moments are obtained (see Section 3.2). For constant values of hSzi, the MAE

and orbital momentum hLdi vary continuously, since the electronic spectrum and the local magnetic

moments are continuous functions of d=dB. However, the situation is different when hSzi changes, since a

strong and discontinuous redistribution of the spin-polarized density takes place. In this case, important

changes in the energy-level structure occur around eF that modify the details of the SO mixing. The

resulting changes in the electronic energy depend on the explicit form of HSO and therefore on the

direction of the magnetization (see Fig. 14). Consequently, very significant and discontinuous variations

of the MAE are observed which may even lead to a change of sign of the MAE. Notice, that the

rhombohedral Fe4 cluster presents a remarkable in-plane anisotropy ðEx � EyÞ ’ 0:4–1.4 meV. This
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Fig. 14. (a) Magnetic anisotropy energy (MAE), (b) orbital magnetic moment hLdi and (c) spin magnetic moment hSzi of Fe4

with rhombohedral structure as a function of the bond length d (dB ¼ bulk NN distance). The magnetization direction d ¼ x is

along the middle bond, the direction d ¼ y is perpendicular to x and within the plane of the cluster, and d ¼ z is perpendicular to x

and y [85,106].



indicates that uniaxial anisotropy models are not directly applicable to clusters that have strongly reduced

symmetry. A similar behaviour is found for other clusters and band-fillings [106].

Table 1 shows results for the MAE of small Fe clusters with different structures and inter-atomic

distances [106]. The main general trends may be summarized as follows:

(i) The MAE is much larger in small clusters than in the corresponding crystalline solids. In fact, the

anisotropy energy DE is often even larger than in thin films. For instance, DE� 4–5 meV is a typical

value for clusters (see Table 1). This is in agreement with experiments on free clusters and supported

Fe nanoparticles [107].

(ii) DE depends much more sensitively than the spin moments on the geometrical structure of the

cluster. Indeed, changes of sign in DE are found as a function of the inter-atomic distance d even in

situations where the magnetic moments are nearly saturated and therefore do not depend on the

cluster structure.

(iii) The magnetic energy surface of low symmetry clusters is in general quite complex. In particular, the

in-plane MAEs are often found to be very important. In some cases they are even larger than the

usually considered off-plane anisotropy. The in-plane MAE is of course largest for low-symmetry

structures and decreases, though not monotonically, as the angle between non-equivalent x- and y-

directions decreases. Experiments support these conclusions [107–110].

3.5. Size-dependent enhancement of orbital magnetism

In atoms, Hund’s rules predict maximum orbital angular moment L compatible with maximum spin

multiplicity, while in transition metal solids, electron delocalization and band formation result in an

almost complete quenching of hLi. Such intrinsic differences between atomic and bulk behaviours are

characteristic of systems developing itinerant-electron magnetism. Consequently, investigations of

orbital magnetism in TM clusters—in the way from the atom to the solid—should reveal novel size-
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Table 1

Size and structural dependence of the magnetic anisotropy energy (MAE) of FeN clusters [85]

N Structure DEðd=dB ¼ 1:05Þ DEðd=dB ¼ 1:00Þ DEðd=dB ¼ 0:90Þ
3 (a) 5.13 (1.43) 5.30 (�1.01) �0.11 (�0.10)

(b) 2.01 1.69 1.25

4 (c) 5.02 (�0.48) 5.21 (�0.59) �1.03 (�0.11)

(d) 0.30 (�0.12) 0.27 (�0.12) 0.33 (0.31)

5 (e) 0.29 (�1.01) 0.28 (�0.82) �0.10 (�0.75)

(f) 1.09 (�0.01) 0.88 (�0.03) �0.07 (0.04)

6 (g) �1.25 (�0.76) �1.12 (�0.62) 0.33 (�0.29)

(h) 4.66 (0.04) 4.82 (�0.02) �0.07 (�0.23)

7 (i) 1.78 (0.40) 1.91 (0.09) 2.22 (0.30)

(j) 4.32 (�0.03) 4.52 (�0.02) �0.39 (0.00)

The off-plane MAE DE ¼ Ex � Ez and the in-plane MAE DE ¼ Ex � Ey (results in brackets) are given in meV for different

values of the inter-atomic bond length d (dB ¼ bulk NN distance). Different structures are considered for each cluster size: (a)

triangle, (b) chain, (c) square, (d) rhombus, (e) trust, (f) square pyramid, (g) triangle, (h) square bipyramid, (i) hexagon, and (j)

pentagonal bipyramid (see [106]).



dependent phenomena that are important both from a fundamental standpoint and in view of applications

of cluster-based magnetic nanostructures. These general considerations already indicate that hLi should

be very sensitive to the local environment of the atoms. Indeed, recent experiments on chains [111] and

clusters at surfaces [33,112–114] show that hLi is typically a factor 2–5 larger than in the corresponding

solids. Calculations on small supported clusters confirm these conclusions [115,116]. Moreover, a size-

dependent enhancement of hLi should have direct consequences on the results for the average magnetic

moments per atom and on the comparison between theory and experiment [10,20,117]. It is therefore

important to understand the dependence of orbital magnetism on variables like size, structure, local

atomic environment, and d-band filling.

In order to analyze the crossover from atomic L to bulk-like quenching of hLi with increasing size we

focus first of all on NiN clusters. Besides its experimental relevance, Ni is a very interesting system since

the differences between atomic and bulk orbital moments are dramatic (L ¼ La ¼ 2mB in the atomic s1d9

configuration, and hLi ¼ Lb ¼ 0:05mB in the solid). In addition, the spin moments in NiN are the smallest

among the ferromagnetic 3d TMs, and therefore the contribution of hLi to the total magnetic moment

h~Mi ¼ 2h~Si þ h~Li is expected to be particularly significant. In Fig. 15, results are given for the average

orbital moment per atom hLdi ¼ ½
PN

i¼1 LdðiÞ�=N of NiN with N � 165, having face-centered cubic or

icosahedral-like geometries. Low-symmetry structures and two-dimensional (2D) islands are also

considered. These are representative of different local symmetries and shapes and allow to quantify

the role of cluster structure on orbital magnetism. On the one hand, we observe that the reduction of

system size causes a remarkable enhancement of hLdi with respect to the solid. Values about six to eight

times larger than Lb ¼ 0:05mB are not uncommon. On the other hand, comparison with the atomic result

La ¼ 2mB shows that the largest part of the quenching of L takes place already at the smallest clusters, as

soon as full rotational symmetry is lost. For example, for Ni3 (triangle) we obtain hLzi ¼ 0:47mB, and for

Ni4 (rhombus) hLzi ¼ 0:35mB. Concerning the size dependence, one observes that hLdi decreases with

increasing N showing some oscillations as bulk-like quenching is approached (see Fig. 15). Notice that an

important enhancement of hLdi, about 100%, is still present even for the largest considered sizes (e.g.

hLdi=Lb ¼ 1:8 for N ¼ 165). In smaller clusters, hLdi=Lb ranges from hLdi=Lb’ 3 for N ¼ 50–80, to

hLdi=Lb’ 5 for N ¼ 10–20. Already at this stage one concludes that orbital magnetism is the source of an

important contribution to the size-dependent magnetic properties of Ni clusters.

J. Bansmann et al. / Surface Science Reports 56 (2005) 189–275216

Fig. 15. Average orbital magnetic moment per atom hLdi of NiN clusters with fcc-like (dots) and icosahedral-like structures

(crosses) [34,85]. The magnetization direction d is a principal Cn symmetry axis (d ¼ z) or a NN bond perpendicular to z (d ¼ x).

Filled (open) triangles refer to coin-like bilayer clusters with perpendicular (in-plane) magnetization. Results for small clusters

are given in the inset.



In Fig. 15, results are also given for icosahedral clusters having N � 55 atoms. hLdi decreases with

increasing N in a similar way as for the fcc geometries. Nevertheless, the five-fold symmetric structures

yield in general significantly larger hLdi than the cubic symmetric ones. The results for N� 13 concern

mainly highly-symmetric structures with nearly spherical shape and closed nearest-neighbour shells.

Clusters with lower symmetry usually present a very rich size dependence, particularly when the

proportion of surface atoms is large. This is illustrated by the results for N � 13 given in the inset, which

correspond to optimized geometries derived form ab initio calculations [118–120].

Structural changes may also affect the convergence to bulk-like quenching for large N, particularly for

clusters on surfaces, which shape can be experimentally tuned at least to some extent [33,111,113,114].

This is illustrated by the results for two-layer-thick coin-like NiN, that are indicated by the triangles in

Fig. 15 (N ¼ 144 and 158). For these 2D islands, hLdi is much larger than for 3D fcc clusters of

comparable size. The enhancement with respect to Lb is here about a factor of 3. Similar trends are found

for other TMs, in qualitative agreement with recent experiments on Fe and Co particles (see Section 5.1

and [33,111,113,114]). Structure and shape can have a strong influence on the quantitative value of the

orbital moments in TM nanoparticles, even though the main trends are not affected significantly by the

precise geometry.

From the solid state perspective, the enhancement of hLdi can be qualitatively understood as the result

of the following major contributions that are related to the changes in the local environment of the atoms:

(i) The reduction of local coordination number with decreasing N causes an increase of the local spin

polarizations hSidi which induces larger orbital moments by means of the spin–orbit interactions.

(ii) The orbital dependence of intra-atomic Coulomb interaction favours the occupation of high-m states

thereby amplifying the enhancement of hLdi. Although this contribution is quantitatively important,

typically 30–40% of the value of hLdi, it does affect significantly the trends as a function of size and

structure.

(iii) The presence of degeneracies in the single-particle spectrum allows a more effective spin–orbit

mixing that enhances hLidi even in situations where hSidi is saturated.

Qualitatively, the size-dependent magnetic moments are determined by the competition between the

kinetic energy, which favours electron delocalization and small moments, and the Coulomb interactions,

which tend to suppress charge fluctuations and lead to Hund rules. Thus, low-spin and quenched-L states

become comparatively less stable than high-spin and enhanced-L states as N is reduced. Notice, mo-

reover, that the changes in hSidi and hLidi involve different energy scales. Therefore, the occupations of

the different m orbitals may vary without altering the spin polarizations (e.g. compare icosahedral and fcc

clusters in Fig. 15). Finally, one also observes less predictable effects related to the details of the el-

ectronic structure and its dependence on cluster geometry, like the presence of high-symmetry axes or

changes in bond length.

The environment dependence of the local orbital moments LdðiÞ provides further insight on the

enhancement of hLdi in small clusters, and on the development of bulk-like quenching for large N.

One observes that hLidi generally increases with i, showing some oscillations as we move from the center to

the surface of the cluster. Therefore, the enhancement of hLdi is driven by the surface, as it is the case for the

spin moments [85]. A similar behaviour is found for icosahedral geometries. For small N (e.g. N ¼ 19 and

55), the enhancement of hLidi concerns practically all atoms, including those with a complete NN shell. For

larger sizes (N� 135), bulk-like quenching starts to set in at the interior of the cluster, leaving significantly
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enhanced orbital moments only at a few outermost shells. As expected, one approaches the behaviour found

for TM surfaces, where the enhanced hLidi are restricted to a few uppermost layers. A droplet model, i.e.

ðhLdi � LbÞ/N�1=3, is in fact a good first approximation for N� 150–200, although the convergence to Lb

remains rather slow. The fact that hLidi’ Lb for inner atoms indicates that cubic point-group symmetry,

absent in all atoms except the central one, is not essential for reaching nearly bulk-like quenching. Instead,

the recovery of a bulk-like local atomic environment seems a more appropriate interpretation.

The contribution of the orbital moments—that in Ni align parallel to the spin moments—increases the

value of the total magnetic moment m̄N ¼ hLi þ 2hSi predicted by theory, thereby improving the

agreement with experiment. In fact, despite some quantitative differences among the results obtained by

different groups, available spin-only calculations yield ground-state spin magnetizations that under-

estimate systematically the experimental m̄N by about 0.3– 0:6mB for N � 13 [118–120]. The largest part

of this discrepancy is removed by including the enhanced orbital contributions, thereby resolving the

previous controversy on this subject. The remaining differences, about (0.1–0.2)mB, are not far from the

estimated experimental uncertainties. This could also be related to correlation effects, which should

favour electron localization leading to more atomic-like orbital moments and possibly to a further

enhancement of hLdi.
The trends for other TMs can be inferred from Fig. 16, where hLdi of a pentagonal bipyramid is given

as a function of d-band filling nd. hLdi increases approximately linearly with increasing number of d

holes, as we move from Ni (nd’ 9) to Fe (nd’ 7). Notice that the orbital moment per d hole hLdi=ð10�
ndÞ’ ð0:25� 0:3ÞmB is quite close to recent experimental results on FeN clusters (N � 9) deposited on

Ni/Cu(0 0 1) [114]. In addition one observes oscillations and changes of sign of the anisotropy

DL ¼ Lz � Lx, which are associated to changes in the occupations of molecular states k with different

orbital moments hlik. This is consistent with previously observed oscillations of the magnetic anisotropy

energy as function of nd [106]. One concludes that the size-dependent enhancement of hLdi is important

for all magnetic TM clusters.

4. Magnetic characterization techniques

The experimental methods employed to carry out the magnetic measurements will be described in this

section. Although magnetic characterization methods have been developed since the invention of the
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Fig. 16. Average orbital moment per atom hLdi in a seven-atom TM cluster as a function of d-band filling nd. The structure and

magnetization directions d are illustrated.



compass in the 12th century AD, and now constitute a vast number, the techniques relevant to this review

must be able to measure the magnetization in tiny amounts of cluster-assembled material. In addition, the

measurement usually has to be carried out in situ in UHV. The description focuses thus on those

techniques that work under one or both of these restrictions.

4.1. Vibrating sample magnetometry

Vibrating sample magnetometry VSM is a standard technique for measuring the magnetic moment in

materials that was originally described by Foner [121] over 40 years ago. The magnetic moment of a

sample is determined by vibrating it between conducting coils and measuring the alternating voltage

developed at the same frequency. The sensitivity of the technique has steadily improved and modern

instruments can measure moments as low as 10�7 A m2, corresponding to ! 1016 Fe atoms. Recently, a

system that allows in situ measurements on exposed clusters in UHV has been demonstrated [122].

Clusters are deposited onto a substrate and then sealed, in their UHVenvironment, within an ampoule that

can be withdrawn and inserted into the magnetometer without exposing the sample to atmosphere. The

technique is not sensitive enough to measure significantly less than a single cluster layer so it cannot be

used to study isolated particles. The ability to measure exposed layers is, however, important since even

thick cluster films show a marked change in magnetic behaviour when coated with a protective non-

magnetic capping layer to allow removal from the vacuum for ex situ measurements [122].

4.2. Magneto-optical Kerr effect in the visible regime

In 1877, Kerr [123] observed that a ferromagnetic medium may effect the polarization or intensity of

polarized light when reflected by its surface. This phenomenon called magneto-optical Kerr effect

(MOKE) using visible light has become a standard tool for investigating magnetic systems. Moog and

Bader applied this technique as a surface sensitive method in investigations of ultrathin magnetic films

[124]. In the case of systems with dimensions below the wavelength of the light source, the already small

magnitude of visible MOKE decreases again with the film thickness. Today, advanced experimental

techniques allow a sensitivity of a few atomic monolayers and even clusters embedded in non-magnetic

matrices [125–127]. In general, one distinguishes three different MOKE geometries shown in Fig. 17.

Using linearly s- or p-polarized light in-plane or out-of-plane magnetization components can be analyzed

depending on the experimental configuration. In the longitudinal case (left part of Fig. 17), an external

magnetic field is applied in the in-plane configuration parallel to the plane of incidence. The respective

in-plane magnetization component causes a rotation of the polarization plane combined with a change in

the ellipticity which can easily be detected when using visible light. By varying the strength of the
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Fig. 17. Different experimental configurations of the magneto-optical Kerr effect: longitudinal (left part), polar (middle), and

transverse MOKE set-up (right part).



magnetic field it is therefore possible to probe the magnetization reversal during a hysteresis cycle with

an in-plane oriented external magnetic field. The polar MOKE is quite similar but with the magnetic field

applied perpendicularly to the surface (middle of Fig. 17). With light impinging nearly perpendicular to

the surface one can measure mainly polar hysteresis loops, i.e. analyze the polar component of the

magnetization. In contrast, an intensity change is observed in the transverse geometry (right part of

Fig. 17). When using p-polarized light the intensity difference is proportional to the in-plane magnetiza-

tion component perpendicular to the plane of incidence. This set-up opens the possibility to measure

hysteresis loops without polarization analysis. It is therefore well suited for experiments in the soft X-ray

regime where the analysis of the polarization in the reflected beam is much more complicated due to the

fact that most materials absorb soft X-rays within a very short distance.

4.3. Magnetic circular and linear dichroism in X-ray based spectroscopy techniques

Using tuneable soft X-ray based spectroscopy techniques opens the way to perform element-specific

investigations in a sample. Possible channels for detection are either photoelectrons emitted from the

sample, the photoabsorption signal, and the detection of the specularly scattered X-rays. All of these

methods are sensitive to magnetic phenomena provided that the incoming photon energy, its polarization,

the magnetization direction, and the direction of the detected photoelectrons fulfil certain conditions on

their relative orientations. Magnetic dichroic phenomena can be observed in the 3p angle-resolved
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Fig. 18. (a) XMCD measures the difference in L-edge absorption (here, of Fe clusters on HOPG) between parallel and anti-

parallel alignment of the magnetization vector and photon spin. The magnetic field is applied along the direction of the photon

beam and at a variable angle, u, relative to the sample normal. (b) MLDAD measures the difference in the Fe 3p photoemission

spectra taken with linearly polarized XUV light on reversing the magnetization in the sample plane and perpendicular to the

photon polarization vector.



photoemission spectra of the transition metals taken with linearly polarized light with the geometry

shown in Fig. 18b. The technique measures the difference in the spectra in response to reversing the

alignment between the in-plane sample magnetization and the linear polarization of the XUV light

[128,129]. Switching the geometry in this way modifies the angular distribution of the photoelectrons but

not the total current so the dichroism vanishes if the photoelectron current is collected at all emission

angles. To observe it, the spectrum must be collected at a specific emission angle hence the technique is

called magnetic linear dichroism in the angular distribution (MLDAD) [129,130]. Since angle-resolved

photoemission spectra must be collected in zero field, the technique is, in general, restricted to measuring

remanence. An advantage is the high surface sensitivity and its capability of measuring sub-monolayer

quantities of a material. Schemes using magnetic substrates that expose the clusters to fields B! 1 T but

still allow photoemission measurements have also been developed [131]. As with XMCD, a synchrotron

source must be used to provide the polarized XUV radiation. The only sources that emit a sufficiently

high flux of circularly polarized X-rays to study nanostructures by XMCD are electron storage rings.

These produce circularly polarized radiation of either helicity above and below the orbit plane of the

electrons and also from insertion devices such as helical undulators [132].

4.3.1. X-ray magnetic circular dichroism in photoabsorption

The most common and powerful technique for studying magnetic behaviour at surfaces and in

nanostructures is X-ray magnetic circular dichroism in photoabsorption (XMCD), a method that has been

experimentally developed by Schütz et al. [133]. In the case of transition metals, it involves the

measurement of the difference in L-edge X-ray absorption spectra obtained using circularly polarized X-

rays with their angular momentum parallel or anti-parallel to the sample magnetization. The orbital (mL)

and spin (mS) contributions to the total magnetic moment can be determined independently and (in

heterogeneous systems) for each element by applying the sum rules to the absorption spectra s recorded

for opposite photon spins [134,135]. The experimental geometry and an L-edge absorption spectrum

taken from Fe clusters deposited on graphite [36] are shown in Fig. 18a. Specifically, the orbital and spin

moments are related to the absorption spectra by:

mL ¼ mB � hLzi ¼ 2nh

R
L3þL2

sþ � s�dER
L3þL2

sþ þ s0 þ s�dE
; (17)

mS ¼ 2mB hSzi þ
7

2
hTzi

� �
¼ 3

2
nh

R
L3
sþ � s�dE � 2

R
L2
sþ � s�dER

L3þL2
sþ þ s0 þ s�dE

: (18)

More precisely, the technique measures the quantities: hLzi and hSz þ 7Tzi per valence band hole, nh,

where hLzi and hSzi are the expectation values of the z (static) components of the orbital and spin angular

momenta of the atoms and hTzi is the expectation value of the magnetic dipole operator hTi. This

averages to zero over all directions and does not appear in conventional magnetic measurements. Since

the X-rays sample a directional cut through the atomic electron density, the term must be included in the

sum rule. It can be eliminated, yielding the pure spin moment, by averaging measurements over all X-ray

incidence angles, making a single measurement on a polycrystalline sample or, for samples with

rotational symmetry about the substrate normal, making a single measurement at the ‘magic’ angle

[136,137]. The absorption spectrum s0 requires in principle linearly polarized radiation, but is usually

substituted by s0 ¼ 1=2 ðsþ þ s�Þ. A more convenient procedure is described by Chen et al. [138]. It

enables easy access to the ratio of the orbital and spin moment mL/mS by calculating only the intensity
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difference (i.e. the dichroic) spectrum sXMCD ¼ sþ � s�. Of course, the individual spin and orbital

moments can also be determined. One should generally take into account, that the sum rules are based on

the atomic model picture and neglect band structure effects in the final states as well as the polarization

from s- and p-electrons. For the 3d metals, only contributions from the 3d-electrons are included into the

spin sum rule. In a rough estimate the error by neglecting the 4s- and 4p-electrons is in the order of less

than 5% or 0.1mB, respectively.

A short remark should be made regarding the accuracy of XMCD measurements on nanoparticles.

Usually, photoabsorption spectra are obtained by measuring the total electron yield (TEY), i.e. the drain

current from the sample generated by the photoabsorption process. The TEY signal deviates from the real

absorption strength and thus affects the evaluation of the orbital and spin moments when applying the

sum rules [139,140]. In general, the so-called self-absorption leads to an underestimation of the spin and,

even more, the orbital moment depending on the angle of incidence. This phenomenon becomes

important for films thicker than 2 nm and bulk materials. For these materials, corrections can be carried

out when using the expression given in [139]. The procedure is more difficult to perform in the case of

nanoparticles and has recently been addressed by means of a Monte Carlo simulation [141]. This work

shows that self-absorption effects have to be included for clusters larger than 3 nm. For example, in Fe

clusters with a size of 10 nm, the orbital moments may be underestimated by a factor of 0.63, while the

spin moments are only reduced by a factor of 0.95.

The finite escape depth of the detected electrons (typically 1.5–1.7 nm for Fe and 2.2–2.5 nm for Co

and Ni [139,142,143]) can lead to additional effects in uncorrected spectra. Enhanced orbital moments

in clusters are mainly located in the two outermost layer (cf. Fig. 21 in Section 5.1), which are probed

with a higher probability than the inner layer having lower orbital moments due to a higher number of

nearest-neighbours. Thus, TEY overestimates the average orbital moment of the cluster. However,

even in the case of very large nanoparticles with about 12 nm, XMCD still probes 70% of the cluster

volume. Because both effects mentioned here are of opposite sign, we assume that the effective

deviation should be in the order of 10–15% for the orbital moment and much smaller for the

spin moment in the case of 12 nm Fe clusters. This is in agreement with extended Monte Carlo

simulations [144].

4.3.2. X-ray magneto-optical Kerr effect

With the availability of highly brilliant and tuneable synchrotron radiation sources MOKE was

successfully extended from the visible light to the soft X-ray regime, where strongly enhanced effects at

the element-specific core level resonances were observed (see [145,146] and references therein). Near the

2p edges of the 3d metals Kao et al. [147] found large resonantly enhanced differences in specularly

reflected p-polarized radiation when reversing the magnetization state of the sample perpendicularly to

the plane of incidence. In contrast to the similar transverse magneto-optical Kerr effect (T-MOKE) using

visible light, T-MOKE in the soft X-ray regime has the advantage of strongly enhanced magnitude and

element-specificity. Therefore, it is well suited for studying the magnetic reversal of combined 3d metal

samples. We will briefly demonstrate this technique at large Fe clusters deposited onto a well-ordered

hcp(0 0 0 1) cobalt film on W(1 1 0).

A typical set-up is shown in the inset of Fig. 19d. The magnetic field is applied perpendicularly to the

plane of incidence and the sample is rotatable around its azimuth. The angle of incidence should be

chosen as a compromise between reflectivity (rapidly dropping when the angle is increased) and the

magnetic sensitivity in the T-MOKE (large around 45�). Here, a grazing angle of 22� has been chosen.
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The reflectance spectra taken from the Co film in Fig. 19a show a resonantly enhanced reflectivity with

huge intensity differences in the vicinity of the 2p levels when reversing the magnetization. The

corresponding asymmetry with values up to 60% is shown in the lower left part. The shape of soft X-ray

reflectance spectra and related asymmetries, respectively, is not only determined by electronic reso-

nances but also by interference depending sensitively on the experimental geometry and sample

morphology [146,148,149]. Thus, the reflectivity signals in general deviate from the respective

absorption spectra shown in the insets in the upper panels. Fig. 19b shows reflectance spectra in the

range of the 2p edges of the iron clusters scaled in order to show the magnetic effect at the much lower Fe

2p edges at 706.5 and 720 eV, respectively. The decrease of the reflected intensity from iron clusters with

respect to the cobalt films is caused by the smaller amount of deposited material and by diffuse light

scattering of the clusters with a size of about 12 nm already being close to the incident wavelength of

about 2 nm. The related asymmetry taken from the Fe clusters is displayed in Fig. 19d. In contrast to the

strong effects of the Co film, only weak ones are observed. The small values for the asymmetries (up to

1.0%) are due to the comparably large background of non-resonantly reflected radiation from cobalt and

tungsten, respectively. But obviously the resonantly enhanced effects near the Fe 2p edges are

significantly stronger than other possible non-resonant magneto-optical contributions of the Co film

[150] and enable investigations at randomly distributed Fe clusters.

5. Magnetic moments of supported 3d transition metal clusters

This section focuses on exposed mass-filtered Fe and Co clusters of different size regimes being in

contact with a surface. Especially for 3d metal clusters smaller than about 500 atoms calculations

[34,39,151] predict both an increased spin moment and an enhanced orbital moment. The fundamental
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Fig. 19. Soft X-ray T-MOKE data obtained from 12 nm Fe clusters (right part) on top of a magnetized cobalt layer (left part) on

W(1 1 0). Upper panels: reflectance spectra Iþ and I� for opposite magnetization directions; lower panels: corresponding

asymmetry curves. The insets show the respective absorption edges of Co and Fe and the experimental geometry.



building block in the case of cluster-assembled materials is not the free cluster but the isolated cluster

supported on a substrate or embedded in a matrix. Magnetic measurements in free clusters are restricted

to gradient-field deflection experiments that determine the total magnetic moment. Orbital and spin

moments can be determined in clusters deposited on a substrate by techniques such as XMCD (Section

4.3.1). The first part is related to small Fe clusters with diameters of about 2 nm deposited on HOPG (and

capped Fe cluster in Section 5.3), whereas the second subsection deals with large Fe clusters (6–12 nm).

Experimental studies on deposited magnetic clusters emphasize the importance of extending our present

theoretical understanding on free clusters to situations where the clusters are in contact with a

macroscopic environment. A systematic comparison between the properties of free and deposited

particles appears therefore as a fundamental step towards the characterization of the specific properties of

these nanostructured materials. This is carried out in the last subsection for the case of small Co clusters

on Pd(1 1 1).
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Fig. 20. (a) mS þ 7mT values obtained by XMCD from isolated Fe clusters on HOPG as a function of size. Measurements at

u ¼ 0� (filled circles) and 55� (open circles) are displayed and mT ¼ 0 in the data at u ¼ 55� (the ‘magic angle’) revealing the

pure spin moment. The measured bulk value was from a 250 Å thick conventional Fe film. (b) mL values obtained by XMCD

showing a peak at ! 300 atoms. There is no observable difference between the measurements at u ¼ 0� (filled circles) and 55�

(open circles) indicating that the orbital moment is isotropic. The inset compares the present data with the measurements of Lau

et al. [114] for very small Fe clusters (n ¼ 2–9) on Ni substrates. The combined data reveals a remarkable change in mL with

cluster size [152].



5.1. Spin and orbital moments in small mass-selected Fe clusters

Fig. 20 shows the spin and orbital moments in mass-selected Fe clusters for sizes below 700 atoms

deposited in situ onto HOPG substrates held at 6 K to a coverage of ! 0.03 cluster monolayers [152]. The

spin mS þ 7mT values are shown for data taken at normal incidence (u ¼ 0�) and with the sample rotated

to the ‘magic angle’ of 55� incidence. As mentioned in Section 4.3.1, the contribution from the magnetic

dipole term mT contribution vanishes at this angle revealing the pure spin moment. The spin moment

shown in Fig. 20a increases with decreasing cluster size and is enhanced by 10% relative to the bulk value

at the smallest size measured (181 atoms). Note how the data taken at 55� and normal incidence diverge

revealing the increasing importance of the dipole contribution as the cluster size decreases. The bulk

value for comparison was obtained by XMCD from a 250 Å thick conventional Fe film deposited in situ.

The orbital moment shown in Fig. 20b also increases with decreasing cluster size and is enhanced by a

factor of 3 relative to the bulk value for cluster sizes around 300 atoms. In the smallest clusters however it

diminishes again, which may be due to the formation of a closed shell system, for example, the 147-atom

icosahedron. The inset in Fig. 20b compares the measurement of mL=nh from Fe clusters on HOPG

obtained by Baker et al. [152] with those of Lau et al. [114] for very small Fe clusters in the size range 2–

9 atoms deposited on Ni substrates. Thus, the orbital moments of Fe clusters shown in the lower part of

Fig. 20 support the strong influence of the particle geometry (especially open and closed shells) on the

orbital moment. The size-dependence of the orbital moments in clusters has already been discussed in

Section 3.5 for nickel clusters. In the following we will focus on the orbital moment of each individual

shell in a cluster for the example of a fcc Ni cluster containing up to 164 atoms [34]. Here, the orbital

moments for the most stable cluster structures have been determined for each shell. The results show

oscillations in the value of mL with the number of atoms in the cluster. In addition, as shown in Fig. 21, it

has been discovered that in larger clusters the enhanced orbital moment is localized in the outer two
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Fig. 21. Local orbital moments along the spin magnetization direction d in fcc-like Ni clusters average at each NN shell i

surrounding the central atom i ¼ 1 [34].



atomic shells of the cluster with the orbital moment in the interior having a value close to the bulk. This

result will be important for the discussion of large Fe clusters (up to 100,000 atoms) in Section 5.2.

Fig. 22 shows the orbital and spin moments of unfiltered Fe clusters deposited on HOPG as a function

of coverage, from isolated clusters to the 2D percolation threshold. The open symbols show the data for

unfiltered deposits with a cluster size distribution peaking at 400 atoms. The closed symbols are the

values obtained from a low coverage mass-selected deposit with the filter set to the peak of the size

distribution (400 atoms). The orbital moment at low coverages shows a factor of 3 enhancement relative

to the bulk value but decays towards the bulk value as the clusters come into contact. This efficient

quenching indicates partial coalescence at the Fe–Fe interfaces. The XMCD data displayed in Fig. 22

were taken at normal incidence so the spin moment has a non-vanishing dipole contribution. The small

rise in the spin term is most likely attributed to a decrease in the dipole moment (opposite to the spin) as

the clusters come into contact [112]. The total magnetic moments in the exposed Fe clusters are shown in

Fig. 23 together with gradient-field deflection measurements in free Fe clusters. It is evident that the
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Fig. 22. Coverage dependence of the orbital moments mL (squares, see left scale) and spin moments ms þ 7mT (circles, see right

scale) for Fe clusters on HOPG [112].

Fig. 23. Total magnetic moment mtotal in isolated Fe clusters on HOPG as a function of size (open circles) [152] in comparison

to the total moments in free Fe clusters (filled circles, taken from [20]). It should be mentioned that the XMCD data published in

[152] have additionally been corrected as outlined in Section 4.3.1.



supported clusters have a significantly enhanced moment relative to the bulk (about half of which comes

from the increased orbital moment). The total moment is smaller than in the free clusters.

5.2. Spin and orbital moments in large mass-filtered clusters

The results for exposed Fe clusters from the previous chapter open the question to what extent of

particle size deviations from the bulk magnetic properties are observable. Total magnetic moments

measured on free Fe clusters as well as on exposed Fe clusters on HOPG show a vanishing influence of

the cluster size and thus a bulk-like behaviour in clusters above 600–700 atoms. In the following, we will

present experimental results on large exposed Fe clusters in the size regime up to 12 nm or roughly

100,000 atoms per cluster, respectively. Such nanoparticles can be created by means of the arc cluster ion

source ACIS (see Section 2.2) under UHV conditions. In contrast to the experiments in Section 5.1, the

mass-filtered Fe clusters have predominantly been deposited onto epitaxially ordered Co(0 0 0 1) films

on W(1 1 0) with a thickness of about 3 nm. The films are atomically flat and possess well-defined

magnetic properties [153–156]. Deposition of clusters onto ferromagnetic substrates is an alternative

approach to obtain even at room temperature magnetically saturated particles that are necessary for

XMCD investigations. Lau et al. [114] have used this method to investigate very small mass-selected Fe

clusters on a Ni film on Cu(1 0 0), however, the measurements were carried out at very low temperatures.

Generally, magnetic measurements on clusters deposited on ferromagnetic layer systems require

investigation methods with a chemical sensitivity (cf. Section 4.3).

In order to examine the magnetic interaction between the Fe clusters and the Co film, T-MOKE

experiments have been performed in the soft X-ray regime, cf. reflectivity spectra displayed in Fig. 19.

The asymmetries near the 2p edges enable us to record element-specific hysteresis loops from the cobalt

film and the 12 nm Fe clusters separately. Angular dependent results obtained at photon energies of
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Fig. 24. Hysteresis loops taken from iron clusters on top of a cobalt film at the respective 2p core levels of Co (left) and Fe (right

part). The angles f refer to azimuthal rotation with respect to the surface normal, cf. inset in Fig. 19 with f ¼ 0� being the easy

magnetization axis and f ¼ 90� the hard magnetization axis [37].



788 eV (Co, left part) and 707 eV (Fe, right part) are shown in Fig. 24. The topmost curves (i) and (iv)

were recorded along the hard magnetic axis of Co(0 0 0 1) films on W(1 1 0) with the W[0 0 1]

direction parallel to the magnetic field. From the top to the bottom the sample orientation was rotated in

two steps to the magnetic easy axis of the Co film. The Co magnetization curves confirm the well-known

uniaxial in-plane anisotropy in these films. The hysteresis loops of the iron clusters follow the curves of

the cobalt film closely suggesting a strong interaction between the Fe clusters and the Co film. In

particular, switching the film along the easy axis provides a remanent saturation magnetization required

for XMCD studies without external magnetic fields.

XMCD investigations are carried out in order to determine the orbital (mL) and spin moments (mS) of

mass-filtered Fe clusters deposited onto hcp(0 0 0 1) cobalt films on W(1 1 0) by applying the sum rules

outlined in Section 4.3.1. Fig. 25 displays in the upper panels photoabsorption spectra taken with

circularly polarized X-ray radiation at the respective 2p3/2 and 2p1/2 core levels at about hn ¼ 778 and

793 eV for the cobalt layer on W(1 1 0) and for the deposited Fe clusters (708 and 721 eV). The angle of

incidence is 60� with respect to the surface normal (i.e. close to the ‘magic angle’) and thus the dipole

term hTzi entering Eq. (18) can be neglected. The easy magnetization axis of the Co film has been chosen

parallel to the magnetization coil; thus, all experiments could be carried out in remanence. The lower

parts show the corresponding dichroism signals used for the determination of the magnetic moments.

Assuming that the magnetic spin moment of nanoparticles in this size regime has already reached the

bulk value, the discussion will focus on the ratio of the orbital to the spin moment (mL/mS). Additionally,

this procedure avoids any assumption on the number of holes nh in the valence band or the degree of

polarization, cf. Eqs. (17) and (18) in Section 4.3.1.

The evaluation of the data in Fig. (25) reveals a ratio of mL/mS ¼ 0:07� 0:01, clearly enhanced when

compared to the respective bulk value of 0.043 [138]. A more systematic overview on the size

dependence of mL/mS is given in Fig. (26), where the results from Section 5.1 (exposed Fe clusters

on HOPG up to 2.3 nm) are combined with data for Fe clusters between 6 and 12 nm. In the left part, this

figure also includes a data point from very small Fe clusters on Ni/Cu(1 0 0). It should be mentioned that
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Fig. 25. Photoabsorption spectra taken with circularly polarized radiation from Fe clusters (right part) on an hcp(0 0 0 1) cobalt

film (left part) on W(1 1 0) for opposite magnetization directions (open and solid dots). The lower panels show the intensity

difference, i.e. the XMCD signal [37].



the results from Fe clusters with 1–9 atoms have been averaged, for a detailed discussion we refer to the

original publication in [114]. The experimental data for large Fe clusters (filled circle) exhibit mL/mS

values from 0.07 at a cluster size of 12 nm up to 0.095 for Fe clusters with 6 nm. All these values are

clearly above the corresponding bulk value of 0.043. The enhanced ratio is related to an increase of the

orbital moment in the outer two shells which exhibit a large number of surface atoms compared to the

total number of atoms in the cluster. When assuming a spherical shape the ratio of surface to volume

atoms amounts to 43% in case of a 6 nm Fe cluster and still 23% for Fe clusters with a size of 12 nm.

However, in the larger cluster size regime, one has to bear in mind that the determination of spin and

orbital moments in total electron yield gives rise to systematic deviations. Relevant systematic errors in

XMCD measurements are briefly described in Section 4.3.1. Here, the uncertainties are included in the

error bars in Fig. 26.
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Fig. 27. Ratio of orbital (mL) to spin moment (mS þ 7mT) of 9 nm Fe clusters on Co/W(1 1 0) as a function of the surface

coverage [37]. The x-axis denotes the area on the surface covered by Fe clusters when assuming the mean size from TEM

measurements (cf. Fig. 5). The dotted line serves to guide the eye.

Fig. 26. Ratio of orbital (mL) to spin moment (mS þ 7mT) for Fe clusters on surfaces: Fe clusters on Ni/Cu(1 0 0) (from [114])

(left part), Fe clusters on HOPG (from [152]) (middle), and large Fe clusters on Co/W(1 1 0) (from [37]) (right part). The bulk

value (solid line) has been taken from [138].



Analogous to the experiments at smaller Fe clusters (cf. Fig. 22) also the coverage dependence of

larger Fe clusters has been investigated. In Fig. 27, the ratio of orbital to spin moment mL/mS þ 7mT for

9 nm Fe clusters is displayed as a function of the surface coverage. Under the assumption that the spin

moment is bulk-like, we find that the percolation of individual particles reduces the orbital moment

similar to smaller Fe clusters (see Fig. 22). At a coverage of less than one monolayer, the orbital moment

nearly reaches the bulk value of iron (mL=ðmS þ 7mTÞ ¼ 0:043).

Up to now the large Fe clusters have always been deposited onto ferromagnetic Co(0 0 0 1) films on

W(1 1 0) where the clusters feel the presence of a strong exchange field inducing an in-plane magnetic

anisotropy in the clusters. Now we will concentrate on the magnetic behaviour of Fe clusters on a non-

magnetic support. Therefore, 12 nm Fe clusters have been deposited onto a clean W(1 1 0) surface and

variable external magnetic field have been applied in-plane (i.e. along the W[1 1̄,0] axis) and out-of-

plane to the sample (see Fig. 28 during the XMCD investigations). The angle of incidence (60�) has

always been kept constant. The measured total magnetic moments (i.e. the sum of orbital and spin

moment) are the projections of the real magnetic moments on the direction of the magnetic field. Clearly,

the clusters can be much more easily magnetized in the surface plane than perpendicular to it. Although a

magnetic saturation could not be reached with such small magnetic fields, the in- plane magnetization

nevertheless shows a total magnetic moment of about 1.7mB at 14 mT. Additionally, the inset shows an

in-plane hysteresis loop confirming a small but finite remanence that could not be observed in an out-of-

plane magnetization. This pronounced in-plane anisotropy can be explained by two effects which both

favour an in-plane magnetization: (i) a strong surface anisotropy at the Fe–W interface as known from

Fe(1 1 0) films on W(1 1 0) [157,158] and (ii) due to a wetting of the tungsten surface which leads to an

oblate cluster shape.

5.3. Fe particles coated with cobalt

Edmonds et al. [36] investigated the effect of coating assemblies of exposed Fe cluster films on HOPG

with Co films in situ and they showed that the combined film consisted of Co islands with embedded Fe
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Fig. 28. Total magnetic moment of 12 nm Fe clusters on W(1 1 0) plotted for in-plane and out-of-plane magnetization. The

inset displays a hysteresis curve taken with an in-plane magnetization [159].



clusters. The Fe clusters were exchange-coupled to the Co film and the magnetization showed a strong in-

plane shape anisotropy due to the Co islands. The fundamental orbital and spin moments localized in the

Fe clusters could be extracted due to the chemical specificity of XMCD. Fig. 29 shows the measured size-

dependent spin moment, after correcting for the systematic error discussed earlier, compared with the

calculation by Xie and Blackman [39] for free Co-coated Fe clusters, with a composition of FeNCo1021�N.

The agreement is good and demonstrates an increase in the spin moment of ! 0:2mB relative to the

exposed clusters. Over a significant fraction of the size range the total magnetic moment per atom

measured in the supported Co-coated Fe clusters is as large as in free Fe clusters.

The theoretical calculations were done using tight binding (TB) methodology with terms that are

dependent on the local environment [39,160–162]. The TB parameters are obtained by fitting to the

results of ab initio calculations performed on small clusters. A model is constructed of atoms in shells

around a central site in a bcc structure with the theoretical lattice constant of Fe. The clusters are

constructed layer by layer along the (1 0 0) and (1 1 0) directions of the bcc structures. The resulting

main shell-closed clusters are covered with 6 (1 0 0) faces and 12 (1 1 0) faces. Sub-shells are filled with

successive Oh symmetry occupation of free sites. Previous calculations of iron clusters [163,164]

assumed a spherical growth pattern. We find from our TB calculations that the total energy of regularly

shaped Fe clusters generated as described are lower than those of the same size spherically shaped

clusters. In addition to free FeN clusters, we also study FeN clusters coated with layers of Cu or Co atoms.

For the coated clusters, the Fe cores are covered by at least one layer of Cu or Co ensuring that the

nearest-neighbour coordination of all Fe atom is the same as in bcc bulk Fe. Using symmetry-adapted

basis functions, the Hamiltonian matrix is easily diagonalized for systems containing more than

1000 atoms. The results for the averaged local magnetic moment per iron atom are displayed in

Fig. 30. Plots are shown for free and for Cu and Co covered iron clusters. Two plots for Co-coated Fe

clusters are shown in Fig. 30. FeNCo1021�N-I clusters have the N Fe atoms filling inner sub-shells with the

Co atoms in the outer ones. A FeNCo1021�N-II cluster is constructed from a type i one by replacing all Fe

atoms in a sub-shell in the interface region with Co atoms. Such a cluster will give an indication of
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Fig. 29. Spin moment measured by XMCD in Co-coated Fe clusters on HOPG as a function of the Fe cluster size (open circles,

from [152]) compared with the calculated spin moment in free Co-coated Fe clusters with composition FeNCo1021�N as a

function of N [39] (filled circles). The lower grey line shows the measured spin moments in the exposed clusters prior to coating

[152]. Please note, that the experimental values from [152] have been corrected analogously to Fig. 23.



possible effects arising from the diffusion of Co atoms across the interface. It is well known [10,20] that

the magnetic moments of free iron clusters are enhanced compared to the bulk materials, and that the

average magnetization per atom decreases non-monotonically to the bulk value with increasing cluster

size. The calculated averaged magnetic moments for free clusters shown in Fig. 30 correctly reproduce

the experimental trend of a convergence to the bulk value with some small oscillation. The enhanced

moment is largely due to the reduced nearest-neighbour coordination of the surface atoms, and it is to be

expected that the enhancement will be largely cancelled out when the cluster is coated by additional

layers of atoms. This is indeed what is found for the Cu-coated clusters where the magnetization is

reduced to marginally above the bulk value as is seen in Fig. 30. Similar behaviour is seen experimentally

when clusters are deposited onto a surface such as a noble metal or HOPG [36]. Coating the Fe core with

Co instead of Cu produces very different behaviour as is shown in the FeNCo1021�N-I plot in Fig. 30.

Despite the fact that the coordination of the surface Fe atoms is the same as that of the bulk, the average

magnetic moment on the Fe is close to that of free iron clusters. It has been pointed out before that Fe is

magnetically weak because of an insufficient electron–electron interaction to band-width ratio, while in

Fe–Co alloys this interaction for the Co atoms can increase the exchange splitting of the Fe 3d bands

[93,165,166]. The local magnetic moments for each sub-shell of Fe339 in different environments are

depicted in Fig. 31. The results for other cluster sizes are similar to this one. Referring first to the free Fe

cluster, the enhancement over the bulk moment comes mainly from the atoms on the surface of the cluster

(there are 170 in number on sites labeled (6 0 0) to (4 4 4)). The coordination numbers of the surface

atoms are noted on the figure. A coating of Cu, restores the bulk coordination number, and yields a

magnetization that is close to that of bulk. With Co atoms as neighbours, however, the reduction of the

moments of the Fe atoms at the interface is much less. The Co neighbours provide an effective

enhancement to the exchange splitting of the Fe that virtually compensates for the band-width increase

that occurs because of their presence. The element-specific nature of the XMCD measurements provides

an experimental probe of the average moment on the Fe core [33,36]. It can be seen from Fig. 29 that the

theoretical results for Fe embedded in Co are in excellent agreement with the experimental observations

for 200–700 Fe atom clusters. For Fe clusters embedded in a Co film, XMCD data show that the number
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Fig. 30. Average local spin moment of Fe atoms in clusters of size N. Plots are: free Fe clusters (free FeN), Cu-coated Fe clusters

(FeNCo1021�N), Co-coated Fe clusters (FeNCo1021�N-I), Co-coated Fe clusters with intermixing at interface (FeNCo1021�N-II)

[39].



of Fe 3d holes per atom is indistinguishable from the bulk demonstrating that the grains consist mainly of

pure Fe with intermixing confined to the particle surfaces [36]. However, Fe and Co are intermiscible, and

this may result in some Co atoms diffusing through the interface region into the Fe particle. To model the

effect of this diffusion, we replace some of the Fe atoms in Co-coated Fe clusters by Co atoms. For ease of

calculation, we maintain cluster symmetry by replacing all the atoms in one sub-shell. It can be seen from

plot FeNCo1021�N-II of Fig. 30 that this substitution produces a distinct enhancement in the average local

moment on the Fe compared with free Fe clusters for sizes larger than 100 atoms. In order to see where

the enhancement comes from, we show the local moment of different shell sites on a typical cluster in

Fig. 32. The cluster Fe315Co706-II is constructed by replacing the 24 Fe atoms in the (5 1 1) sub-shell of

Fe339Co682-I with Co atoms. The increased moment comes largely from five shells (4 0 0), (4 2 0),

(6 0 0), (6 2 0), and (6 2 2), which are first nearest-neighbour sites of (5 1 1). The effective enhance-
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Fig. 32. Local moments of Co-coated Fe clusters. Fe315Co706-II is constructed from Fe339Co682-I by replacing 24 Fe atoms at

(5 1 1) sites with Co atoms [39].

Fig. 31. Local moment of Fe atoms for free and for Cu or Co-coated Fe339 clusters as a function to positions on bcc lattice (in

units of one-half the lattice constant). The figures on the plot are the numbers of Fe neighbours of surface (or interface) Fe atoms

[39].



ment to the exchange splitting on Fe sites produced by Co neighbours operates not only on atoms on the

surface of the Fe core but also in the core region itself. The sensitivity of the magnetic moments of Fe to

the local environment has also been observed in a recent study of Fe–Co alloys and multilayers [165].

5.4. Ferromagnetic clusters on highly-polarizable substrates

Spin and orbital moments as well as the magnetic anisotropy energy of Fe and Co clusters on noble

metal substrates [115,116,167,168] have been the subject of several theoretical studies. A variety of

interesting magnetic behaviours has been revealed as a result of the competition between the reduction of

local coordination numbers and the interactions with the substrate. The purpose of this section is to

discuss the magnetic and electronic properties of ferromagnetic clusters on highly-polarizable TM

substrates. CoN clusters on Pd(1 1 1) are expected to be particularly interesting due to the strong

magnetic susceptibility of Pd and since the Co–Pd interfaces are known to show a remarkably rich

magneto-anisotropic behaviour [169,170]. It is therefore very appealing, from both fundamental and

technological standpoints, to investigate the possibility of tailoring the magnetic anisotropy of Co

nanostructures on Pd in order to stabilize perpendicular magnetizations which could be useful in high-

density recording and memory devices [11,171].

5.4.1. Spin and orbital moments of CoN on Pd(1 1 1)

Table 2 summarizes results for the average magnetic moments per Co atom derived from self-

consistent tight-binding calculations on CoN clusters deposited on the Pd(1 1 1) surface. First of all, one

observes that the total magnetic moments per Co atom Md0
of the deposited clusters are remarkably large

for all the considered structures (N � 13). The most important Md0
are found for the 1D monoatomic

chains [structure (b)]. In this case, Md0
appears to depend very weakly on N in the considered size range:

Mx ¼ 2:65, 2.62, and 2:61mB for N ¼ 3, 7, and 13, respectively. Moreover, the results for the 13-atom

chain are actually not far from the infinite-length limit, for which Mx ¼ 2:56mB is obtained. Two-

dimensional-like clusters show somewhat smaller magnetic moments than the monoatomic chains. Here,

Md0
decreases moderately with increasing N as one approaches the 2D Co monolayer on Pd(1 1 1):

My ¼ 2:61mB for the triangle, Mz ¼ 2:49mB for the rhombus, Mz ¼ 2:40mB for the hexagon, and Mx ¼
2:32mB for the infinite monolayer. Comparison with the results for free clusters shows that cluster–

substrate interactions yield a significant enhancement of the magnetic moments per Co atom.

The average spin and orbital moments reported in Table 2 show that the magnetization Md ¼
ð2hSdi þ hLdiÞ=N of CoN on Pd(1 1 1) is mainly the result of three physically distinct effects. The first

and leading contribution comes, as expected, from the spin moments at the Co atoms i ¼ 1–N for which

we obtain nearly saturated values 2hSziCo ¼ ð1:66� 1:69ÞmB. These depend very weakly on size and

structure, and are only slightly smaller than in the corresponding free clusters. The Co spin moments

constitute about 63% of the total magnetization per Co atom in the monoatomic chains, and about 64–

70% in the 2D islands (N � 13).

The second important contribution to Md are the spin moments induced at the Pd atoms of the Co–Pd

interface that amount to (0.43–0.51)mB, depending on the cluster size and structure. This corresponds to

approximately 22% of the spin polarization per Co atom, and 19% of the total moment (see Table 2). The

induced spin moments are responsible for the most part of the above discussed enhancement of Md in

deposited clusters as compared to the free standing case. A more detailed analysis of the local magnetic

moments at the Co–Pd interface, given in Section 5.4.3, allows to derive simple rules that relate the
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changes in the induced moments as a function of cluster size and geometry with the local environments of

the Pd atoms.

The orbital magnetic moments hLdi are the third main piece of the calculated magnetization. hLdi is

essentially parallel to the spin moment, as corresponds to elements having a d-shell which is more than

half filled. Thus, they add to hSdi representing about 15–19% of Md. One observes that hLdi is in general

quite sensitive to the size and geometry of the cluster and to the direction d of the magnetization. For

example, 1D clusters usually develop larger orbital moments than 2D clusters of the same size, which in

both cases tend to decrease with increasing N. Notice, moreover, that the anisotropy of hLdi is far more

important than the one of the spin moments. This anticipates a strong environment dependence of the

MAE due the spin–orbit interactions. As in the case of the spin polarization, the largest part of the orbital

moments comes from the Co atoms (values in parentheses). Still, the Pd contributions, (10–25)% of hLdi
depending on the particular cluster and d, are not negligible (see Table 2). It is also interesting to remark

that the average orbital moments at the Co atoms are significantly enhanced as compared to the

corresponding bulk moment hLdiðCo-bulkÞ’ 0:13mB. A similar effect has already been observed for Co

films on Pd(1 1 1) [170], as well as in free and deposited TM clusters [34,115,116,168]. Quantitatively,

the calculated Co orbital moments along the easy axis d0 are hLd0
i ¼ ð0:3� 0:5ÞmB, which corresponds

to about (0.15–0.2)mB per d hole, a value which is somewhat smaller, though not far, from the one

observed in experiments on small Fe clusters deposited on Ni [114]. Comparison with the results for free
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Table 2

Magnetic properties of CoN clusters on Pd(1 1 1)

N Structure 2hSzi hLxi hLyi hLzi Md0
d0

3 (a) 2.17 0.44 0.44 0.40 2.61 y

(1.66) (0.39) (0.39) (0.30) (2.04) (y)

[1.69] [0.42] [0.40] [0.36] [2.11] [x]

(b) 2.15 0.50 0.50 0.40 (2.65) x

(1.66) (0.46) (0.42) (0.31) (2.12) (x)

[1.69] [1.36] [1.00] [3.05] [x]

7 (c) 2.10 0.35 0.30 (2.40) z

(1.67) (0.28) (0.24) (1.91) (z)

[1.69] [0.64] [0.29] [2.33] [x]

(b) 2.16 0.46 0.45 0.38 (2.62) x

(1.66) (0.43) (0.41) (0.30) (2.10) (x)

[1.69] [0.83] [0.63] [2.52] [x]

13 (d) 2.09 0.34 0.31 (2.40) z

(1.66) (0.29) (0.26) (1.95) (z)

[1.69] [0.48] [0.35] [2.17] [x]

(b) 2.15 0.46 0.37 (2.61) x

(1.66) (0.42) (0.31) (2.08) (x)

[1.68] [0.86] [0.56] [2.54] [x]

The averages per Co atom of the spin moment 2hSzi, orbital moments hLdi for d ¼ x, y, and z, and total magnetic moment

Md0
¼ 2hSd0

i þ hLd0
i for the easy axis d0 are given in Bohr magnetons. The structures and magnetization directions are

illustrated in Fig. 33. The results given in the first line (second line in parentheses) refer to deposited clusters including

(excluding) the contributions of the Pd atoms at the Co–Pd interface. The results in square brackets correspond to free CoN

having the same structure as the deposited clusters [151].



clusters (given in square brackets) shows that the hybridizations with the substrate often lead to a

reduction of the Co orbital moments. In the case of monoatomic chains, the effect is particularly strong

and has been interpreted as a consequence of the loss of 1D character [172]. In fact, a similar strong

reduction of hLdi is also observed when one compares monoatomic and biatomic chains. For example, for

N ¼ 13, the Co moment changes from hLxi ¼ 0:42mB in the deposited monoatomic chain (structure (b))

to hLxi ¼ 0:29mB in the diatomic chain which is already not far from our result for the 2D monolayer,

namely, hLxi ¼ 0:23mB. Similar trends have been observed in experiments on Co chains of various

widths grown at the steps of the Pt(9 9 7) surface [111].

5.4.2. Magnetic anisotropy energy

The interactions between magnetic adatoms and metallic substrates often lead to redistributions of the

spin-polarized density and to changes in the electronic structure which affect sensitively the spin–orbit

energies. In order to quantify these effects it is interesting to compare the off-plane MAEs DExz ¼
Ex � Ez and DEyz ¼ Ey � Ez, and the in-plane MAE DExy ¼ Ex � Ey of CoN clusters deposited on

Pd(1 1 1) with the corresponding results for free clusters having the same structure as the deposited ones.

The monoatomic free-standing chains show an in-line easy axis with remarkably large MAEs per Co

atom [DExz < 0 with jDExzj ¼ ð6:2� 20Þ meV]. In the case of deposited chains, the interaction with the

substrate does not modify the easy axis but reduces the absolute value of the MAEs by an order of

magnitude [173]. This is consistent with the reduction of the orbital moments discussed in the previous

section.

The 2D clusters and diatomic chains yield DExz < 0 in the free standing geometry, which implies that

the easy axis is in-plane. The absolute values of the MAEs are much larger than the typical results found

in thin films and at surfaces, which are of the order of 0.1–1.0 meV. These anisotropy energies are

somewhat smaller than in the 1D chains, though mostly of the same order of magnitude [jDExzj ¼ 0:88–

12 meV]. As in the 1D case, the largest part of the enhanced MAEs is lost after deposition on Pd

[jDExzj ¼ 0:05-0.70 meV]. Nevertheless, in the 2D clusters the effects of the interactions with the

substrate are qualitatively different since most 2D CoN/Pd(1 1 1) present a stable off-plane magnetiza-

tion direction [151]. This remarkable magnetization reorientation is the result of two main contributions:

the changes in the electronic structure of the Co clusters due to cluster–substrate hybridizations, and the

anisotropy of the spin–orbit energy at the Pd atoms of the Co–Pd interface, which carry small

induced magnetic moments. Moreover, this effect appears to be a characteristic of the 2D like clusters,

since the diatomic chain shows a perpendicular easy axis while the monoatomic chain remains in-line. A

detailed analysis of the various local MAEs DExzðiÞ, presented in Section 5.4.3, indicates that the

interface between Co and Pd plays a dominant role in the magneto-anisotropic behaviour of the deposited

clusters, as already observed in thin Co films on Pd(1 1 1) [170]. Cluster–substrate hybridizations are

therefore crucial for the magneto-anisotropic behaviour of magnetic islands deposited on metallic

substrates.

Concerning the size dependence of the MAE of 2D clusters, we would like to point out that the

calculated easy axis of the 2D Co monolayer on Pd(1 1 1) is within the surface plane, as observed in

experiment [169]. This is in part due to the dipole–dipole energy, that is non-negligible in the case of

extended films and that always favours an in-plane magnetization. Moreover, the in-plane direction is

further stabilized by the magneto-crystalline anisotropy energy DExz resulting from SO interactions,

which is negative for the 2D monolayer, though rather small. Consequently, a transition from off-plane to

in-plane easy axis should be expected to occur in single-layer CoN as a function of the island size.
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Moreover, it could be possible that at intermediate sizes the clusters show tilted magnetization with

canted easy axes, as already observed in 2D Co–Pd nanostructures [170].

5.4.3. Local environment effects

The local formulation given in Section 3 can be exploited to express most relevant magnetic properties as

a sum of contributions corresponding to the different atoms i of the cluster and its surroundings. In this way,

the observed magnetic behaviour of the deposited clusters can be related to the specific local atomic

environments. As an example we consider the hexagonal Co7 cluster on Pd(1 1 1). Table 3 reports the

corresponding local spin moments 2hSizi, local orbital moments hLidi for d ¼ x, y, and z, and total local

momentsmiz ¼ 2hSizi þ hLizi along the easy axis (d0 ¼ z). The labeling of atomic sites is shown in Fig. 33c.

The local spin moments hSizi at the Co atoms are nearly saturated, and therefore they are quite

independent of i and of the particular size or structure of the CoN cluster. In contrast, the hSizi induced at

the Pd atoms show a very interesting environment dependence. In fact, hSiziPd appears to be approxi-

mately determined by the number of Co atoms zi that are NN of the Pd atom i. For zi ¼ 3 (i ¼ 8–10 in the

hexagon) one obtains hSizi ¼ ð0:32� 0:33ÞmB, for zi ¼ 2 (i ¼ 11–13), hSizi ¼ 0:27mB, and for zi ¼ 1

(i ¼ 14–19), hSizi ¼ ð0:19� 0:20ÞmB (see Table 3 and Fig. 33). Similarly strong correlations between

local magnetic moments and the immediate chemical environment of the atoms have been already

observed in magnetic alloys and thin films which involve, like the present case, non-saturated magnetic

moments (e.g. Fe–Al alloys or Fe–Co overlayers) [93,174]. It should be moreover noted that for these

small clusters the number of Pd atoms at the Co–Pd interface is roughly twice the number of Co atoms.

Therefore, the induced Pd moments yield a sizeable contribution to the average magnetic moment per Co

atom (see Table 2). In this context one should observe that relaxations of the cluster structure or atomic

rearrangements at the cluster–substrate interface often modify the magnetic properties, particularly if the

relevant local atomic environments change significantly. For instance, in the case of cluster burrowing

[175–177] one expects that the total spin polarization of the Pd host should increase, since the number of

Pd atoms in contact with the Co cluster increases.
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Table 3

Local magnetic properties of an hexagonal Co7 cluster deposited on Pd(1 1 1)

i 2hSizi hLixi hLizi miz DExzðiÞ
1 1.67 0.19 0.17 1.84 0.74

2–3 1.67 0.31 0.26 1.93 �0.70

4–5 1.67 0.27 0.26 1.93 �0.20

6–7 1.67 0.34 0.26 1.93 �0.80

8 0.33 0.04 0.03 0.36 �0.24

9–10 0.33 0.04 0.03 0.36 �0.19

11 0.27 0.02 0.04 0.31 1.00

12–13 0.27 0.04 0.04 0.31 1.28

14–15 0.19 0.03 0.03 0.22 0.48

16–17 0.19 0.03 0.03 0.22 �0.03

18–19 0.19 0.03 0.03 0.22 0.39

Average 2.10 0.35 0.30 2.40 0.28

The spin moments 2hSizi, orbital moments hLidi for d ¼ x and z, and total magnetic moments miz ¼ 2hSizi þ hLizi along the easy

axis z are given in Bohr magnetons for the different atomic sites i as labeled in Fig. 33c [151]. The corresponding local magneto-

crystalline anisotropy energies DExzðiÞ ¼ ExðiÞ � EzðiÞ are given in meV (cf. Eqs. (15) and (16)).



The local orbital moments hLidi at the Co atoms are typically a factor 2–3 larger than in bulk-Co and in

addition show a very interesting environment dependence. One observes that the magnetization direction

yielding the largest hLidi is very often different for different atoms i. Moreover, the important difference

in local coordination number between the central atom i ¼ 1 and the outer atoms i ¼ 2–7 results in a

different degree of quenching of hLidi, the higher coordinated central atom having a smaller orbital

moment than the lower coordinated outer ones. For the Pd atoms at the Co–Pd interface the orbital

moments are far less important in absolute values [hLidi ¼ ð0:01� 0:04ÞmB], although they still

represent about 10–15% of the total Pd moments.

The local anisotropy energies DEdgðiÞ ¼ EdðiÞ � EgðiÞ allow us to analyze the microscopic origin of

the perpendicular magnetization in 2D CoN on Pd(1 1 1) [151]. The results given in Table 3 show that it is

mostly Pd, and not Co, which defines the positive sign of DExz and thus the perpendicular orientation of

the magnetization. For example, in the hexagon, DExzðiÞ< 0 for i ¼ 2–7 while only DExzð1Þ> 0. The Pd

atoms close to CoN cannot be regarded as a mere source of modifications in the electronic structure of

CoN but rather as important magnetic components on their own. In fact, they carry non-vanishing induced

magnetic moments and, as 4d elements, are subject to significant spin–orbit couplings (jPd’ 2jCo) [105].

It is therefore reasonable that they contribute to DExz and to the overall MAE of the system. Note that

DExzðiÞ of the Pd atoms is of the same order of magnitude as in the Co atoms, often even larger at Pd (see

Table 3). In fact, if one would ignore the Pd contributions to the MAE, the easy axis would be in-plane.

The same occurs if the induced magnetic moments or the SO interactions at the Pd atoms are neglected.

The central role of the substrate Pd atoms on the MAE is thereby demonstrated. This also confirms the

importance of treating the redistributions of the spin-polarized density and the spin–orbit interactions at

the same electronic level.

The present discussion should encourage the development of new experimental works as well as

further theoretical improvements. For example, it would be worthwhile to investigate more system-

atically the dependence of the magnetic properties on the geometry of the cluster and its immediate

environment. This would be relevant in particular for the comparison with experiment, since the
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Fig. 33. Illustration of the structures and magnetization directions considered in the calculations on CoN clusters deposited on

Pd(1 1 1). The z-direction is perpendicular to the xy surface plane. Open (filled) circles refer to Pd (Co) atoms. The numbers

label the different atomic sites i [151].



morphology of the nanoparticles can be tuned, at least to some extent, by changing the growth and

deposition conditions or by subsequent annealing [9,84,109,175–184]. The well-known sensitivity of TM

magnetism to the specific local atomic environments should lead to a wide variety of interesting

behaviours. Moreover, recent experimental and theoretical studies have revealed remarkable spin-

reorientation transitions and spin-canted phases at Co–Pd and Co–Pt film interfaces [169,170,185].

Therefore, it is reasonable to expect similar phenomena in the case of Co clusters on Pd or Pt surfaces,

which deserve detailed investigations both from a fundamental standpoint and in view of applications.

5.5. Conclusions to supported clusters

In this section, we have shown experimental results on exposed iron on different surfaces. Small Fe

clusters deposited on HOPG with some hundred atoms per cluster show enhanced orbital and spin

moments similarly to the results observed for free clusters. When increasing the coverage on the surface,

the orbital moment starts to decrease significantly. A coating of these particles with cobalt leads to an

increase in the spin moment of the Fe clusters contrary to a capping with copper which slightly reduces

the spin moment. This behaviour has been confirmed by calculations. Even large Fe clusters with up to

100,000 atoms per cluster deposited onto a cobalt surface show an enhanced ratio of the orbital to the spin

moment when compared to bulk behaviour. For clusters smaller than 9 nm this value is larger than

corresponding data known from surfaces and ultrathin films. Calculations from different groups have

clearly demonstrated that enhanced orbital moments can be observed only for the outer two shells of

clusters. Thus, this effect has been predicted for small clusters and was confirmed by experimental data

from different groups. The very large number of surface atoms even in large clusters leads to enhanced

orbital values as displayed in this section. The influence of the bonding to a surface for clusters have been

displayed by calculations of cobalt clusters on the Pd(1 1 1) surface. Of course such calculations are

restricted to very small clusters. However, the results clearly show the difference between free cobalt

clusters, supported clusters and finally the presence of a polarizable surface. The Pd surface causes much

higher spin moments in cobalt clusters but generally decreases the orbital moments dramatically when

compared to free clusters simply by the presence of atoms. Moreover, the easy magnetization axes in such

systems are extremely dependent on the size and the structure of the clusters and its shape on the surface.

6. Magnetic behaviour of transition metal clusters in matrices

To understand the magnetic behaviour of dense interacting particle films not only the magnitude of the

moments in isolated clusters are required but also other properties such as the magnitude of the magnetic

anisotropy and its symmetry. These can be determined by magnetometry measurements in dilute (1–2%

volume fraction) magnetic clusters embedded in non-magnetic matrices prepared by co-depositing the

clusters and the matrix.

6.1. Isolated Fe and Co clusters in Ag matrices

Fig. 34a shows in-plane magnetic isotherms from an assembly of unfiltered Fe clusters produced by

the gas aggregation source (Section 2.1) embedded in Ag with a volume fraction of 1% (Fe1Ag99) in the

temperature range 50–300 K (symbols) obtained by Binns et al. [122]. They showed that the assembly
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displays ideal superparamagnetism in the range 50–300 K thus the size distribution of the clusters can be

obtained by fitting a set of Langevin functions with different moment values where the amplitude of each

Langevin function is a fitting variable. Ten size bins were used in the range 0.5–8 nm and the average

amplitude as a function of particle size (moment) after fitting all data sets is shown in the inset of Fig. 34a.

The calculated curves are displayed as lines and the fit is excellent in every case. The size distribution is

the usual asymmetric shape and a fitted log-normal distribution (inset) yields a most probable cluster size

of 2.57 nm with a standard deviation of 1.95 giving a median diameter of 3.0 nm. This distribution is

similar to those obtained by direct STM imaging of deposited cluster films [122] confirming that the

clusters are isolated in the film.

At 2 K, most of the clusters in the Fe1Ag99 sample are below the blocking temperature and as shown in

Fig. 34b the magnetic isotherm develops hysteresis. The remanence, Mr, of an assembly of blocked
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Fig. 34. Magnetization isotherms in the range 50–300 K of (a) Fe1Ag99 and (c) Co2Ag98 cluster-assembled film (open squares)

compared to fits by Langevin functions (line) with a size distribution represented by 10 size bins in the range 0.5–8 nm. The

insets show the average probability of each bin for the optimum fit to curves at temperatures T > 50 K (open circles) and the

corresponding log-normal distribution (line) with dmax = 2.57 nm and s = 1.95 for Fe as well as dmax = 2.45 nm and s = 1.81

for Co. (b) In-plane magnetization isotherms at 2 K of Fe1Ag99 sample and (d) out-of-plane magnetization isotherms at 2 K of

Co2Ag98 sample: (filled circles) field sweeping down; (open circles) field sweeping up. The insets show the decay from

saturation (filled circles) compared to a calculation (line) assuming a random distribution of uniaxial anisotropy axes (Eq. (19)).

The best fit anisotropy constants are displayed in the insets [46].



particles reveals the symmetry of the anisotropy axes and their distribution in space. For example,

uniaxial anisotropy axes give Mr=Ms ¼ 0:5 if they are randomly distributed over three dimensions and

Mr=Ms ¼ 0:71 if they are distributed over two dimensions in the plane of the applied field. The equivalent

values for cubic anisotropy axes are 0.82 distributed over 3D and 0.91 distributed over 2D. The measured

remanence is 0.4 and is thus closest to the case for uniaxial anisotropy axes randomly distributed over 3D.

The slight discrepancy is due to the smallest clusters in the distribution remaining unblocked at 2 K. For

particles with a uniaxial anisotropy randomly oriented in 3D the magnetization between saturation and

remanence is obtained at each field value by minimizing over all alignments of the anisotropy axes, the

intra-particle energies:

Ef ¼ KV sin 2ðf� uÞ � mB cosf; (19)

where K is the anisotropy constant, V is the particle volume and u and f are the angles between the applied

field and the anisotropy axis and particle magnetization vector, respectively. The inset in Fig. 34b

compares the curve, calculated thus, with the data and it is evident that this simple model reproduces the

data accurately. So in zero field the system is a collection of static, randomly aligned cluster giant

moments each pointing along the local anisotropy axis. The anisotropy constant is a parameter of the fit

and optimizes at K ¼ 2:63� 105 J/m3, which is in reasonable agreement with the value of

K ¼ 2:3 � 105 J/m3 obtained by a previous SQUID measurement of a similar sample [186], and is

about 5 times the bulk value. A previously reported measurement perpendicular to the film plane revealed

similar behaviour with a slightly higher anisotropy constant [46], which was attributed to a degree of

‘flattening’ of the clusters on landing.

An uniaxial anisotropy of the individual clusters is expected as it will be produced by any

incomplete atomic shell. Only clusters containing magic numbers of atoms are expected to have a

cubic anisotropy but even in this case it is likely to be lost due to other processes during deposition

such as collision with the substrate. Magnetic isotherms from a Co2Ag98 cluster-assembled in the

temperature range 50–300 K are shown in Fig. 34c (symbols) along with the Langevin fits using the

procedure described above (lines) [46]. In this case, a departure from ideal superparamagnetism is

observed below about 150 K, which was attributed to the higher anisotropy of the Co clusters (see

further) requiring a higher temperature to reach the superparamagnetic limit. The size distribution can

be obtained by Langevin fits as described earlier but restricted to the data obtained at T � 150 K. The

result along with the fitted log-normal distribution is shown in the inset in Fig. 34a and for the Co

clusters the most probable size is 2.45 nm with a standard deviation of 1.81 giving a median diameter

of 2.8 nm. The low temperature isotherms from the isolated Co clusters in Ag are shown in Fig. 34d.

Again the remanence is slightly less than 50% indicating that the clusters are randomly oriented over

3D and have a uniaxial anisotropy. The approach to saturation can thus be modeled using Eq. (19) and

this is compared to the data in the inset in Fig. 34d. The anisotropy constant that optimizes the fit is two

to three times larger than found in the Fe cluster assembly.

6.2. Magnetic behaviour of interacting cluster assemblies

All the cluster magnetic properties described in Section 6.1 refer to the behaviour of the isolated

particles. In many potential applications of nanoclusters, especially in high-performance materials, the

density of clusters in the assembly is sufficiently high to produce significant interactions between the

clusters. These can be long range dipolar or short-range exchange forces. We identify two regimes,
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volume fractions below the percolation threshold where there is a mixture of exchange and dipolar

interactions and above the percolation threshold where the behaviour of the assembly is dominated by the

inter-cluster exchange coupling. There is an abundant literature on interacting magnetic nanoparticle

systems in general but few studies have been done on films produced by depositing pre-formed gas-phase

nanoclusters. In this review we focus on these.

6.2.1. Volume fractions below the percolation threshold

A comprehensive magnetometry study of Fe cluster assemblies in Ag matrices as a function of volume

fraction has been reported [122]. The measured magnetic isotherms and FC/ZFC data were analyzed

using Monte Carlo simulations. The magnetic state of an individual particle can be described by the

Stoner–Wohlfarth model that assumes a coherent rotation of the particle’s magnetization. The effective

anisotropy for each particle is assumed uniaxial and with an easy axis pointing in a random direction.

Exchange coupling occurs between nanoparticles when their surfaces are only a few lattice constants

apart so that overlap of the surface electronic wavefunctions is non-negligible. A second type of inter-

particle interaction is the magnetostatic one, that is always present in nanoparticles. The magnetostatic

coupling is treated here within the point dipole approximation that is valid as long as the size of the

particles is small compared to their inter-particle distance. Corrections beyond this approximation have

been shown to stabilize the ground state properties predicted within the point dipole approximation, thus

justifying the treatment of nanoparticles as point dipoles [122,187]. The total energy of an ensemble of

interacting nanoparticles has the following form:

E ¼ g
X

i;j

ðŜi � ŜjÞ � 3ðŜi � R̂ijÞðŜj � R̂ijÞ
R3

ij

�J
X
hi;ji
ðŜi � ŜjÞ � k

X
i

ðŜi � êiÞ2 � h
X

i

ðŜi � ĤÞ; (20)

where Ŝi is the magnetic moment direction (spin) of particle i, êi is the easy axis direction, Rij is the

centre-to-centre distance between particles i and j, measured in units of the particle diameter (D). Hats in

Eq. (20) denote unit vectors. The energy parameters entering Eq. (20) are the Zeeman energy h ¼ mH,

where m ¼ MsV0 is the particle magnetic moment, the dipolar energy g ¼ m0m
2=4pD3, the anisotropy

energy k ¼ K1V0 and the exchange energy J. The exchange coupling is non-zero only between particles

in contact (nearest-neighbours). Periodic boundary conditions are used and the dipolar interactions are

summed to infinite order using Ewald’s summation method.

The theory successfully predicts the evolution of all of the magnetic properties with cluster volume

fraction up to the percolation threshold, including the observed enhancement of the initial susceptibility

of the films at 300 K and the increased coercivity at 2 K. The evolution of the measured magnetic

isotherms with Fe cluster volume fraction at 300 K is shown in Fig. 35 along with the measured and

calculated initial susceptibility (inset).

The basic physical picture provided by the model is that as the volume fraction increases the effects of

both dipolar and exchange interactions are evident. The assembly evolves from isolated particles to

exchange-coupled agglomerates (super-clusters) where the super-clusters interact with each other via

dipolar forces. A simple Curie–Weiss-like extension to the Langevin function appropriate to this regime

described by Allia et al. [188] was shown to describe the temperature-dependence of the measured data

accurately. This model was used to show that, for example, 3 nm clusters embedded in Ag matrices at a

volume fraction of 10% behaved like dipolar-coupled particles with a mean diameter of 5.7 nm. Thus, at

this density the film consisted of exchange-coupled aggregates with six to seven deposited particles
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interacting with each other via dipolar forces. Fig. 36 shows the measured and calculated magnetic

isotherms at 2 K along with the coercivity (inset). A measure of the importance of the exchange coupling

between the clusters that one can obtain from the Monte Carlo simulation is the parameter, b, given by:

b ¼ 1

N

X
i

jŜi � êij; (21)

where Ŝi and êi are unit vectors in the direction of the spin and anisotropy axis of the i th cluster and N

is the total number of clusters. Eq. (21) thus gives the fraction of projected moments along the local

easy axes. A value of 1 indicates complete decoupling of clusters so that all moments are along local

easy axes and 0.5 will be found in the case where all neighbouring moments are aligned collinearly by

exchange. For the most dilute cluster film, with a cluster volume fraction of 1%, it is found that

b ¼ 0:89 at H ¼ 0 and T ¼ 5 K but this drops to 0.63 in a sample with a 10% volume fraction and

drops further towards the exchange-coupled limit as the Fe cluster volume fraction increases. The thin

solid lines in Fig. 36 are the MC simulation of the magnetization curves and there is good agreement.

Also shown in Fig. 36 are the fits between saturation and remanence using the procedure described in

Section 6.1(thick lines) that gives the effective anisotropy constant, which is displayed alongside each

sample.

6.2.2. Volume fractions above the percolation threshold

Increasing the volume fraction to beyond the percolation threshold produces a correlated super-spin

glass (CSSG) state described by Chudnovsky and co-workers [189–193]. Here, the magnetic behaviour at

the extreme end of the volume fraction range, that is, pure cluster assemblies with no matrix, will be

presented. Two films will be described, that is, a pure Co cluster film of thickness 200 Å and a pure Fe

film of thickness 50 Å. Both samples were prepared in the UHV sealable ampoule described in Section

4.1 and were transferred into a vibrating sample magnetometer in UHV conditions without a protective
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Fig. 35. Magnetization isotherms at 300 K of films as a function of volume fraction in the intermediate range. The inset

compares the measured initial susceptibility with that calculated by the MC simulation as a function of volume fraction (note the

different scales) [122].



capping layer. It has been shown that capping layers can significantly alter the magnetic behaviour of

cluster films [122]. The behaviour was analyzed using a random anisotropy (RA) model developed by

several authors in the last two decades [189–193]. In the RA formalism, the magnetic ground state in a

granular film is determined by the relative strength of a random anisotropy field:

Hr ¼
2Kr

Ms
; (22)

and an exchange field:

Hex ¼
2A

MsR2
a

; (23)

where Kr is the (randomly oriented) anisotropy of the grains, Ms is their saturation magnetization, A is the

exchange constant for the interaction between the grains and Ra is the nanometer sized region over which

the local anisotropy axis is correlated, i.e. the characteristic grain size. In this case, the grain size is known

and can be taken as the median size in the log-normal distributions shown in the insets in Fig. 34, that is,
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Fig. 36. Isotherms at 2 K from samples with intermediate volume fractions below the percolation threshold. The symbols are the

measured data and the thick lines are fits between saturation and remanence using Eq. (19) from Section 6.1 with the optimal

value of the anisotropy constant shown. The thin solid lines are the MC simulations for the full isotherms with the predicted value

of b at remanence shown. The inset compares the values of Hc obtained from the measurements and the MC simulation [122].



3.0 and 2.8 nm for Fe and Co clusters, respectively. Their relative strength of the exchange and

anisotropy fields is given by the dimensionless parameter:

lr ¼
Hr

Hex
¼ KrR

2
a

A
: (24)

The model was developed to describe amorphous films in which a local, randomly-oriented, anisotropy is

due to local atomic order. It is even better suited to providing a description of the magnetization in cluster-

assembled films in which the distance Ra over which an anisotropy axis is correlated is well defined (i.e.

the particle diameter). In addition, as pointed out by Löffler et al. [194], the exchange interaction at the

boundaries between particles is weaker than the intra-particle atomic exchange further reinforcing the

image of separate but interacting particles.

For lr > 1 the magnetic correlation length at zero field is Ra, and the magnetic vector in each particle

points along the local intra-particle anisotropy axis. Note that in an arrow representation this state would

be identical to that in isolated non-interacting particles at absolute zero. This regime is illustrated in

Fig. 37b. With increasing inter-particle exchange (or decreasing intra-particle anisotropy) the config-

uration becomes a correlated super-spin glass in which the magnetization vector in neighbouring

particles is nearly aligned but the random deviation of the moments from perfect alignment produces a

smooth rotation of the magnetization throughout the system with a magnetic correlation length that is a

factor 1=l2
r larger than the particle diameter. This regime is illustrated in Fig. 37c. The disordered CSSG

state is fragile and application of a small field produces a ‘ferromagnet with wandering axes’ (FWA)
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Fig. 37. (a) Schematic representation of a magnetic nanoparticle with a uniaxial anisotropy axis (represented by a slight

elongation). (b and c) A stack of particles with randomly oriented anisotropy axes. In (b), lr > 1 and the magnetization vector

points along the local anisotropy axis so the magnetic correlation length is a single particle diameter. In (c), lr < 1 and the

magnetic vectors are nearly aligned. The random perturbation from perfect alignment results in a finite magnetic correlation

length that is a factor 1=l2
r larger than a single particle [46].



[190]. The randomized nanoscale anisotropy results in a very high susceptibility of cluster-assembled

films as illustrated in the left hand insets in Fig. 38a and b. These compare the magnetization curves of

pure cluster-assembled Fe and Co films (dots) at 300 K with the magnetization of isolated Fe and Co

clusters embedded in Ag (lines). According to Chudnovsky [193] the approach to saturation of a system,

whose ground state is a CSSG, is given by:

M ¼ Ms 1� 1

32

l2
r

hex

Z 1

0

dx CðxÞx2K1 xhex½ �
� �

(25)
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Fig. 38. (a) Approach to saturation of 5 nm thick pure Fe cluster film for temperatures in the range 10–300 K (filled circles)

compared to a calculation using the RA model with the parameters shown (line). The left inset shows the full magnetization

curve (circles) of the dense cluster film compared to that of isolated clusters at 300 K. The right inset shows the variation of the

random anisotropy (evaluated from Hr and Eq. (22)) with temperature (filled circles). The grey line shows the value for the

isolated clusters. (b) As (a), but for the 20 nm thick pure Co cluster film sample [46].



in two dimensions and

M ¼ Ms 1� 1

30

l2
r

hex

Z 1

0

dxCðxÞx2 exp xhex½ �
� �

(26)

in three dimensions. In Eqs. (25) and (26), hex ¼ H=Hex, K1 is the modified Hankel function and CðxÞ is

the correlation function for the anisotropy axes with x in units of Ra. In an amorphous metal, CðxÞwill be

a smoothly decreasing function with a characteristic decay distance of Ra while in a cluster-assembled

film consisting of mono-sized particles it will be a step function cutting off at x ¼ 1. The 2D form

(Eq. (25)) for the approach to saturation was used for the Fe cluster sample as it was only two cluster

layers thick whereas the 3D form (Eq. (26)) was used for the much thicker Co cluster film.

With suitable constraints on the parameters Hex, Hr obtained from analyzing the isolated clusters the

data was fitted in the range between 0.85Ms and Ms, using Eqs. (25) and (26) and the results for

temperatures in the range 5–300 K are shown in Fig. 38a and b. The first observation is the excellent

agreement between the data and the RA model at all temperatures for both films reinforcing the assertion

that the cluster layers form a CSSG in their ground state. It is found that in both cases the values of Hex

and Hr change little with temperature, which is just confirmation of the observation that the shape of the

curves appears to be independent of temperature. The value of the random anisotropy, Kr, obtained from

Hr and Eq. (22) is shown in the right insets and compared to the values for the isolated clusters. For the Fe

cluster film, the random anisotropy is close to the isolated cluster value whereas for the Co cluster film it

is significantly smaller. The exchange fields are ! 0.36 and ! 0.6 T for the Fe and Co cluster films,

respectively, corresponding to an exchange constant (from Eq. (24)) of A! 3 � 10�12 J/m for both

films, which is much less than the bulk value as expected.

7. Structural and magnetic properties of binary alloy clusters

Pure magnetic transition metal nanostructures studied extensively up to now have significantly

contributed to a better understanding on the relation between structure and magnetic properties for

isolated individual particles taking into account surfaces and interface interaction effects. The use of

binary alloy clusters opens new fields to tailor magnetic properties. Using binary 3d transition metal

alloys with a very high magnetic moment it might be possible to enhance the magnetic moments in

nanoparticles above values known from pure materials. FeCo alloys are usually soft-magnetic materials

with high saturation magnetizations and small coercive forces. These materials allow a reversal of the

magnetization direction already at low magnetic fields. Such nanoparticles, combined with an enhance-

ment of the magnetic moments above bulk material values, would be very interesting for technical

applications, e.g. in read–write heads of magnetic storage devices. Section 7.1 gives an introduction to

the magnetic properties of FeCo nanoparticles.

Unfortunately, the superparamagnetic limit leading to very low magnetic blocking temperatures

prevents the use of pure or binary soft-magnetic transition metal particles with sizes lower than about

10 nm for applications in high density storage media [195]. A challenge in this field of magnetic

nanostructures applications is to synthesize stable nanosize magnetic objects with blocking temperatures

around or above room temperature. First interesting investigations with respect to technical applications

have been carried out on FePt alloy clusters. Sun et al. [11] showed that monodispersed FePt clusters can

be deposited in regular arrays on surfaces by wet-chemical processes. However, any technical application
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regarding magnetic data storage requires FePt clusters to be ordered in the L10 structural phase which can

be achieved by thermal treatment. This challenge has been addressed successfully by Weller and co-

workers using a cluster gun in combination with in situ heating prior to deposition [40]. Very recent

calculations from Burkert et al. [196] showed that also FeCo films, which are usually soft-magnetic,

exhibit very high magnetic anisotropy energies (even higher than FePt) in a tetragonal distortion phase

and might be useful candidates for many applications. However, in the following, we will focus on mixed

clusters of intermetallic compounds with strong magneto-crystalline anisotropies such as rare earth–

transition metal alloys that have been produced with a laser vaporization source. Examples for this

research project, which is still at the beginning, are CoSm clusters (cf. Section 7.2) as well as CoAg and

CoPt clusters (see Section 7.3). It should be noted that the magnetic properties of such mixed clusters

strongly depend on their chemical composition and geometric structure. The last subsection (cf. Section

7.4) presents calculations on the orbital and spin moments of CoRh clusters in various compositions and

stoichiometries.

7.1. Binary FeCo alloy clusters

This section is related to soft-magnetic 3d-binary clusters with very high magnetization values. Today,

possible applications of such bulk materials are solenoids where an extremely high saturation magne-

tization and a small coercive force is required. One of the materials, which are commercially used for this

purpose, consists of nearly equal parts of iron and cobalt. For the experiments, a piece from a commercial

product (VACOFLUX 50, distributed by the Vacuumschmelze GmbH, Germany [197]) was used as a

target for producing nanoparticles using the ACIS source (see Section 2.2). In detail, the target consists of

a Fe50V2Co48 alloy. The structural properties of FeCo alloy nanoparticles from this target have been

investigated by TEM, HRTEM incl. EDX and AFM, the magnetic behaviour using XMCD at the storage

ring BESSY in Berlin. Fig. 39 displays in the left part a size distribution of FeCo alloy clusters (mean

size: 9.5 nm) obtained from conventionally TEM measurements. Additionally, high-resolution TEM and

EDX measurements have been carried out in the University of Duisburg-Essen (Germany) (cf. HRTEM

pictures in the right part of Fig. 39). A chemical composition of Fe56Co44 has been obtained from EDX.
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Fig. 39. Left part: size distribution of mass-filtered FeCo clusters with a mean size of 9.5 nm. Right part: high-resolution TEM

images taken from two different mass-filtered FeCo clusters with mean sizes of 6 nm (middle) and 9.5 nm (right). The HRTEM

measurements have been carried out by Mrs. Stappert at the physics department of the University of Duisburg-Essen, Germany.

Arrows indicate grain boundaries [49,198].



For analyzing the magnetic properties the technique of X-ray magnetic circular dichroism in

photoabsorption has been applied which offers information on the orbital and magnetic moments.

For a detailed analysis, mass-filtered FeCo clusters with a mean size between 7.5 and 12 nm have been

deposited onto silicon wafers and onto ferromagnetic Ni(1 1 1) on W(1 1 0) films under UHV

conditions. The data have been recorded in remanence after magnetization with an external magnet.

Photoabsorption spectra from 12 nm FeCo clusters deposited onto a silicon wafer are displayed in Fig. 40

in the energy range of the respective 2p absorption levels, i.e. between 690 and 810 eV. The experimental

data clearly show the absorption edges of both materials (Fe and Co) with nearly identical intensities, M+

and M� denote data taken for opposite magnetization directions in remanence. The intensity differences

reveal a ferromagnetic coupling of Fe and Co in the nanoparticles. However, the spectra do not reflect a

saturated magnetization states, element-specific hysteresis curves taken at the Fe and Co 2p3/2 levels

display a remanence Mr of about 20% with respect to the saturation magnetization Ms. The corresponding

hysteresis curves for iron and cobalt are shown in Fig. 41. Both hysteresis curves show a nearly identical

slope with a saturation field of about Hs = 40 mT. These results hint at a parallel alignment of the spins in

both materials (Fe and Co), i.e. a strong ferromagnetic coupling as one would expect from the enhanced

total magnetic moment in FeCo alloys.

In order to investigate the orbital and spin moments it is necessary to saturate the nanoparticles

remanently, either in an externally applied magnetic field or by a strong ferromagnetic coupling to a

magnetic substrate. For the results presented here the FeCo alloy clusters have been deposited onto a thin

Ni(1 1 1) film evaporated on W(1 1 0) similar to Section 5.2. Details on the epitaxial growth and magnetic

properties of nickel films on W(1 1 0) can be found elsewhere [199–201], however, these films can be

magnetized remanently in-plane along the W[0 0 1] axis. Fig. 42 shows the respective photoabsorption

spectra of the three metals involved, Fe, Co and Ni. The experimental results obtained from Fig. 42 indicate

high magnetic moments. By applying the sum rules, one can calculate element-specific the spin and orbital

moments. The Slater–Pauling curve predicts an averaged total magnetic moment of about 2.3mB for equal

contributions of iron and cobalt in the binary alloy, the maximum value is reached for an alloy with a larger

contribution of Fe (about 70%). These calculations are in good agreement with data from the company that

distributes the bulk alloy material giving a value of 2.3 T for the magnetic polarization (the magnetic

polarization in T is nearly identical to the total magnetic moment in mB).
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Fig. 40. Photoabsorption spectra for opposite magnetization directions (M+ and M�) taken in remanence with circularly

polarized radiation from the 2p core levels of FeCo particles deposited on a silicon wafer [198].
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Fig. 42. Upper part: photoabsorption spectra of 7.5 nm FeCo particles deposited on a Ni(1 1 1) film on W(1 1 0) taken in

remanence with circularly polarized radiation from the 2p core levels (for opposite magnetization directions M+ and M�) (cf.

also [37]). The iron and cobalt spectra have been enlarged by a factor of 30. Lower part: corresponding XMCD data (intensity

differences) [37].

Fig. 41. Element-specific hysteresis curves recorded at the Fe and Co 2p3/2 core levels of FeCo alloy nanoparticles. Upper part:

hysteresis curve sensitive to iron, lower part: curve sensitive to cobalt [198].



A first analysis of our experimental results indeed confirms enhanced spin and orbital moments in both

constituents (Fe and Co) (see Fig. 43), when compared to their bulk values (Fe: left side; Co: right side in

each graph). The data show a spin moment in the Fe contribution of about 2.5mB, the corresponding bulk

value is close to mS ¼ 2:0mB. The same holds for the cobalt spin moment which reaches nearly mS ¼
2:0mB in the Fe56Co44 alloy clusters on Ni film. The bars in the middle of Fig. 43 show the averaged

values of the weighted Fe and Co contribution to the alloy clusters. The total spin moments are in good

agreement with theoretical values given in [202]. According to our knowledge no chemically resolved

experimental data exist for the spin and orbital magnetic moments of bulk FeCo alloys. In order to

distinguish between enhancements originating from the FeCo alloy material itself and from the effect

related to clusters we compare our results to calculations from Ebert and Battocletti [202] on a Fe50Co50

bulk alloy. We find a good agreement for the Fe spin and orbital moment, while the experimental value for

the Co moments exceed the calculated values by about 15% (spin moment) and 50% for the orbital

moment. Taking into account our experimental uncertainty and the typical underestimation of the orbital

moment known from theory, we actually cannot claim to have observed enhanced magnetic moments in

our FeCo alloy particles. However, the experiments on such alloy clusters have shown that at least the

corresponding bulk values are reached. Further studies on systems with different stoichiometries will

show if FeCo clusters and particles are of technological relevance.

7.2. Structural and magnetic properties of CoSm clusters

This section deals with binary alloy clusters formed from a 3d transition metal (here: cobalt) in

combination with a rare-earth metal (in this case, Sm). In particular, SmCo5 nanoclusters (mean diameter

! 3–4 nm) prepared from a bulk SmCo5-target mounted in the laser vaporization source (see Section 2.3)

have been deposited or embedded in the low-energy regime onvarious substrates/matrices for structural and

magnetic studies [59]. As mentioned in Section 2.3, mixed clusters prepared by this technique exhibit the

same composition as the target, however a poor crystallinity as revealed by TEM measurements and a

segregation of samarium atoms at the cluster surface is the cause of a loss of magnetization in the as

deposited cluster films compared to the bulk SmCo5-phase. Post annealing treatments in UHVup to 840 K

on films of isolated clusters embedded in niobium (cluster concentration = 5 vol.%) seem to improve the
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Fig. 43. Element-specific spin (left part) and orbital moments (right part) of mass-filtered FeCo alloy clusters (size: 7.5 nm) on

Ni(1 1 1)/W(1 1 0) in comparison to pure Fe and Co bulk values (left and right columns in each graph). The bars in the center

show the averaged value from the iron and cobalt contribution.



crystallinity of the Sm–Co nanoparticles, cf. Figs. 44 and 45. A detailed TEM analysis of post annealing

treatment has been carried out on isolated CoSm nanoparticles on TEM grids, ordered TEM images of

CoSm nanoparticles could mainly be observed after annealing (see Fig. 44). As a consequence of the post

annealing process a significant increase of the magnetic anisotropy is observed with the origin of a blocking

temperature TB being larger than 300 K. This is illustrated in Fig. 45 showing the characteristic evolution of

the magnetization loops with a significant increase of the coercive field upon annealing for a Sm–Co

clusters/Nb matrix film. Note that the choice of a niobium matrix for the annealing experiments is directed

by the non-miscible character of this element with samarium, which can be favourable during annealing

treatments to avoid the formation of an alloy shell. Since in the as deposited samples samarium atoms are

segregated at the cluster/matrix interface one can imagine that during thermal treatments they prefer to
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Fig. 44. HRTEM image of a Co–Sm mixed cluster deposited on an amorphous carbon coated grid at room temperature and

subsequently annealed at 840 K in UHV. However, it was difficult to determine the nature of the crystalline phase of annealed

clusters since the symmetry and lattice parameters differ from the well-known bulk phases [59].

Fig. 45. SQUID magnetization loops measured on (a) an as deposited film of Co–Sm clusters embedded in niobium

(concentration = 5 vol.%), and (b) the same film subsequently annealed in UHV at 840 K for 30 min.



redistribute inside the clusters rather than to diffuse in the surrounding Nb matrix. In the same time, the

mean size of the embedded Sm–Co clusters slightly increases which cannot explain the TB increase up to

room temperature or more. Finally, only the efficient role of samarium atoms in the Co lattice of the clusters

can be considered in this case to explain such large magnetic anisotropy/blocking temperature increase. The

final association of functionalized clusters (i.e. high magnetic anisotropy cluster blocked at room

temperature such as mixed Co–Sm clusters) on functionalized substrate (i.e. 2D-ordered cluster arrays,

see Section 2.3) will be the ultimate stage prior to the realization of novel nanomagnetic devices with very

high integration density in the Tbits/in.2 range.

7.3. Structural and magnetic properties of mixed Co–Ag and Co–Pt clusters

Taking advantage of segregation effects expected in some bimetallic nanosize systems, Co–Ag and

Co–Pt mixed clusters have been investigated more recently to produce core–shell clusters with strong

surface/interface effects on the magnetic anisotropy. In the case of mixed Co–Ag clusters the segregation

towards the surface of silver atoms is expected [57]. Indeed, from a thermodynamic point of view, the

lower surface energy of silver compared to cobalt (g(Ag) = 1250 mJ/m2 and g(Co) = 2550 mJ/m2), the

higher Ag atomic radius (rAg = 1.13 Å and rCo = 0.74 Å), and the non-miscible character of the Co–Ag

pair should favour the silver surface-segregation. Nevertheless, for a given Co50Ag50 bulk-target

mounted in the laser vaporization source, we observe from RBS measurements that the mean

composition of the Co–Ag cluster films is strongly related to the source operating conditions (see

Table 4). Finally, a nanosecond pulsed laser to vaporize the Co–Ag target in the cluster source associated

to a continuous gas flow injection seem necessary to obtain clusters films with the same composition than

the target. The following reported results concern only this type of stoichiometric clusters. From TEM

observations, the size distributions of supported clusters also seem to be dependent on the source

operating conditions yielding a mean size in the range 2–4 nm in all cases (Fig. 46). The calculated

number of atoms located at the cluster surface are given in Table 5 assuming perfect fcc-truncated

octahedrons with different sizes in the range 1.6–4 nm. If we assume a complete Ag atom segregation at

the cluster surface to form perfect core–shell cluster types one can underline that the Ag concentration is

a critical parameter in the case of the smallest clusters for Co50Ag50 compound systems. However, the

core–shell structure for small Co–Ag clusters is probably not the only one to be considered. Molecular

dynamic simulations are in progress to predict the most probable structure in this case.

Magnetometry measurements on individual CoAg clusters have been performed using the highly

sensitive microSQUID technique described in details elsewhere [204]. For that purpose, CoAg clusters
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Table 4

Mean composition of the deposited cluster- assembled films measured by RBS as a function of the operating conditions of the

laser vaporization cluster-source in which a Co50Ag50 bulk compound target is mounted

Source operating conditions Mean composition of the

deposited cluster films (%)

Co Ag

3 ms-pulsed Ti:Sa laser at 10 Hz and pulsed pure He gas injected 90 10

3 ms-pulsed Ti:Sa laser at 10 Hz and continuous pure He gas flow 74 26

80 ns-pulsed Ti:Sa laser at 10 Hz and continuous pure He gas flow 90 10

80 ns-pulsed Nd:YAG Laser at 10 Hz and continuous pure He gas flow 74 26



are directly embedded in the niobium film of the microSQUID loop using a co-deposition technique in

UHV in order to improve the cluster/SQUID magnetic coupling. A characteristic example of the 2D

magnetization reversal diagram measured for one isolated CoAg cluster is shown in Fig. 47. From the fits

of this experimental diagram using the method described in [204], we observe for some nanoparticles the
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Fig. 46. Characteristic example of a size distribution of deposited mixed CoAg clusters derived from TEM observations. The

solid line corresponds to the best fit of the distribution obtained with a log-normal function to deduce the mean cluster diameter

Dm and the dispersion s [203].

Table 5

Numbers of atoms located at the cluster surface calculated for a series of perfect fcc-truncated octahedrons

Number of atoms per cluster,

mean diameter, m = number

of shells

Number of atoms in the first surface

monolayer (% of the total number

of atoms in the cluster)

Number of atoms in the two first

surface monolayer (% of the total

number of atoms in the cluster)

201 atoms, 1.6 nm, m = 3 60.7 90.5

586 atoms, 2.4 nm, m = 4 46.4 76.1

1289 atoms, 3.3 nm, m = 5 37.4 64.4

2406 atoms, 4 nm, m = 6 31.3 55.5

Fig. 47. Two-dimensional magnetic switching field distribution of an individual mixed CoAg cluster measured in the

microSQUID plane at 35 mK [204].



appearance of the fourth-order anisotropy energy term indicating that the magneto-crystalline anisotropy

contribution dominates in this case [204]. By assuming that the Ag atoms segregate at the mixed cluster

surface (in the case of large clusters) preventing the direct contact between the magnetic Co core of the

cluster and the surrounding Nb matrix, a complex Co–Ag–Nb interface has to be considered instead of

the more simple Co/Nb one previously considered in the case of pure Co clusters embedded in niobium

[204]. In this novel case, the Néel constant (L! þ 1:5 MJ/m3) is derived from magnetic measurements

on Co–Ag multilayers [205]. Such a positive small L-value leads to a compensation of the shape and

surface anisotropy terms and then the second-order anisotropy energy terms directly related to these

contributions vanish. However, such a complete Ag-segregation probably does not take place in all CoAg

clusters and further studies to really control the mixed cluster morphology are necessary, especially with

various CoxAg1�x compositions.

Another type of mixed clusters studied is the Co–Pt system because a hybridization between the 3d Co

and the 5d Pt-orbitals is expected in this case. The Co–Pt alloy formation at nanosize scale would lead to a

high magnetization and an increase of the magnetic anisotropy as previously observed in the case of pure

Co clusters embedded in a Pt matrix [206]. From an experimental point of view, the use of a nanosecond-

pulsed laser associated with a continuous inert gas flow has been found necessary to conserve the target

composition in the produced mixed Co–Pt clusters, as reported earlier in the case of the Co–Ag system.

TEM observations on Co–Pt clusters deposited on amorphous carbon coated grids at room temperature

show crystallized nanoparticles with a size distribution centred around 2–3 nm. First conventional

SQUID magnetometry measurements performed on collections of isolated Co–Pt clusters embedded in

niobium films reveal a magnetic blocking temperature TB! 50 K for mixed clusters containing a few

hundreds Co atoms. As a comparison, note that this TB-value is intermediate between the values of 12 and

87 K reported previously for pure Co clusters embedded in a Nb matrix and a Pt matrix, respectively

[207]. However, one has to remark that these pure Co clusters mentioned earlier with sizes of the order of

3 nm contain about one thousand Co atoms while the mixed Co–Pt ones contain only half this number.

Consequently, the mixed Co–Pt system seems promising for the preparation of high anisotropy magnetic

nanoparticles. As mentioned in the case of the Co–Ag system, an optimization of the cluster composition

(CoxPt1�x) will be investigated in a near future to improve magnetic characteristics. XPS measurements

on discontinuous CoPt thin films are in progress in order to describe the electronic structure and the

induced charge transfer effects due to the hybridization between both Co and Pt transition metals.

7.4. Spin moments, orbital moments, and magnetic anisotropy of Co–Rh clusters

Binary metallic clusters formed with a magnetic 3d transition metal and a 4d element, which is non-

magnetic in bulk but with a strong magnetic susceptibility like Pd or a weak, non-saturated magnetism

like Rh, could be an effective way to combine large magnetic moments with large magnetic anisotropy

energy due to the large spin–orbit coupling of the 4d element. The purpose of this section is to present

theoretical results on the spin moments, orbital moments and on the magnetic anisotropy energy for

several binary metallic nanostructures of Co–Rh clusters. These specific systems are considered as

representative of binary clusters. In particular, the role of structure, size and composition on the magnetic

properties is quantified. For small clusters, results are presented for structure, spin moments and Co

composition of Co–Rh by using first principles methods. In the case of large clusters, the theory outlined

in Section 3 was used for the calculation of the spin moments, orbital moments and magnetic anisotropy

energy. The results are discussed in the context of available experimental results. Recently, Co–Rh
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nanoparticles (1–2 nm) have been synthesized by decomposition of organometallic precursors in mild

conditions of pressure and temperature in the presence of a polymer [110]. The results of the magnetic

properties showed that the average magnetic moment per Co atom (i.e. assuming that Rh atoms carry

vanishing magnetic moments) is about 2.38mB for a Co concentration xCo’ 0:5. This value is much

larger than the average magnetic moment in bulk alloys of similar concentration.

7.4.1. First principles calculations of structure and spin moments of small CoNRhM clusters

The interplay between structural, chemical and magnetic properties of small free CoMRhN

(N þM � 13) have been studied by Dennler et al. [208,209]. Calculations of the cohesive energy,

structure and spin moments have been performed by solving the spin-polarized self-consistent Kohn–

Sham equations in the framework of a plane-wave basis treating core-electron effects within the

projector-augmented wave (PAW) approximation [210,211]. All cluster structures were optimized by

relaxing fully the atomic positions without symmetry constrains until the forces Fi on each atom i are

vanishing (typically jFij � 0:01–0.02 eV). This was done for each relevant value of the z-component of

the total spin moment Sz. In this way, the interplay between magnetism and ground-state structure was

quantified. Several initial geometrical configurations corresponding to different cluster topologies were

considered in order to detect nearby isomers.

Representative results [208,209] for CoMRhN with N þM ¼ 7 atoms are presented in Fig. 48. One

observes a monotonous decrease of the cohesive energy as we go from the pure Rh7 to pure Co7, in

agreement with the lower cohesive energy of bulk Co compared to bulk Rh. The most stable structures are

in general three dimensional (N� 4) with planar isomers found at nearby energies. All studied Co–Rh

clusters are magnetic with average spin moment per atom m and local spin moments mðiÞ that are often a

factor of 2 larger than those of macroscopic crystals or alloys with similar concentrations. Moreover, one

observes that m and mðiÞ tend to increase with increasing fraction of Co atoms. In some cases, the

replacement of just one Rh atom by Co can lead to a remarkable global spin polarization and

enhancement of the total cluster moment, which goes well beyond the individual contribution of the

replaced atom.

From a local standpoint, one observes that the magnetic moments of Co atoms are not significantly

affected by the Rh concentration even if the latter is increased beyond 50%. The presence of Rh does not

reduce the Co moments, which contrasts with the important reduction of Co moments observed in some

macroscopic Co–Rh alloys. This is probably a consequence of the extremely reduced coordination
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Fig. 48. Left: cohesive energy per atom Ecoh in eV. Right: average magnetic moment of CoMRhN clusters with M þ N ¼ 7 as a

function of Co concentration [208,209].



number in these small clusters. From the point of view of Rh, the presence of Co atoms in the cluster

results in a remarkable increase of the local moments and in a larger stability of magnetism. From these

results one concludes that small Co–Rh clusters are magnetic with average magnetic moments per atom

that are significantly larger than those of bulk alloys of similar concentrations. For a given cluster size, m
increases with increasing xCo. The most stable isomers are usually not the most magnetic ones.

7.4.2. Spin moments, orbital moments and magnetic anisotropy energy of large CoNRhM clusters

Munoz-Navia et al. [212] calculated the spin moments, orbital moments and magnetic anisotropy

energy of large CoMRhN clusters. The specific examples presented in the following are representative of a

much larger of available calculations on binary clusters [212].

In Table 6, results are given for the magnetic moments and MAE of CoNRhM. An fcc-like spherical

cluster with N þM ¼ 43 atoms is considered as a representative example, which is formed by a central

atom and its successive shells of NNs. This corresponds to a Co19 (Rh19) core covered with a Rh24 (Co24)

shell. The relevant directions of the magnetization are d ¼ z which is a principal C4 symmetry axis of the

cluster, d ¼ x which points along a NN bond perpendicular to z, and d ¼ xy which connects the central

atom with one of the vertices in the xy-plane. For each considered cluster, the lowest energy direction or

easy axis is indicated. For the sake of comparison, results also shown for Co19 and Co43. As expected, the

total magnetic moment per atom hMiT=ðN þMÞ decreases with decreasing Co concentration xCo ¼
N=ðN þMÞ (i.e. increasing Rh concentration). For example, hMiT=ðN þMÞ ¼ 1:98mB in Co43

(xCo ¼ 1:0), hMiT=ðN þMÞ ¼ 1:40mB in Rh19Co24 (xCo ¼ 0:56 with a Rh19 core), and hMiT=ðN þ
MÞ ¼ 0:80mB in Co19Rh24 (xCo ¼ 0:44 with a Co19 core). Notice the particularly small value of hMiT in

the case of a Co core, in contrast to the clusters with Rh core which still preserve a significant

magnetization. This is mainly due to two effects: the larger NN bond length in the Rh core, which

enhances the magnetic moments particularly at Rh atoms, and the orbital contribution hLiCo=N ¼
0:47mB of the Co surface atoms. The importance of the induced magnetic moments at the Rh atoms is

more clearly seen by considering, as in [110], the average total magnetic moment per Co atom, which is

given by hMiT=N. In the previous 43-atom examples, one has hMiT=N ¼ 1:98mB for xCo ¼ 1:00 and

hMiT=N ¼ 2:51mB for xCo ¼ 0:56, which indicates that the Rh contribution is significant

[hMiRh=M’ 0:68mB in Rh19Co24]. The fact that hMiT=N increases with decreasing xCo shows that,

upon alloying with Rh, the Co atoms preserve the largest part of the magnetic moments they have in the
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Table 6

Average magnetic moments (in mB) and lowest-energy magnetization direction d (easy axis) of Co–Rh clusters

Cluster hMiT=ðN þMÞ hMiT=N hLiT=ðN þMÞ hLiRh=2hSiRh d

Co19 2.02 2.02 0.33 xy

Co43 1.98 1.98 0.29 x

Co19Rh24 0.80 1.44 0.06 0.07 z

Rh19Co24 1.40 2.51 0.30 0.14 x

Rh19Co60 1.65 2.17 0.26 0.09 z

Rh19Co68 1.76 2.25 0.35 0.08 x

Rh19Co66 1.71 2.20 0.30 0.10 xy

Rh139Co182 1.18 2.08 0.19 0.07 z

For given N and M, CoNRhM refers to an fcc-like cluster with a CoN core covered by M Rh atoms, while in RhMCoN the core is Rh

and the outer shells are Co. d ¼ z is a principal C4 symmetry axis of the cluster, d ¼ x is perpendicular to z and along a nearest-

neighbour bond, and d ¼ xy points from the central atom to one of the vertices in the xy-plane.



pure Co case and that the induced moments at the Rh atoms are significant enough to override an eventual

reduction of the Co contributions. A similar behaviour has been found in spin density functional

calculations on small clusters [209].

Recent experimental results on the NN bond lengths and magnetic moments in Co–Rh clusters

[110,213] and the comparison with available theoretical calculations suggest that these binary clusters

are likely to have a Rh core with Co rich outer layers. In fact, the measurements of NN bond lengths yield

values that are very similar to that of bulk Rh [213]. Moreover, the measured magnetic moments per Co

atom in the size range N þM ¼ 200–400 is hMiexpt
T =N’ 2:38mB for xCo’ 0:5 [110], which are much

larger than the theoretical values obtained for a Co rich core but which are consistent with the calculations

for a Rh-rich core eventually with some degree of mixing at the interface. Furthermore, there is direct

experimental evidence for the existence of an induced moment at the Rh atoms as observed in X-ray

magnetic circular dichroism measurements [214]. This is in qualitative agreement with the orbital-to-

spin ratios obtained in our calculations which amount to hLiRh=2hSiRh ¼ 0:07–0.14 for N þM ¼ 43.

Results on larger clusters in the experimentally relevant size range (N þM’ 300 atoms) confirm these

conclusions [212].

The effects of structure and shape have been investigated by considering spherical-like and octahedral

fcc clusters having N þM ¼ 79, 85 and 87 atoms (see Table 6 and Fig. 49). In these cases, the

dependence of the magnetic moments on Co concentration is qualitatively similar to what has been

already discussed for smaller sizes. Comparing the spherical-like clusters, one observes somewhat larger

hSiT and hLiT for N þM ¼ 87 than for N þM ¼ 79. This is mainly due to the larger orbital-moment

contribution of the low-coordinated Co surface atoms which constitute the outermost shell for N þM ¼
87 (see Fig. 49a and b). The same kind of local enhancement of hLidi is also found at the corners of the

octahedral structure. Interesting symmetry effects are observed by comparing the MAE of spherical and

octahedral clusters. In particular, in the latter case, full vectorial calculations as a function of both polar

and azimuthal magnetization angles reveal a rich magneto-anisotropic energy surface with an easy axis

d ¼ xy along the diagonal of the xy square [212].

The environment dependence of the local moments provides further insight on the magnetic behaviour

and on the proximity effects resulting from alloying and interface mixing [212]. Fig. 50 shows results for

hLjzi, 2hSjzi, and hMjzi ¼ 2hSjzi þ hLjzi. hLdiðjÞ in an fcc spherical-like cluster which is formed by a Rh79

core surrounded by surface Co shells including some degree of mixing at the Co–Rh interface. One observes

that both hLjzi and 2hSjzi generally increases with j, showing some oscillations as we move from the center

to the surface of the cluster. Notice that the magnetic moments at the Rh atoms at the center of the cluster are
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Fig. 49. Illustration of representative geometries considered in the calculations on CoNRhM: (a) spherical-like fcc with

N þM ¼ 79; (b) spherical-like fcc with N þM ¼ 87; (c) octahedral fcc with N þM ¼ 85.



antiparallel to the majority spins. This tendency to an antiferromagnetic-like order is characteristic of

systems showing weak magnetism. A similar behaviour is observed in pure RhM clusters across the size-

dependent transition from a ferromagnetic to a paramagnetic state which occurs for M! 50 [96]. On the

other side, particularly large positive values of hLjzi and 2hSjzi are found are the interface Rh atoms (e.g.

j ¼ 8 and j ¼ 11). As a result the average Rh contribution to hMiT is positive. For these sizes it amounts to

about 20% of the total cluster moment and is thus responsible for the experimentally observed enhancement

of the average moment per Co atom [hMiRh=M’ 0:25mB for N þM ¼ 321]. These calculations show the

dominant role of the Co–Rh interfaces and of the resulting proximity effects.

Alloy clusters open interesting possibilities of tailoring the magnetic behaviour as a function of size

and relative concentrations. As already discussed, the magnetic moment per Co atom increases for given

size when Co atoms are replaced by Rh. However, except for the very small sizes (M � 50) where RhM is

magnetic on its own, one observes that hMiT=N in CoNRhM starts to decreases if xCo ¼ N=ðN þMÞ is

reduced beyond a certain threshold. In this Rh-rich limit, the Co content in the cluster is not large enough

to stabilize a significant net magnetization of the Rh atoms and ferromagnetic order breaks down. Let us

recall that pure RhM is not magnetic in the experimentally relevant size range of about 300 atoms. In this
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Fig. 50. Local magnetic moments in fcc-like Co139Rh182: orbital contribution hLjzi, spin contribution 2hSjzi and total moment

hMjzi ¼ 2hSjzi þ hLjzi. The cluster is formed by a Rh core surrounded by surface Co shells including some degree of mixing at

the Co–Rh interface. The chemical composition, which is assumed to the the same within the shell, is indicated for each j. The

results refer to the average at each NN shell j ordered by increasing distance to the central atom j ¼ 1. The magnetization

direction is along the easy axis d ¼ z. The lines are a guide to the eye.



case, hMiT=N shows a maximum as a function of xCo. Actually, a similar situation is known to occur in

bulk CoRh alloys. However, recent calculations [212] on alloy clusters reveal an interesting new size-

dependent effect which shifts the maximum in magnetic moment from xCo’ 0:75 in the bulk to xCo’ 0:5
at least for N þM � 500. All magnetic properties are affected by this non-monotonous behaviour. In

particular, the MAE follows in general a similar trend and is thus susceptible of being optimized as a

function of composition, which has an obvious importance for potential technological applications.

To summarize this section, we have shown first results on different types of binary clusters, soft-

magnetic FeCo clusters as well as clusters containing Co as a 3d elements in contact with Pt, Ag, Sm or

Rh in order to enhance the magneto-crystalline anisotropy energy. The chemical composition in the

clusters strongly depend on the operation parameters of the cluster sources even in the case of bulk alloy

target which opens the possibility to vary the composition over a certain range by using specific

parameters of the cluster sources. All of these binary cluster materials show a variety of interesting

properties as a function size, structure and composition, which deserve further systematic experimental

and theoretical studies. The existence of ordered phases and/or core–shell structures play dominant roles

in the magnetic behaviour. The XMCD technique opens the possibility to address the individual chemical

elements in such alloys and to study their magnetic properties (e.g. orbital and spin moments, preferential

axis of magnetization). Remarkable surface and interface effects are also expected for other 3d–4d finite-

size alloys. From the theoretical point of view Co–Pd clusters appear to be very promising, particularly

concerning magnetic anisotropy, since the Co–Pd interfaces have already revealed remarkable effect in

the context of bulk alloys, thin films, and deposited clusters.

8. Self-organized Fe and Co clusters on Au(1 1 1)

The magnetic properties of self organized clusters on the Au(1 1 1) surface, from isolated islands to the

2D limit, will be revised in this section and experimental results will be presented. The goal is to develop a

good understanding of self-organized magnetic structures in terms of their basic parameters such as cluster

size and density. We will discuss the magnetic properties of nanostructures, from non-interacting well

separated islands, to interconnected ones forming stripes, to almost continuous films of two-dimensional

character. Ultimately, magnetism will be viewed as the result of interacting building blocks (spin blocks); a

particularly fruitful approach in the case of self-organized cobalt dots. In the following, we will analyze

several examples on how ferromagnetism sets in as a function of coverage. We will limit ourselves to well-

defined and characterized structures from both magnetic and topographic point of views.

8.1. Assembly of perpendicularly magnetized clusters on a regular network

As mentioned earlier, Co grows in well ordered clusters of bilayer height on the surface zigzag

reconstruction of Au(1 1 1) (see Fig. 11). One expects the formation of separate and magnetically non-

interacting clusters in the early stage of growth. Then, they expand laterally as a function of coverage,

until they come close to contact at about 1.0 ML (since the clusters are bilayers, this means that the gold

surface is half-covered by Co). For coverages below 1.0 ML, the assumption of non, or weakly

interacting clusters holds. Assemblies of small ferromagnetic clusters often show an average zero

magnetization because of thermal fluctuations. The clusters behave superparamagnetic like independent

giant magnetic moments, fluctuating on a very short time scale. The fluctuations can be blocked only at
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very low temperatures and saturated in high fields. In situ Kerr effect measurements on as-grown clusters

are difficult since the saturation fields needed to evidence the superparamagnetic state are high.

Therefore, the samples have to be covered by a protective film to be measured ex situ in high fields

by Kerr effect or SQUID. A hysteresis curve, characteristic of a superparamagnetic state, is then obtained

(Fig. 51) [178,215,216]. The saturation fields are in the order of 1 T or 10 kOe, respectively. Since the

magnetization of superparamagnetic clusters is described by a Langevin function of argument NmB=kBT ,

the experimental curve allows one, in principle, to determine the size of the clusters. Often it is assume

that the clusters are all of the same size. This is actually the case for the self-organized Co clusters

nucleated on the herringbone reconstruction. However, the magnetization curves in [178,215] are

measured on Co clusters deposited on thick gold films grown on mica substrates. The Au surface of such

samples has much more defects than the one of a well prepared Au(1 1 1) single crystalline surface. On

the Au/mica substrates, regions with the usual herringbone reconstruction coexist with linearly

reconstructed ones, where the Co atoms nucleate randomly and form clusters, four to five times larger

than those nucleated on the herringbone [178]. Although they represent only 20–30% of the total number

of clusters, they contribute to the main part of the magnetic signal due to the fact that the clusters are

much larger. Modifications in the electronic structure are expected in small cobalt clusters on Au(1 1 1).

In particular, an enhanced orbital magnetic moment has been evidenced by X-ray magnetic circular

dichroism. The enhanced orbital contribution leads to a slightly larger anisotropy in the small clusters [5].

8.2. The effect of cluster coalescence: Fe/Au(1 1 1)

Strain and edge effects upon coalescence of islands have been studied at self-organized Fe clusters on

Au(1 1 1). The STM study presented in Fig. 52 shows that the coalescence of clusters into stripes occurs

at 0.3 ML [217]. On the verge of coalescence, unusual magnetic properties have been measured by X-ray

magnetic circular dichroism [183]. As shown in the right part of Fig. 52, a quenching of the orbital

magnetic moment is first observed, as the dimensionality of the system increases. Simultaneously, the

spin moment (given per valence hole nh) is found to increase from 0.44mB/nh up to 0.71mB/nh (using

nh = 3.39, these values are identical to 1.5mB per atom up to 2.4mB per atom, respectively). This

behaviour is due to the fact that upon coalescence, the clusters change from a contracted lattice parameter

with respect to the Au substrate, to the new pseudomorphic lattice parameter of the gold. During
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Fig. 51. SQUID magnetization curves recorded a 290 K for 0.4 ML Co on Au(1 1 1). The data points are fitted by a sum of two

Langevin functions corresponding to two populations of clusters with different sizes (given in values of giant moments mi
c). The

fit gives the proportion of the two populations, Ni
c [178].



coalescence, the nearest-neighbour distance increases by 0.04 Å. Furthermore, the XMCD measure-

ments also show that the magnetization of iron clusters is in the plane of the surface while it goes out-of-

plane upon coalescence. There is an on-going calculation in order to get a deeper insight into the spin

reorientation transition of ultrathin films of Fe on Au(1 1 1) as a function of coverage. A similar abrupt

onset of ferromagnetic order has been observed on the Fe/W(1 1 0) system at 0.6 ML coverage

corresponding to the percolation of the randomly distributed Fe islands [218].

8.3. Interacting islands; from 1D chains to 2D magnetism

The case of Co clusters on Au(1 1 1) has been analyzed in detail over a wide range of coverages. By

increasing the amount of Co, the bilayer clusters grow laterally and start to interact along 1D arrays in the

direction where they are closest to each others until they finally coalesce for a coverage of 1 ML (Q ¼ 1).

They form more or less continuous bilayer chains, about 8 nm wide and 100 nm long (see left part of

Fig. 55). The chains, which are separated approximately by 15 nm, remain superparamagnetic. If these

chain structures are considered as a unidimensional arrangement of spins with perpendicular anisotropy

(1D Ising model), one does not expect any magnetic long range order. Indeed, the chains behave as large

fluctuating spin blocks, whose sizes are larger than that of individual clusters. In this case, the

magnetization curves are not supposed to fit a Langevin function, since the clusters are interacting

with each other. When the amount of Co is further increased, adjacent chains start to connect through

clusters growing in between the chains, so that finally a quasi continuous 2D film is formed at a coverage

of Q ¼ 2. While the clusters with N ¼ 200 atoms are superparamagnetic as shown by SQUID

magnetometry, with a blocking temperature below 30 K, this blocking temperature increases to about
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Fig. 52. Left part: STM image of the cluster coalescence at 0.32 ML Fe deposited at 300K (image: 130 nm� 33 nm); right part:

XMCD data as a function of Fe coverage. Top: orbital moment ML and bottom: spin moment mS per valence hole nh [183]. The

dotted lines represent the bulk Fe values.



100 K for N! 1200 atoms. The formation of chains for Q� 1 induces an opening of the hysteresis loop

at 300 K on the experimental time scales. However, the saturation field remains relatively high and is

only accessible above Q ¼ 1:5 in the in situ experiment [219]. In order to describe the onset of

ferromagnetism with Co coverage, Monte Carlo simulations were performed on a N � N hexagonal array

of Co clusters of about 75 Å average diameter (2 ML thick) with a giant magnetic moment. The system is

described in a 2D Heisenberg-like model. The Hamiltonian is:

H ¼ g

4

X
dijsieisjej � KV

X
ðsz

i
eiÞ2 � m0MH

X
s
z

i
ei; (27)

where si is the normalized magnetization of the cluster at a site i (M is the saturation magnetization),

ei ¼ 1 or 0 if the site is occupied or not by a cluster, dij ¼ 1 for nearest-neighbour clusters (0 otherwise), V

the individual cluster volume, K the perpendicular anisotropy constant, H the external field (applied in the

z-direction, perpendicular to the surface), g is the wall energy for two opposite magnetizations in two

adjacent clusters. The wall energy can be estimated from a micromagnetic model (g ¼ 2 JK). The dipolar

coupling between chains has been neglected in first approximation. As will be shown in a further work, its

consideration leads to slightly smaller remnant fields. The numerical values used for the simulation are

reported in the caption of Fig. 54. The calculation starts with 1 ML coverage, i.e. arrays of clusters

separated by lines of unoccupied sites. Then, the unoccupied sites are randomly filled with clusters. The

sz-maps (there is nearly no in-plane component) of s are shown for several coverages in the

demagnetized state at ¼ 300 K. Below 1.5 ML (Fig. 54a and b), the up and down domains are small

and confined within the chains; connections to the adjacent row are too scarce to allow a strong magnetic

coupling. At about 1.5 ML, (Fig. 54c) the domain size increases and spread all over the whole surface. At

2 ML (Fig. 54d), the domain structure is very similar to the one observed experimentally by secondary

electron microscopy with polarization analysis [220]. The corresponding simulated magnetization curves

are represented. One observes a drastic decrease of the saturation field from 1 to 1.5 ML. A significant

remnant magnetization appears above 1.2 ML. These simulations are in quantitative agreement with the

experimental results (cf. Fig. 53).
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Fig. 53. Hysteresis loops as a function of coverage Q, taken in the polar configuration of the MOKE. Below a coverage of

Q< 1:5 magnetic fields of 0.1 T are too small to saturate the sample [219].



8.4. In-plane anisotropy induced by low temperature growth

As was discussed previously, the growth of Co on Au(1 1 1) is normally governed by the nucleation on

point dislocations of the zigzag reconstruction. This particular growth mode of bilayer-high islands is

observed down to temperature as low as 150 K. At some point when lowering the substrate temperature,

the mean free path of adatom diffusion becomes small compared to the separation between point

dislocations of the zigzag reconstruction. The new islands density is then given from Eq. (2) by

N!R1=3 exp ð�Ed=3kTÞ, where R is the deposition rate and Ed the diffusion barrier for a cobalt adatom

on the gold surface. A much higher density of islands than the one anticipated from self-assembly is

therefore achieved (see Fig. 55). Growth first proceeds by random nucleation of monolayer thick islands

with lateral sizes of about 5 Å. The small monolayer thick islands then coalesce well before the critical

size for bilayer islands is reached [221]. A quasi layer-by-layer, 2D growth, occurs contrary to the 3D

growth observed at 300 K. As can be foreseen, the properties of films grown at low and high temperatures

will be quite different as will be illustrated now on the example of magnetism. From the magnetic point of

view, the results are quite remarkable. Contrary to the films grown at 300 K, which possess a

perpendicular magnetization, the films obtained at 30 K are magnetized in the plane of the film

(Fig. 56) [84]. The unprotected films (with u � 5 ML) show a reorientation of the easy axis of
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Fig. 54. Demagnetized sz maps of 30� 30 sites for different coverages Q. Unoccupied sites are in white, occupied sites with up

(down) magnetization in grey (black). Hysteresis loops and first magnetization loops are shown. gS=kB ¼ 125 K,

KV=kB ¼ 1000 K, M=kB ¼ 1000 K/T [178].



magnetization from parallel to perpendicular above 260 K. We believe that structural changes occur upon

annealing, modifying the magneto-elastic contribution to the anisotropy. The reorientation can be

avoided by covering the 30 K grown Co films with Au. These results open the way to spin engineering of

cobalt films. For example, it becomes possible to tune the magnetic anisotropy from in-plane to out-of-

plane by carefully choosing the annealing temperature. This last result is particularly important in view of

renewed interest in tilted media for magnetic data storage applications [222]. The exact origin of the in-

plane anisotropy of Co when grown under low temperature conditions is not completely clear yet. It

seems that low-temperature deposited Co on Au(1 1 1) has a smaller magneto-crystalline anisotropy

than Co grown under normal conditions and therefore the shape anisotropy can force the magnetization

in-plane. It should be mentioned that an in-plane anisotropy is actually predicted by first principle

calculations for an uncovered, pseudomorphic Co monolayer on Au(1 1 1) [223]. However, the same

calculation also predicts a reorientation of the easy axis for a gold capping of 1 ML. This last result

disagrees with the experimental results since the gold coverage definitely stabilizes the in-plane

magnetization.
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Fig. 56. Kerr signal in the polar and longitudinal configuration for films of 1.7 ML of Co deposited at 300 K, (a and b);

deposited at 30 K, (c and d) [84].

Fig. 55. Comparison between 1.3 ML of Co grown on Au(1 1 1) at 300 K (left image with 150 nm � 150 nm) and 1.0 ML of

Co grown on Au(1 1 1) at 30 K (right image 100 nm� 100 nm). In the right image compact stacking of monolayer clusters with

a diameter of 0.5 nm occurs while growth at 300 K (left part) leads to bilayer clusters of 7 nm each [84].



8.5. Magnetic tuning through temperature induced segregation of binary clusters

In the previous section, it was shown that that co-deposition of metal vapour onto a substrate held at

low temperature provides an alternative approach to the synthesis of cluster assembled films. The

advantage of this technique is that no cluster beam source is necessary. Furthermore, the low temperature

deposition is a powerful way to force originally immiscible systems to form an alloy. In order to measure

the efficiency of this technique, we choose the Co–Au system for its strong tendency to segregate.

Contrary to bulk alloy materials, where diffusion is activated over high barriers the enhanced surface

diffusion in thin films easily allows the tuning of properties over large ranges of parameters.

An intimate mixing of Co and Au clusters, about 20 atoms in size is obtained by co-deposition at 30 K.

Controlled segregation and growth by coalescence of larger Co clusters is then induced by annealing. In

the following we will focus on a Co-concentration of 70% and an equivalent thickness of 3.5 ML. By

increasing the temperature to T ¼ 150 K, a magnetic signal progressively appears in the polar

configuration of the MOKE, the signal needs about 120 min to stabilize in a nice rectangular hysteresis

loop with a coercive field of 60 Oe. The tiny clusters that make up the film start to merge into each others,

thereby stabilizing the ferromagnetic phase. The magnetic behaviour is then dictated not only by the

anisotropy of individual clusters but also by the interaction at various length scales through exchange and

dipolar couplings. Annealing the cluster film to higher temperatures permits a fine tuning of the critical

temperature Tc above which the film undergoes a transition from ferro- to paramagnetism. Tc can be

adjusted from 200 K all the way up to 500 K. The same technique allows the variation of the coercive

field over two orders of magnitude, from a few Oe up to 500 Oe. In order to get a better insight into the

segregation mechanism, in connection with magnetism, a Monte Carlo based simulation of a binary alloy

was performed [224]. We performed Monte Carlo simulations on the phase separation process of a binary

alloy and the corresponding evolution of the magnetic hysteresis. The goal of the simulation is to find the

tendency of the Au–Co solution to out-mix at a given temperature and correlate the alloy structure with

the magnetic properties. In our model for the phase separation we consider a binary alloy AxBy with a

certain concentration of vacancies (cV ¼ 1� x� y) [225] on a two-dimensional triangular lattice.

Repulsive pair interactions between nearest-neighbour AB pairs are assumed. The Hamiltonian of the

alloy is:

H ¼
X
hi;ji
ðCA

i CA
j f

AA þ CA
i CB

j f
AB þ CB

i CB
j f

BBÞ; (28)

where CX
i ¼ 1 ð0Þ if an atom X exists (does not exist) in site �i and fXX0 is the pair potential between

atoms X and X0 that lie in nearest-neighbour sites. The Hamiltonian of the binary alloy with vacancies can

be transformed to an Ising Hamiltonian with spin S ¼ 1:

H ¼ �Ja

X
hi;ji

SiSj þ H0; (29)

where Ja ¼ 1
2 ffAB � 1

2 ðfAA � fBBÞg and H0 is a constant. The three possible values of the spin Si ¼
þ1; 0;�1 correspond to the site �i being occupied by an atom A, a vacancy or an atom B, respectively.

The dynamics associated to this model assumes a vacancy mechanism [226] with different jump rates

(GA;GB) for the atoms A and B.

The magnetic properties of the annealed sample are modeled by a classical Heisenberg Hamiltonian

with nearest-neighbour exchange interactions, long range dipolar interactions and perpendicular
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anisotropy described in Eq. (20) in Section 6.2.1. The evolution of the magnetization curve during

annealing has been calculated, clearly showing a transition from superparamagnetism with no hysteresis,

to ferromagnetism with an almost square loop. Fig. 57 shows the increase of Ms and Hc as a function of

annealing time, in close agreement with the experimental data.

Simulations have been performed on a 50� 50 triangular lattice with periodic boundaries. For the

alloy parameters we have taken fCoCo ¼ �0:0837 eV per atom, fAuAu ¼ �0:0212 eV per atom and

fCoAu ¼ �0:0276 eV per atom as obtained from theoretical calculations [227]. The analysis of the

grown samples gives an approximate vacancy concentration cV! 25% which we have included in our

simulations. The simulation starts from a homogeneous alloy Co70Au30 containing 25% vacant sites.

Each Co site in the simulation cell corresponds to a Co cluster in the as-deposited samples. Snapshots of

the evolution of the domains in a typical sample are shown in Fig. 58, where the growth of the Co domains

with annealing ‘‘time’’ (measured in Monte Carlo steps per spin) is demonstrated. The vacancies tend to
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Fig. 58. Segregation of a Co70Au30 cluster film with 25% vacancies at 150 K as a function of the Monte Carlo steps (s). Dark

correspond to Co atoms, light sites to Au atoms and white sites to vacancies [224].

Fig. 57. Time evolution of the remanence (left) and coercivity (right) of a Co70Au30 film with 25% vacancies annealed at 150 K.

Stars: experimental data; circles: simulation data. The bottom and left axes in each graph correspond to experimental scales,

while top and right axes correspond to simulation scales (mcss: time measured in Monte Carlo steps per spin) [224].



aggregate in the interface between Co-rich and Au-rich regions, thus reducing the average size of the Co

islands. Simulations have also been performed with different jump rates between Co and Au, assumed to

be proportional to their atomic masses (GAu=GCo! 0:5). It has been observed that the net effect was to

slow down slightly the phase separation without introducing any qualitative differences in the final

morphology of the system.

Summarizing, we would like to mention that simultaneous analysis of STM topography and magnetic

properties of organized islands on surfaces has conducted to an improved understanding of the

interrelation between growth and magnetism of films and organized clusters. Specific properties of

magnetic ‘‘films’’ appear more and more as a result of the spontaneous nanostructuring during growth

(interaction between spin block, pinning of magnetic walls on island boundaries, etc.) and not as intrinsic

properties of monolithic, continuous films as previously assumed. The recent development of variable

temperature STM equipment allows the characterization of highly non-equilibrium materials with

unexpected properties. This very fruitful approach also opens up new ways to exploit the atomic diffusion

to tailor to a large extent the density and shapes of nanostructures. Although the feasibility of self-

organization on dislocation networks has been demonstrated, many problems remain to be addressed. A

major challenge in future work will consist in tuning the periodicity of templates for self-organization

purposes since presently only a few combinations of lattice mismatch of hetero-epitaxial systems (see

Ag/Pt or Au(1 1 1)) are used. Ideally it should be possible to adjust continuously the periodicity from one

value to another. Up to now, ordered, well separated structures could be synthesized on a few systems.

The magnetic blocking temperatures thus achieved on Co dots on gold only amount to a few 10 K.

Blocking temperatures in excess of 300 K are reached only when structures start to interact magnetically.

In order to increase the blocking temperature of each dot separately the volume of the dot must be

increased, eventually its aspect ratio must be optimized.

9. Conclusion and outlook

This manuscript gives an overview on fundamental research related to magnetic clusters exposed on

surfaces or embedded intro matrices. We have focussed mainly on metal clusters (pure 3d metals and

binary alloys) deposited from a cluster beam and 3d nanostructures grown on a Au(1 1 1) surface by self-

organization, the main results are summarized at the end of each chapter. The first part describes the

production of nanoparticles in the gas phase using different types of cluster sources, e.g. a gas

aggregation source for small metal cluster (less than 3 nm in diameter), an arc discharge cluster source,

which is able to produce pure and alloy clusters with sizes from about 3 to 15 nm, and a laser

vaporization/gas condensation cluster source, which can produce binary clusters (typically in the size

regime from 2 to 6 nm) with different compositions. After an introduction into cluster magnetism from

the theoretical point of view and experimental methods for characterizing magnetic properties, we have

presented experimental results on exposed clusters on surfaces as well as in matrices for different size

regimes. The investigations on pure cluster were mainly related to the orbital and spin moments using the

technique of X-ray magnetic circular dichroism (XMCD) in photoabsorption. They clearly show that

enhanced orbital moments are present also in deposited clusters over a wide size regime. For Fe and Co

clusters in Ag matrices the magnetic behaviour has been shown between the extreme of isolated clusters

behaving superparamagnetic and a correlated super-spin glass for volume fractions above the percolation

threshold.
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We would like to point out that mass-selected binary alloy clusters are promising candidates for both

future investigations on fundamental research as well as technical application. Binary alloy clusters from

the magnetic 3d materials (Fe, Co, Ni) can be produced in various compositions over a wide size regime.

However, strongly enhanced total magnetic moments can only be observed in the size regime of very

small clusters (less than 2 nm), where cooling of the samples to liquid nitrogen or even liquid helium

temperatures is required in order to stabilize ferromagnetism. Clusters from magnetic pure rare earth

(RE) materials (such as Gd, Tb, etc.), on the other hand, are extremely reactive and very difficult to

handle. Already the production of clean RE clusters under typical pressure conditions in cluster sources

will be a major task. Binary alloy clusters, especially combinations of 3d metals with 4d or 5d materials

(such as Pd, Rh, Pt), offer the possibility to stabilize ferromagnetism in clusters at room temperature as

has been shown for chemically prepared FePt clusters. Moreover, these clusters can, under certain

conditions, be converted into the desired L10 structure. This seems to be a starting point for further

investigations in this field, that has additional degrees of freedom for building new materials such as the

compositions of the cluster and its internal geometric structure. Cluster sources with their chance to form

new materials under highly non-equilibrium conditions could be suitable candidates for this kind of

research. Recent calculations [196] show that it is even possible to turn typically soft-ferromagnetic

materials (such as FeCo alloys) with their high saturation magnetization into hard-magnetic ferromagnets

with magnetic anisotropy constants similar to FePt just by introducing a small distortion.

Acknowledgement

All authors gratefully acknowledge financial support by the European Community in the 5th

Framework programme (AMMARE Contract No. G5RD-CT-2001-00478) for this work.

References

[1] H. Haberland, Clusters of Atoms and Molecules I and II, Springer-Verlag, Berlin, 1995.

[2] U. Kreibig, Optical Properties of Metal Clusters, Springer-Verlag, Berlin, 1995.

[3] K.-H. Meiwes-Broer, Clusters on Surfaces, Springer-Verlag, Berlin, 2000.

[4] H.J. Freund, Surf. Sci. 500 (2002) 271.
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[62] M. Jamet, V. Dupuis, P. Mélinon, G. Guiraud, A. Perez, W. Wernsdorfer, A. Traverse, B. Baguenard, Phys. Rev. B 62

(2000) 493.

[63] P. Jensen, Rev. Mod. Phys. B 71 (1999) 1695.

[64] Q. Hou, M. Hou, L. Bardotti, B. Prevel, P. Mélinon, A. Perez, Phys. Rev. B 62 (2000) 2825.
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Glossary

ACIS: arc cluster ion source

AFM: atomic force microscopy

BESSY: Berliner Elektronen Speicherring Gesellschaft für Synchrotronstrahlung

CSSG: correlated super-spin glass

EDX: energy dispersive X-ray spectroscopy

EF: Fermi energy
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EXAFS: extended X-ray absorption fine structure

FC/ZFC: field cooled/zero field cooled

FIB: focused ion beam

Hc: coercive field

HOPG: highly oriented pyrolitic graphite

HRTEM: high-resolution transmission electron microscopy

ISS: ion scattering spectroscopy

LDOS: local density of states

LECBD: low-energy cluster beam deposition

LEED: low-energy electron diffraction

MAE: magnetic anisotropy energy

MC: Monte Carlo

MLDAD: magnetic linear dichroism in the angular distribution of photoelectrons

MOKE: magneto-optical Kerr effect

Mr: remanent magnetization

Ms: saturation magnetization

NN: nearest-neighbour

RA: random anisotropy

RE: rare earth

RHEED: reflection high-energy electron diffraction

RBS: Rutherford backscattering

SO: spin–orbit (interaction)

SQUID: superconducting quantum interference device

STM: scanning tunneling microscopy

TB: tight binding

TEM: transmission electron microscopy

TEY: total electron yield

TM: transition metals

TOF: time-of-flight spectroscopy

UHV: ultrahigh vacuum

VSM: vibrating sample magnetometry

XAS: X-ray absorption spectroscopy

XMCD: X-ray magnetic circular dichroism in photoabsorption

XPS: X-ray photoelectron spectroscopy

XUV: extreme ultraviolet
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