
Abstract. Data on the structures and properties of nanoclustersData on the structures and properties of nanoclusters
and nanocluster systems are analysed. A classification of nano-and nanocluster systems are analysed. A classification of nano-
clusters and nanosystems based on the method of their prepara-clusters and nanosystems based on the method of their prepara-
tion is proposed. Methods for assembling nanoclusters to givetion is proposed. Methods for assembling nanoclusters to give
nanostructures, the main principles of assembling and the types ofnanostructures, the main principles of assembling and the types of
nanosystems are described. The appearance of new propertiesnanosystems are described. The appearance of new properties
upon combination of nanoclusters into a nanosystem is noted.upon combination of nanoclusters into a nanosystem is noted.
The bibliography includes 274 references.The bibliography includes 274 references.

I. Introduction

The properties of a material are known to change significantly on
passing from macrostructures to the microstructures the size of
which lies in the nanometer range. Thus the crystal lattice
parameters, the heat capacity, the melting point and the electrical
conductivity of nanoclusters in the condensed state differ from
those of the corresponding macrocrystals. In addition, they
acquire new optical, magnetic, and electronic characteristics;
their reactivity and catalytic properties also change.1 ± 10 The
properties of nanostructures are determined by not only the
cluster size but also the mode of their organisation or self-
organisation into a nanocluster structure in which the clusters
act as separate atoms. Nanostructures, in turn, can form supra-
molecular structures.

The ways of assembly of nanoclusters into nanostructures
depend not only on the properties of separate nanoclusters and
intercluster interactions but also on the methods used to prepare
nanoclusters. Thus, several main trends can be distinguished in
research on nanoclusters and cluster nanosystems

Ð methods for the preparation and classification of nano-
clusters;

Ð properties of isolated nanoclusters;
Ð ways of assembly (self-assembly) of cluster nanosystems;
Ð properties of nanocluster systems.
Great progress in studies of nanoclusters and nanostructures

has been achieved in the last decade. An enormous number of
publications have appeared, devoted both to fundamental
research on nanoclusters and nanostructures and to the ways of

using them in nanotechnologies (design of magnetic recording
devices, nanodiodes, nanowires, and single-electron transfer devi-
ces tuned by changing the size of the nanolaser; production of new
nanomaterials with specific mechanical, thermal, electronic, opti-
cal, and magnetic properties).

In this review, we present data on nanoclusters and nano-
structures obtained both by methods of inorganic, physical, and
solid-state chemistry and by methods of condensed-state physics
and the physics of gases, using diverse calculation procedures and
experimental equipment. We have not intended to give an
exhaustive review on the published data concerning all the
properties of nanoclusters, but considered only those of them
that are of fundamental importance in the formation of cluster
systems. Some of the problems considered in the review related to
the interpretation of experimental facts and, especially, classifica-
tion of clusters and nanoparticles are debatable. In addition, not
all the cluster effects are considered. Nevertheless, we hope that
the information we present would be of interest for researchers
engaged in the chemistry or nanotechnologies and in physics.

II. Synthesis and classification of nanoclusters and
nanocluster structures

As noted above, many properties of nanoclusters and nano-
systems depend on the method used to prepare them. Therefore,
we attempted to classify the clusters in terms of the method of
synthesis.With this empirical approach, the diversity of properties
of clusters and cluster systems can be represented on the basis of
their origin. In terms of the preparation method, clusters can be
classified into six groups: molecular, gas-phase, colloid, solid-
state, matrix and film clusters. Isolated nanoclusters can be
prepared by chemical reactions (molecular clusters), laser vapor-
isation (gas-phase clusters) or by matrix isolation (solid-state and
colloid syntheses). Nanosystems are mainly formed in solid-state
and colloid syntheses.

1. Molecular ligand metal clusters
Molecular metal clusters are multinuclear complex compounds
the molecular structure of which is based on a core (cell) of metal
atoms (their number should be greater than two) bound directly to
one another and surrounded by ligands. The metal7metal
distances in these clusters are usually shorter than those in the
bulk metal.11 The metal core consists of chains of different lengths
and different branching types, rings or polyhedra or combinations
of these structural units. Both homo- and heterometallic clusters
are known.
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Molecular ligand metal clusters are produced from metal
complexes upon various chemical reactions. An enormous num-
ber of publications have been devoted to the synthesis, structure
and properties of molecular metal clusters (see, for example, a
monograph 11 and references therein).

2. Gaseous ligand-free clusters
Ligand-free clusters of metals or metal oxides can be prepared, for
example, by laser vaporisation ofmetals from a substrate followed
by separation according to size (or weight) in a time-of-flight
mass-spectrometer. The clusters formed upon vaporisation are
fixed in traps (or on substrates) and then their electronic, optical,
and other properties are studied.12 The clusters obtained in this
way contain from several dozens to several hundreds of atoms.
The synthesis of big nanoclusters (5100 nm) is performed by
heating and vaporisation of metals in a radio-frequency electro-
magnetic field in vacuo or under an inert gas followed by
deposition of clusters onto a substrate or a filter.13 The use of a
substrate is necessary because nanoparticles are highly reactive
and stick together upon collisions, while the substrate stabilises
them.

Yet another method for the preparation of gas-phase metal
clusters is vaporisation of metals in an inert gas followed by the
formation of metal clusters in a low-temperature matrix (cryo-
chemical method).14

Gas-phase methods of synthesis are also used for the prepa-
ration of carbon clusters (in particular, fullerenes). Thus C60

fullerene was prepared for the first time by laser vaporisation of
graphite in 1985.15 Fullerenes with the compositions C36 , C70 ,
C82 , C84 , C90 and C96 have also been synthesised.16 ± 19

Among other gas-phase ligand-free clusters, van der Waals
clusters of noble gases and water should be mentioned.

The evaporation ± condensation technique allows the prepa-
ration of the purest metal particles; therefore, nowadays, this
method is still finding application. However, when using this
method, it is difficult to control the size of the resulting metal
clusters. The clusters obtained in this way are characterised by
broad size distributions.

3. Colloid clusters and nanosystems
Colloid solutions containing metal nanoclusters and their com-
pounds have long been known; however, in connection with the
task of preparing assembled nanostructures, it became necessary
to synthesise monodisperse colloid systems with a controlled
cluster size. Monodisperse colloid systems are usually synthesised
using sol ± gel technology,20 which includes preparation of a sol
and its transformation into a gel. Sols are prepared using
dispersion and condensation (physical and chemical) methods.
Thus hydrolysis of metal salts or metal alkoxides gives rise to sols
of metal oxides or hydroxides characterised by high excess energy.
Owing to the excess energy, aggregation of sols takes place in these
systems, accompanied by the formation of a gel. This process
affords nanostructures with a size of up to 100 nm.

In recent years, the use of microemulsion systems (direct and
reversemicelles) for the preparation of nanoclusters with a narrow
size distributions of particles has started.{ Many metal clusters
with particle size of 1 to 10 nm have been prepared in this
way.21, 22

4. Solid-state clusters
Solid-state clusters are formed as a result of diverse transforma-
tions of the solid phase: chemical reactions in the solid phase,
crystallisation of an amorphous phase, mechanochemical trans-
formations, etc.23 Many chemical reactions in the solid state for
example, thermal decomposition of metal salts and complexes are

accompanied by the formation of metal or metal oxide nuclei,
which then grow due to sintering. The size of nanoclusters thus
formed varies over a very broad rangeÐ from one to hundreds of
nanometers.

Crystallisation is employed to prepare nanoclusters from
amorphous alloys. The crystallisation conditions are maintained
in such a way as to generate as many crystallisation centres as
possible; the growth of nanoclusters should occur at a low rate.

Solid-state nanoclusters can also be prepared via photochem-
ical reactions, for example, those involving silver halides. These
reactions, too, start with the formation of nuclei, which are then
enlarged giving rise to nanoclusters with sizes ranging from tens to
hundreds of nanometers.7

Apart from chemical reactions in solids, mechanochemical
transformations can also be used to prepare solid-state clusters.
Thus mechanical grinding of a bulk solid permits one to prepare
nanoclusters the size of which does not exceed several nanometers.
Due to the activation of the newly formed surface, new nano-
cluster compounds differing from the initial ones can arise.6, 8

Yet another method for the preparation of solid-state nano-
clusters consists in nanostructurisation of a material on exposure
to pressure with shear.6 By increasing pressure to 5 GPa and shear
to 1000 8C, one can prepare nanoclusters with a grain size reach-
ing several nanometers the properties of which differ sharply from
those of the initial material. Nanoclusters are also produced when
other methods of plastic yield are employed.

5. Matrix clusters
Methods for the preparation of nanoclusters which make use of
various inorganic and organic matrices and matrix isolation
constitute a self-dependent group, although they can include
some features of the gas-phase, solid-state and other methods.
The point is that nanoclusters prepared using matrix methods
differ from those formed, for example, in solid-state chemical
reactions because they are isolated from one another by thematrix
and, therefore, heating of the whole nanosystem does not result in
an increase in the cluster size due to sintering. The originality of
this approach is that it provides the possibility of restricting size
dispersion of the nanoclusters and of changing the intercluster
interactions in a required manner. Thus microencapsulation of
nanoclusters in inert gases at low temperatures is used to prepare
gas-phase metal clusters.

Clusters and cluster systems are often prepared by chemical
reactions in solution followed by precipitation of the resulting
compounds in the pores of a solid. Nanoclusters and nanosystems
can also be prepared by impregnating porous matrices with
solutions and performing chemical reactions in the pore acting
as a micro- or a nanoreactor. This procedure is used, for example,
to prepare metal and metal oxide clusters in zeolites, the cluster
size being determined by the size of zeolite cells (1 ± 2 nm). In this
case, aluminosilicates promote the formation of assembled cluster
structures.

Broad opportunities for the variation of the size and composi-
tion of clusters are provided by using inorganic and organic
sorbents (for example, silica gels and aluminogels, ion exchange
resins and polysorbs).3 In this case, the change in the cluster size
and cluster organisation takes place due to both the change in the
pore size and the variation of the surface hydrophilicity (or hydro-
phobicity), the concentration of initial components, temper-
ature, etc.

6. Nanofilms
When nanoclusters are formed in nanofilms, the mechanism of
nucleation and growth differs from those in the formation of
solid-state clusters because the synthesis is related to the surface
chemistry (the formation of two-dimensional structures). Epi-
taxial nanofilms on an oriented crystalline surface are prepared
using laser vaporisation and molecular beams.17

In recent years, the CVDmethod has started to be widely used
to apply nanocluster nanofilms on the surface.24 According to this

{Procedures for the synthesis of ultradisperse particles based on the sol ±

gel method and microemulsion systems are described in the recent review

by BDSumm,N I IvanovaUsp. Khim. 69 995 (2000). [Russ. Chem. Rev. 69

911 (2000)]
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method, the initial substances are first evaporated and then
transferred through the gas phase and deposited in a required
proportion onto a chosen substrate.

To produce molecular layers with controlled composition and
thickness, the method of molecular layering is used, the essence of
which is to induce surface chemical reactions separated in space
and time.25 ± 27 Nanofilms containing one to ten monolayers have
been prepared in this way.

The technology of synthesis of Langmuir ±Blodgett films,
which has been developed in recent years, makes it possible to
introduce metal ions and metal complexes into the surfactant film
being formed on the surface of water and thus to prepare nano-
clusters. The use of this approach results in the formation of
Langmuir ±Blodgett films with an ordered monolayer of clusters,
which can then be applied onto a solid substrate using a special
technique. This procedure can be repeated thus forming multi-
layer films and superstructures.28

III. Properties of isolated nanoclusters

Clusters occupy an intermediate position between separate mole-
cules and macro-solids. Therefore, the properties of a single
isolated cluster can be compared both with the properties of
separate atoms or molecules and with the properties of a bulk
solid.

The notion `isolated cluster' is rather abstract because it is
virtually impossible to obtain a cluster not interacting with the
environment. In addition, when investigating the properties of
isolated clusters, one should take into account their interaction
with themeasuring instrument, which can change the properties of
the cluster during the measurements. This is especially true for
contact techniques of measurement (for example, tunnelling
microscopy). However, these changes are relatively insignificant
and we shall not consider this type of interaction in this review.
Since molecular metal clusters, van derWaals noble gas and water
clusters, gas-phase metal clusters, and fullerenes are subject only
to weak intercluster interactions, they can conventionally be
considered as isolated clusters.

In this Section, we shall consider the structure, the atomic
dynamics, and the electronic, optical, and magnetic properties of
isolated clusters.

1. Molecular ligand clusters in solutions
Molecular clusters are important objects of coordination, inor-
ganic and structural chemistry. The unusual features of their
structures and properties caused by the presence of a core of
metal atoms have stimulated the development of a separate
branch of science Ð cluster chemistry Ð possessing its own
calculation, synthesis and investigation methods. Since the num-
ber of metal atoms forming the cluster core can vary from a few to
hundreds or even thousands, a specific approach to the choice of
the investigation method for each particular cluster is required.
The methods range from those designed for separate atoms (for
example, atomicmolecular spectroscopy), used in the case of small
clusters, to those developed to study the collective and dynamic
properties, which are used for big clusters.

In this Section we consider specific quantum-size properties of
molecular clusters, which display themselves when the size of the
metal core of the cluster ranges from 1 to 3 nm. The properties of
bigger clusters (3 to 20 nm) are discussed in the Section devoted to
colloid clusters.
The core of a molecular cluster is formed in accordance with the
close-packing pattern of metal atoms, similarly to the bulk
metal.29, 30 The number of metal atoms in a close-packed core
constructed as a regular 12-vertex polyhedron (cubooctahedron,
icosahedron, or anticubooctahedron) can be found from the
formula

N=
1

3
(10n3+15n2+11n+3),

where n is the number of layers around the central atom. Thus, the
smallest close-packed core contains 13 atoms: one central atom
and 12 first-layer atoms. This gives a set of `magic' numbers
N=13, 55, 147, 309, 561, 923, 1415, 2057, 2869, etc. correspond-
ing to themost stable cores of metal clusters. Indeed, the following
clusters are known: 13-atomic (single-layer) clusters
[Au13(diphos)6](NO3)4 (diphos is PPh2CH2CH2PPh2) 31 and
[Rh13(CO)24H3]27 (see Ref. 32) with icosahedral and cuboocta-
hedral cores, respectively, 55-atomic (two-layer) clusters
Au55(PPh3)12Cl6 ,33, 34 Rh55(PPh3)12Cl6 , Pt55(AsBut3)12 ,

35, 36

Ru55(PBu
t
3)12Cl20 (see Ref. 37) with cubooctahedral cores, a

309-atomic (four-layer) cluster Pt309Phen
0
36O30� 10 [Phen0 is the

sodium salt of 4,7-bis(phenylsulfate)-1,10-phenanthroline] with a
cubooctahedral core,38 a 561-atomic (five-layer) cluster
Pd561Phen60(OAc)180 (Phen is phenanthroline) with an icosahedral
core,39, 40 1415-atomic (seven-layer) cluster Pd1415Phen60O*1100

and a 2057-atomic (eight-layer) Pd2057Phen84O*1600 cluster.10 It
should be noted that, in addition to stable clusters, with `magic'
numbers of metal atoms, intermediate clusters with other numbers
of atoms are also inevitably formed.

For the Au55 and Pd561 clusters, electrical conductivity, heat
capacity, and magnetic susceptibility were measured. These char-
acteristics proved to differ substantially from those of the bulk
metal. The electrons of the metal atoms forming the cluster core
are not delocalised, unlike the collectivised electrons in a bulk
metal sample; instead, they form discrete energy levels differing
from molecular orbitals. On passing from the bulk metal to a
cluster and then to a molecule, delocalised s- and d-electrons
forming the conduction band in the bulk metal are replaced by
non-delocalised electrons, which form discrete energy levels in a
cluster, and then by molecular orbitals.

The appearance of discrete electron bands in metal clusters
with a size ranging from 1 to 4 nm should be accompanied by the
appearance of single-electron transitions. An efficient technique
for observing effects of this type is tunnelling microscopy (TM),
which provides voltammetric characteristics when the tip of the
microscope is fixed on a molecular cluster. Upon transition from
the cluster to the tip of the tunnelling microscope, an electron
overcomes a Coulomb barrier the height of which is equal to the
electrostatic energy DE= e2/2C (C is the nanocluster capacity
proportional to its size). For small clusters, the electrostatic
energy of an electron becomes greater than its kinetic energy kT;
therefore, steps corresponding to the single-electron transition
appear on the voltammetric curve U=f(I ). Thus, a decrease in
the cluster size and in the temperature of the single-electron
transition results in violation of the linear dependence U=f(I ),
typical of the bulk metal. A stepwise dependence has been
observed for the Au55(PPh3)12Cl6 molecular cluster with a size of
1.4 nm even at room temperature.41 As the temperature further
decreases to 90K, several Coulomb steps appear on the voltam-
metric curve (Fig. 1 a,b).

Quantum-size effects were observed in the measurements of
the magnetic susceptibility and the heat capacity of the molecular
clusters Pd561Phen60(OAc)180 , Pd561Phen36O200 , Pd1415Phen54.
.O1000 and Pd2057Phen78O1600 (see Ref. 42) at ultralow temper-
atures. Bulk Pd exhibits Pauli paramagnetism, which is provided
by electrons with an energy EF near the Fermi energy; therefore,
its magnetic susceptibility barely depends on the temperature
down to the liquid-helium temperature.

Calculations show that on passing from Pd2057 to Pd561 , i.e.,
as the size of Pd clusters diminishes, the density of states near EF

decreases, resulting in a change in the magnetic susceptibility. The
calculation predicts that upon a decrease in the temperature
(T? 0), the susceptibility should either drop to zero or increase
to infinity for even and odd numbers of electrons, respectively.
Since the study was performed for clusters containing an odd
number of electrons, the magnetic susceptibility was actually
found to increase. The increment is substantial for Pd561 (with a
maximum at T<2K) and slight for Pd1415. In the case of Pd2057 ,
virtually no temperature variation is observed, which is typical of
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bulk Pd, although, as noted above, the values of magnetic
susceptibility found for Pd2057 are much lower than those for
bulk Pd.

Heat capacity measurements for giant Pd molecular clusters
have revealed equally interesting features. Bulk solids are charac-
terised by a linear temperature dependence of electron heat
capacity,C*T. The transition from the bulk solid to nanoclusters
gives rise to quantum-size effects,42 which are manifested as a
deviation of the C=f(T ) plot from linearity following a decrease
in the cluster size. Thus the greatest deviation from the linear
dependence is observed for Pd561 .With a correction for the ligand
dependence (C*T 3), a C*T 2 dependence was obtained for
nanoclusters at ultralow temperatures T<1K. The heat capacity
of a cluster is known to be C= kT/d (d is the mean distance
between energy levels, d=EF/N, where N is the number of
electrons in the cluster). Calculations of the d/k value carried out
for Pd561 , Pd1415 and Pd2057 , and for the colloid Pd cluster with a
size of *15 nm, gave values of 12, 4.5, 3.0 and 0.06K, respec-
tively. Thus, the unusual C*T 2 dependence in the region of
T<1K indicates that quantum-size effects are involved. Note
that the C*T 2 dependence is also typical of amorphous solids
and is attributable to tunnelling effects.43

Quantum-size effects have also been observed in non-metal
and metal oxide and chalcogenide ligand clusters.44 ± 46 The
internal metallic core in the molecular cluster [Mn12(CH3COO)16.
.(H2O)4O12]

. 2CH3COOH . 4H2O (Mn�12) has a tetragonal two-
layer structure: the Mn4+ atoms of the inner cubane structure of
Mn4O4 have total spin S=3/2, and the eight outer Mn3+ atoms
have spin S=2.45 The exchange interactions within the cluster
stabilise the ferromagnetic ground state with a collective spin
S=10 (parallel and antiparallel alignment of the individual spins
of Mn4+ and Mn3+). A single crystal constructed from Mn�12
clusters was placed in an external magnetic field (H=5 T) and its
magnetisation at T=1.55 ± 3.2K was measured.45

The Mn�12 cluster with the spin S=10 forms energy levels in
an external magnetic field. Electronic transitions between these
levels can be either induced by thermal fluctuations or occur via
quantum tunnelling. A thermally activated transition can be due
to superparamagnetism (superparamagnetic relaxation), when the
total magnetic moment of the cluster fluctuates as a whole. In this
case, the magnetisation curves vary smoothly. For a single crystal
constructed from Mn�12 clusters, unusual `stepwise' hysteresis
curves (Fig. 2) resembling single-electron conductivity curves
have been obtained. A magnetisation curve has steps in the case
where the quantum mechanism of tunnelling is involved. This
effect takes place when the magnetic field strength is such that the
energy levels coincide. At these H values, the relaxation by a
tunnelling mechanism from one spin state to another is acceler-
ated compared to the superparamagnetic relaxation. As a con-
sequence, at low temperatures, discontinuous changes in the
magnetisation by Hn+1 ±Hn= DH=0.44 T are observed in the
region of H from 0 to 2.64 T, in accordance with quantisation of
the spin levels in a magnetic field.

Semiconductor molecular clusters also exhibit a number of
remarkable properties. Since semiconductor clusters acquire dis-
crete energy levels in the valence band and in the conduction band,
and the energy gap between them increases (with respect to that in
the bulk sample), the optical transitions between these levels are
characterised by greater energies. The smaller the cluster, the
greater the energy of optical transitions. This is the so-called blue
shift of the radiation frequency observed upon a decrease in the
cluster size. A similar effect has been observed for the
Cd32S17(SC6H5)36(DMF)4 clusters with a semiconductor CdS
nucleus having a size of*1.5 nm.46 The increase in the radiation
frequency is accompanied by an increase in the oscillator strength,
which is now concentrated on several transitions.

A decrease in the cluster size also restricts the wavelength of
carriers in semiconductors. The appearance of discrete levels in the
clusters characterises them as quantum dots with zero dimension-
ality.

Examples of semiconductor clusters with specific optical
properties will be considered in the Section devoted to colloid
clusters.

Thus, the molecular ligand clusters of metals and metal oxides
and chalcogenides possessing quantum-size properties can under-
lie the design of materials with new electronic, magnetic, and
optical properties.

2. Gaseous ligand-free clusters
Ligand-free clusters are devoid of a ligand shell influencing the
properties of the surface atoms of the core; in this respect, they
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differ from molecular clusters. Ligand-free clusters have been
obtained for almost each element of the Periodic System. Several
groups of ligand-free clusters possessing characteristic properties
can be distinguished: alkali metal clusters, carbon clusters, rare
gas clusters and van der Waals clusters.

a. Alkali metal clusters
The properties of alkali metal clusters are well described in terms
of the jellium model or, what is the same, the drop shell model.
According to thismodel, a cluster is considered as two subsystems:
positively charged ions forming the core and delocalised s-elec-
trons, which can form shells similar to the electron shells in atoms.
The electron shell in an atom is occupied by the numbers of
electrons ne=2, 8, 18, 20, 34, 40, etc., which corresponds to the
filling of 1s, 1p, 1d, 2s, 1f, 2p, etc. shells.47, 48 The number of metal
atoms in a cluster that corresponds to the number of electrons in
the filled shells is called the `magic' number. The `electronic magic
numbers' { correspond to the most stable electronic configura-
tions of clusters with filled shells. They were discovered exper-
imentally during measurements of ionisation potentials and
electron affinities.49

Calculations carried out in terms of the jellium model made it
possible to explain the shell structure of the clusters. The classical
expression for the electron work function in the jellium model
(drop model) of the cluster 50

W(R,z)=W?+
�z� 3=8�e2

R
, (1)

[W? is the electron work function for the bulk metal, z is the
charge of the cluster (spherical), and R is the cluster radius]
predicts higher ionisation potentials for clusters compared to
bulk solids. In the case of nanoclusters, a stepwise dependence of
the ionisation potential on the number of atoms is observed (the
steps occur at points corresponding to `magic' numbers). The
stability of charged clusters is determined by the dissociation
energy. Thus the dissociation energies for Na�n and K�n pass
through maxima at n=9 and 21, which corresponds to filled
shells containing 8 and 20 electrons.51, 52

The quantum-size effects manifest themselves in the optical
properties of clusters, which is expressed as the appearance of a
discrete structure and broadening of spectral lines.53 An interest-
ing effect is giant resonance associated with oscillations and
polarisability of the cluster electrons. Similar giant resonance
effects have also been observed for atomic nuclei, inwhich they are
related to the collective motion of protons relative to neutrons.
The optical absorption in a cluster is calculated using the Mie
equation,54 derived for a spherical cluster. According toMie, light
absorption cross-section (s) has a resonance form

s=
ne2

mcGe0

o2

o2 ÿ o2
0 � �oG�2

, (2)

where n is the number of electrons, e and m is the charge and the
mass of an electron, c is the velocity of sound, G is the damping
coefficient for the oscillation of electrons in an electromagnetic
field (line width), e0 is polarisability in vacuum,o is the oscillation
frequency, ando0 � op=

���
3
p

is the resonance oscillation frequency
constituting a part of the plasmon frequency (op) of electron
oscillations in the bulk metal (op= e2/4pe0V,V=4/3pr 3s , rs is the
Wigner ± Seitz radius).

Calculation of the cluster polarisability in terms of the jellium
model predicts that the cluster polarisability a=(ne2/me0)o2

0

should be greater than that of a bulk sample, which is actually
observed for Na and K clusters with n4 40.55 Ellipsoidal clusters
have two resonance frequencies, longitudinal and transverse ones;
this makes it possible to estimate the cluster shape. Figure 3 shows

the resonance dependences of absorption cross-sections on the
radiation energy for the ellipsoidal Na�11 and spherical Na�9
clusters.56 The two resonance peaks on the curve for the ellipsoidal
Na�11 cluster imply that the oscillation frequencies along (low
energies) and across (high energies) the cluster axis are different.

A shell electronic structure was also found for noble metal
clusters. Although the valence bands in Cu and Ag clusters are
almost twice as wide as those in alkali metal clusters, their
electronic structures are similar. Due to stronger bonding of Ag
atoms, the shell effects aremore pronounced in theAg cluster. The
shell structure of Agÿn clusters (n=3 to 21) was studied by
photoelectron spectroscopy.57 The greatest Ag7Ag energy was
found for the Agÿ17 cluster, which corresponds to a filled 18-
electron shell. Quantum-mechanical calculations carried out in
the same study demonstrated the legitimacy of using the shell
model for virtually any Agÿn cluster, except for Agÿ7 and Agÿ9 ,
which might be due to the shape of these anions.

b. Transition metal clusters
In this Section, the attention is focused on the stability and
reactivity of transition metal clusters and their magnetic proper-
ties. It has been noted previously that the stability and reactivity of
clusters are due to two series of `magic' numbers, one of them
being related to the geometric factor (close packing), as in ligand
metal clusters, and the other being related to the electronic shell
structure, as in alkali metal clusters. The properties of most
ligand-free clusters of transition metals are determined by both
electronic and geometric factors. In addition, for ligand-free
transition metal clusters, the ability of metal atoms to exist in
different oxidation states becomes especially significant; there-
fore, the properties of these clusters cannot be characterised by the
simple shell model, as were the properties of alkali metal clusters.
Exceptions are provided by Cu, Ag and Au atoms in which the d
shell is filled and compressed, so that only s electrons are involved in
binding.

One of the important characteristics of metal nanoclusters is
ionisation energy. According to the dropmodel, it should increase
with a decrease in the cluster size according to the 1/R law.
However, the ionisation energy of Fen , Con and Nbn clusters
calculated using this model proved to be markedly lower than the
value obtained in experiments. In addition, for small clusters with
n<25, the ionisation energy was shown to vary irregularly with
size: the ionisation energies for clusters with even numbers of
atoms are greater than those for odd numbers of atoms. The
deviation from the drop model points to a difference between the
electron d bands formed during the variation of n (even or
odd).58, 59

Let us follow the variation of the properties of a cluster
depending on its size and structure taking niobium clusters as

{ Of course, the `electronic magic numbers' do not coincide with the Kini

`magic' numbers 29 (see above).

0

2

4

6

8

s /�A2

1 2 3 Erad /eV

Figure 3. Giant resonance for ellipsoidal Na�11 clusters.56 The lower-

energy peak corresponds to vibrations along the ellipsoid axis and the

higher-energy peak corresponds to perpendicular vibrations. The dashed

line corresponds to spherical Na�9 clusters.

Nanoclusters and nanocluster systems. Assembling, interactions and properties 181



examples. The reactivity of Nbn clusters was studied in the
reactions with N2 and D2 .60 Among niobium clusters with
n<21, Nb8 , Nb10 and Nb16 were the most stable, which corre-
lates with minima of the ionisation potential. It was found that
some Nb clusters can exist as several geometric isomers differing
in reactivity.61 The geometric structure influences most substan-
tially the reactivity of Nbn clusters with n=3±35.62 However, the
reactivity of Nbn clusters with n=2±20 is still governed by the
electronic structure. Thus the photoelectron spectra of Nbÿn
clusters (n=6±17) with even numbers of electrons differ from
the spectra ofNbÿn clusters with odd numbers of electrons,63 which
is related to the occupation of the electron shells. The highest
transition energies were found for Nb8 , Nb10 and Nb16.

A number of ligand-free copper sulfide clusters [CunSm]7with
n=6±45 and m=4±23 have been prepared by laser vapor-
isation.64 Different reactivities of [Cu10S6]7 and [Cu6S4]

7 were
noted. The former cluster is inert in gas-phase reactions with RSH
(R=H, Pr, Ph), while the latter reacts with them to give addition
products.64

The stability of the clusters was also estimated from their trend
to decompose, undergo fission or store energy. The Coulomb
fission (induced by repulsion of two charged clusters) and vapor-
isation of the Sb�n and Sb2�n clusters (54 n4 80) have been
studied.65 The results were interpreted using two models Ð the
dropmodel taking into account vaporisation of fragments and the
Coulomb model. Decomposition of a cluster depended on its
charge. For Sb�n clusters with 54 n4 8, decomposition with
vaporisation of neutral dimers was observed, while for Sb�n
clusters with n5 8, decomposition with vaporisation of Sb4
took place. The fragmentation of Sb2�n clusters followed a differ-
ent route: for Sb2�n with 264 n4 36, asymmetric fission with
evolution of Sb�5 and Sb�7 occurred, whereas for Sb2�n with n>40,
the fission was more symmetric (Sb2�n ? Sb�nÿp � Sb�p ), the masses
of the fragments differing by less than 30%. The rate of fission of
Sb2�n clusters with n<36 depends on the type of decomposition
and varies according to the 1/n pattern, which is in line with the
drop model. For larger clusters with n>40, the decrease in the
fission rate no longer obeys the 1/n law, indicating a deviation
from the drop model. In this case, fission occurs simultaneously
with vaporisation of Sb4 fragments.

The variation of the magnetic moment of a substance on
passing from an atom to a solid has been followed in relation to
gas-phase ligand-free clusters of transition and rare earth metals.
The magnetic moment of an isolated transition metal atom differs
from the value found for a bulk sample. This is due to the facts that
the bulk metal has a d conduction band and that the d electrons in
delocalised states undergo exchange interactions known as itiner-
ant exchange interactions. Thus the magnetic moment of an iron
atom in mono- and binuclear iron compounds amounts to 6 mB ,
while the magnetic moment of an iron atom in a bulk ferromagnet
is 2.2 mB . The magnetic moments of metal atoms and the magnetic
properties of a cluster depend on the number of metal atoms in the
cluster and vary over a broad range. This may be due to the
possible rearrangement of the crystal lattice consisting of clusters,
which does not coincide with the crystal lattice of the bulk sample.
The determination of magnetic properties during cluster forma-
tion can occur in accordance with either the geometric close-
packing model, as in the case of molecular ligand clusters with the
`magic' numbers 13, 55, 147, 304, 561, etc., or the structure of the
electron shell, as in the case of alkali metal clusters.

For Fe, Co and Ni clusters, the magnetic moments of the
metal atoms in the core were found to increase with respect to the
values for the same atoms in the bulk sample.66, 67 Thus the Fe
magnetic moment increased to 3.2mB ; this was accompanied by
fluctuations of the magnetic moment depending on the number of
metal atoms in the cluster (Fig. 4 a), which may be due to the
geometric filling of close-packed layers. The value m=2.2 mB ,
typical of Fe atoms in a bulk sample, is attained when the number
of atoms (n) in the cluster has increased to 500. For Ni atoms, the
lowest magnetic moments were found in the Ni13 and Ni55

clusters, which corresponds to the `magic' numbers of close
packing.68 However, when measuring the magnetic properties,
the electronic properties of the cluster and the itinerantmagnetism
should be taken into account. A decrease in the cluster size not
only increases the magnetic moments of the atoms forming it but
also gives rise to a magnetic moment of the cluster as a whole,
which was observed for clusters of non-magnetic Rh (Fig. 4 b).69

c. Carbon clusters
Carbon atoms readily form clusters. They are usually prepared by
laser vaporisation of a graphite target. Their mass distribution is
normally studied using mass spectrometry. The mass spectrum of
these species has a bimodal divergence. Among small carbon
clusters with n<24, clusters with odd `magic' numbers (3, 7, 11,
19, 23) of carbon atoms were the most stable, while among big
clusters (fullerenes), the most stable species are those with even
numbers of carbon atoms.

Small carbon clusters display enhanced stabilities when n=7,
11, 15, 19 and 23, which is related to `magic' numbers correspond-
ing to close packing of atoms.70, 71 The fragmentation of carbon
clusters is accompanied by detachment of C3 and C5 fragments,
pointing to high stability of these fragments. The reasons for the
formation of stable carbon clusters include easy sp-hybridisation
of carbon atoms and high strength of p-bonds.

Quantum-mechanical calculations for the molecular orbitals
in carbon clusters indicate that clusters with n4 10 tend to have a
linear structure. As the number of carbon atoms increases, the
linear structure is replaced by a ring structure.72 Thus both chain
and ring species were found for the C�7 clusters.70 However, the
ring structure is subject to additional strain, which increases the
total energy of the cluster; therefore, it is more favourable for big
clusters. For C20, a three-dimensional structure also becomes
possible. Clusters with mixed structures were also detected.
Small positively charged carbon clusters react with various
diatomic molecules in the gas phase,70, 73 and also with small
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hydrocarbon molecules such as C2H2 (C�n +C2H2?Cn+2H2)74

and HCN (C�n +HCN?HCnCN+).75

The first representatives of big carbon clusters, C60 and C70

fullerenes, were discovered in 1985 based on the mass spectra;15 as
soon as 1990, the method of fullerene preparation by vaporisation
of graphite electrodes in an electric arc was developed.16 This
technique was used to prepare diverse fullerenes, which triggered
extensive studies on their physical and chemical properties.

The best studied fullerene is C60 , shaped like a truncated
icosahedron in which the pentagonal cells are coupled with
hexagonal ones. This fullerene is the most symmetrical among all
the fullerenes prepared. The unique feature of C60 is that it is the
only structure in which all the carbon atoms in the five- and six-
membered rings are equivalent (i.e., the strain is uniformly
distributed). In addition, in this fullerene, the five-membered
rings are all separated from one another.

How does the so well-organised and symmetrical molecule
arise? Calculations using simple kinetic models 76 describing the
nucleation and growth of carbon clusters from the carbon atoms
produced upon laser-induced vaporisation of graphite electrodes
showed that the formation of a linear chain is energetically the
most favourable. These chains interact with one another in a
plasma giving rise to aggregates of 20 ± 30 carbon atoms. During
aggregation, aromatic rings or graphene layers are formed as a
result of fluctuations. If the density of carbon atoms is rather high,
the rings become twisted to give carbon black particles. There
exists, however, a large probability that the opposite edges of the
rings would meet; this yields fullerene.

The symmetrical closed structure of C60 and C70 fullerenes
produces an impression that they should have low reactivity.
However, a tremendous number of fullerene compounds are
known. Various atoms and molecules can be attached to the
carbon atoms of the fullerene cage (exohedral fullerenes); foreign
atoms and molecules can be introduced inside the fullerene cage
(endohedral fullerenes); the carbon atoms in the cage can be
replaced by other atoms (substitution fullerenes).

The following substitution fullerenes are known: C59B,
C69B,77 C59N and (C59N)2 .78 The cage can also incorporate silicon
and niobium atoms.79 ± 82 Fullerenes containing transition metal
atoms C59M and C69M (M=Fe, Co, Ni, Rh, Ir) have been
synthesised.83 This was done by mixing metal and fullerene
vapours. The formation of C59M and C69M fullerenes was
detected in the mass spectra after photoionisation of the clusters.
Substitution fullerenes have also been obtained by photoionisa-
tion of the exohedral fullerenes C60Mx and C70Mx (x=0±30)
with metal atoms on the surface of the cluster. It was found that,
after crossing the photoionisation threshold, the metal atoms
passed from the cluster surface (exohedral position) into the
fullerene cage (substitution fullerenes).

Among exohedral fullerenes, fluorinated fullerenes, C60F60,
are the most interesting.84 These clusters and materials based on
them are suggested to act as `molecular ball bearings' and super-
lubricants. The C60Mx and C70Mx fullerenes with exohedrally
attached alkali metal atoms have found extensive use. Of consid-
erable interest are not only the structure and reactivity of these
compounds but also the high-temperature superconductivity
arising in them. Thus C60 fullerenes with a Cs/Rb component
(Tc=33K) and with a Rb/Tl component (Tc=43K) have been
prepared.85 It is expected that fullerenes with an I2 component
would have Tc=70K.

The first endohedral fullerene La@C60 has been synthesised
simultaneously with the discovery of fullerenes themselves.86

Endohedral fullerenes can be prepared either during the fullerene
synthesis by vaporisation of graphite electrodes containing a
particular metal or by introducing atoms of inert gases inside the
fullerene cage at high pressures and temperatures.87, 88 The size of
the fullerene inner cavity increases with an increase in the number
of carbon atoms; a larger fullerene cavity can accommodate
several metal atoms. For example, evidence for the insertion of
the La3 cluster inside Cn fullerenes with n5 88 has been

obtained.89 Study of the photofragmentation of fullerenes con-
taining K and Cs atoms showed that the minimum Cn clusters
whose cavity can accommodate K and Cs atoms are C44 and C48,
respectively.88, 90

d. Van der Waals clusters of inert gases and other small molecules
The properties of clusters formed by atoms of inert gases are
dictated by weak van derWaals interactions. The stability of these
clusters, like that of molecular ligand metal clusters, is associated
with the `magic' numbers characterising the geometric close
packing. Clusters of inert gases with n=3 are shaped like
triangles, those with n=4 are tetrahedra, the clusters with n=7
are pentagonal pyramids, and starting with n=13, the icosahe-
dral geometry appears. The next icosahedra are formed for
n=55, 147, 309, 561, etc., that is, for n values equal to the
`magic' numbers. For clusters with n>800, a face-centered cubic
packing becomes favourable.91, 92

For rare gas clusters, effects related to photoabsorption,
fluorescence, photoionisation and photofragmentation thresh-
olds, as well as to the formation and relaxation of excitons have
been studied. Fluorescence was excited by synchroton radiation.

The exciton transitions in krypton clusters have been studied.
Various Krn clusters, atomic Kr, and a bulk sample were used
(Fig. 5).93 TheKr atomic spectrum (Fig. 5 a) contains two narrow
bands caused by the 4p6? 4p55s transition (spin ± orbit splitting).
The spectra of Krn clusters (Fig. 5 b ± e) exhibit lines correspond-
ing to exciton transitions. Excitation of an electron in the Kr atom
gives rise to a positive charge (hole). The electron and the hole
form a series of hydrogen-like states, which are manifested in the
fluorescence spectra as broadening, displacement, and additional
lines.

Apart from the differences between the spectra of atoms,
clusters, and bulk materials, differences between the spectra of
atoms located on the surface and inside the cluster are also
observed. For example, the spectra of XemArn clusters (n=
1000) were found to contain lines corresponding to the Xe atoms
located on the surface and inside the Arn clusters and also
incorporated in the cage made of Ar atoms.94

In charged rare gas clusters, the charge is not delocalised over
the whole cluster, as, for example, inNa�n , but is located on a small
structural fragment (dimer, trimer, or tetramer), the rest of the
cluster remaining neutral, as, for example, in (Ar�x )Arn7x

(x=3, 4).95

Van der Waals clusters formed by H2O, CO2 , SF6 and C6H6

molecules able to form weak van der Waals polarisation contacts
and hydrogen bonds are also known. For example, for the (CO2)n ,
(SF6)n and (C6H6)n clusters, the van der Waals bonding energy is
lower than 0.1 eV; for (HF)n , (H2O)n and (CH3OH)3, this value is
lower than 0.3 eV.96 Clusters with relatively small numbers of
molecules, n<5, can have ring structures. Small clusters with
5< n4 20 are non-symmetrical because side chains are attached
to the ring structure, the whole cluster looking like a fragment of
an amorphous or liquid structure. This trend is retained until the
cluster size reaches n=20. Then switching to ordered structures
typical of big clusters takes place. The structures of molecular
clusters are characterised by fast dynamic transitions between
various conformations. The changes in thewidths and positions of
bands in the IR spectra of these clusters attest to the change in the
number of molecules forming the clusters.97

Of special interest are water clusters that constitute liquid
water and ice. They also participate in the formation of clouds and
rains. The progress in laser spectroscopy and molecular dynamics
made it possible to determine a number of properties of water
clusters caused by their dynamic structure. Data on the geometric
structure and hydrogen bond tunnelling in water tri-, tetra-,
penta- and hexamers have been obtained.98 Calculations 99, 100

predict a planar structure for the tri-, tetra- and pentamers and a
three-dimensional structure for the heptamers and larger clusters
of water. The optimal configuration is characterised by the
maximum number of hydrogen bonds and the minimum geo-
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metric strain. IR-spectroscopic data confirm these assumptions.98

Frequencies equal to 206, 304 and 658 cm71 corresponding to the
barriers to the rearrangement of the hydrogen bond configura-
tions were found for three-, tetra- and pentamers, respectively.
Water clusters are also formed upon hydration of gas-phase and
colloid clusters, in particular, upon the hydration of macro-
molecules and proteins.

3. Colloid clusters
Colloid clusters are formed in solutions upon chemical reactions;
their sizes range from 1 to 100 nm. They can exist in the liquid
phase for long periods without being precipitated or coagulated,
owing to weak intercluster interactions, charge repulsion and
surface passivation. In terms of their behaviour towards the liquid
medium, colloid clusters can be divided into two groups: lyophilic
(hydrophilic) and lyophobic (hydrophobic) clusters.

Lyophilic clusters can sorb molecules from the environment
and form strong solvation complexes with them. Clusters of this
type are surrounded by a liquid shell, which is partially retained
upon coagulation of separate clusters or on passing into a gel
nanosystem. The most typical representatives of hydrophilic
clusters are those formed by silicon and iron oxides and other
metal oxides.

Lyophobic clusters do not adsorb solvent molecules on their
surface. However, the surface can be modified by ions from
solution, thus acquiring a positive or a negative charge. The
giant Pd clusters the structure and the properties of which were
considered in Section III.1 can be classified as colloid clusters in
terms of the preparation method and the size (1.4 ± 2.0 nm).

Normally, colloid clusters of metals are passivated with
various ligands to prevent sticking together. Compounds suitable
as these ligands are, for example, thiols, triphenylphosphine and
its derivatives, phenanthroline.101 Colloid clusters of semiconduc-
tors such as CdS, CdSe, CdTe, SnO2 , TiO2 , Fe2O3 , MoS2 , HgS,
InAs, GaP, GaAs, BiI3, etc have been prepared.7, 101, 102

The weak intercluster interaction in solutions of colloid
clusters does not preclude investigation of their individual proper-
ties. Among the optical properties peculiar to colloid clusters, the
shift of the absorption frequency and the change in the oscillator
strength following the change in the cluster size are the most
impressive. As the size of the nanocluster decreases, the bands
corresponding to the electronic excitation shift to higher energies
and the oscillator strength is concentrated on several transitions.
These effects are due to the replacement of the band spectrum
corresponding to transitions between the conduction and valence
bands in the bulk sample by the line spectrum of a cluster. It has
also been reported that a decrease in the cluster size results in
shorter lifetimes of excited states.

An expression for the calculation of the transition energy as
E& 1/R 2 (R is the cluster radius) can be deduced from the
quantum-size dependence DpDx5 h (p is the momentum, x is
the coordinate) with the assumption that Dx=R. For semi-
conductors, the absorption and emission of energy are related to
the formation and decomposition of the exciton (hydrogen-like
bound state of a conduction electron and a hole); hence, the energy
of exciton excitation is written in the form

En=
h2n2

3R2m�ef
,

where n is an integer, R is the cluster radius, m�ef is the effective
mass of the exciton. Figure 6 shows the variation of the coefficient
of light absorption by CdS colloid clusters with sizes from 6.4 to
48 nm vs. wavelength.102 It can be seen that an increase in the
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cluster size entails a displacement of the absorption peak toward
shorter wavelengths (`blue shift'). Similar shifts have also been
observed for CdSe clusters.103

In the luminescence of nanoclusters caused by charge gener-
ation on exposure to light, a shift to shorter wavelengths following
a decrease in the cluster size also takes place. Luminescence was
observed for the ZnO, ZnS, CdS and CdSe clusters.104 ± 110 The
change in the wavelength in the light absorption and emission
spectra following a change in the cluster size can be employed in
the design of frequency-tuned lasers on the basis of InAs and
CdS.111, 112

The accumulation of the oscillator strength in several narrow
bands or an increase in the oscillator strength normalised to the
volume with a decrease in the cluster size should also be classified
as quantum-size effects. This is caused by the increase in the
overlap integral of the electron and hole wave functions. The
oscillator strength corresponds to the radiation lifetime of the
excited state at low temperature, while the oscillator strength
normalised to the volume corresponds to the light absorption
coefficient. For bulk semiconductors, the width of the exciton
band is 0.15 ± 0.3 eV; however, in clusters, the width of transitions
decreases to 0.1 ± 0.5 meV as a result of quantum restriction,
which leads to the accumulation of the integral oscillator strength
and to substantial growth of the exciton absorption of nano-
clusters.103, 113

For clusters, the radiation lifetime of fluorescence was found
to decrease with a decrease in the cluster size.114 For instance, the
lifetime of a Eu2+ tracer in clusters of alkali metal halides and
chalcogenides 115, 116 and in ZnS 117 was found to decrease by
almost five orders of magnitude with respect to the lifetime of
Eu2+ in the bulk material. However, in another study,118 no
decrease in the lifetime was observed for Eu2+ in a 4-nm ZnS
cluster. Thus, the data for the Eu2+ tracer lifetime in ZnS clusters
are contradictory. This interesting phenomenon requires further
studies and collection of experimental data both for the elucida-
tion of the quantitative relationships between the cluster size and
the optical characteristics and for the production of new optical
materials.

IV. Cluster nanosystems and nanostructures

In this Section, we discuss the principles and approaches to the
formation of nanosystems from clusters, from separate clusters
and matrices, and from a bulk material. The properties of nano-
structures to be considered include the intracluster, atomic, and
intercluster dynamics, structural and mechanical properties, elec-
trical conductivity, and optical and magnetic properties.

1. The formation of nanostructures. Assembly and self-
assembly
Assembly and self-assembly of nanoclusters to nanostructures is
an important problem the solution of which would contribute to
the design of a new generation ofmaterials with unique properties.
The properties of materials can be changed in two ways: by
changing the size of nanoclusters and by changing the intercluster
interactions. The assembly of a nanostructure from nanoclusters
follows the same laws as the formation of crystals from atoms;
however, clusters differ substantially from atoms because they
have a real surface and real cluster boundaries.} Therefore, the
formation of nanosystems from nanoclusters is accompanied by
generation of numerous defects and stresses, resulting in funda-
mental changes in the properties of the nanosystem.

Nanostructures and nanosystems can be formed from clusters
of any type. However, before proceeding to consideration of the
processes of formation of nanosystems from solid-state and
matrix clusters, it is necessary to consider the primary cluster

nucleation processes because the properties and structure of these
clusters depend markedly on their interaction with the matrices.

a. Nanosystems based on solid-state clusters
Let us consider the formation of nanosystems from solid-state
nanoclusters using thermal decomposition of iron salts as an
example. Decomposition of iron salts at a temperature above
some critical (or threshold) value starts with the formation of a
mobile active reaction medium in which nucleation of iron oxide
nanoclusters occurs.119 The process of cluster formation can be
compared with seed formation in a confined space in a solution or
in a melt (a cage or a pore). In this case, the role of this confine-
ment can be played by diffusion restriction, which prevents the
perturbation of the concentration of the mother medium caused
by the change in the cluster size from migrating over the
nucleation time (tn) by a distance longer than L& (Dtn)1/2 (D is
the diffusion coefficient). It is this distance that determines the size
of the cage surrounding the cluster beyond which components of
the mother medium cannot migrate. For a system of non-
contacting clusters, the dependence of the Gibbs energy (DGf) on
the cluster radius (R) for one cluster is described by the formula }

DGf=4pR2a7
4

3
pR3rDm, (3)

where a is the density of the surface energy of the cluster
(a=const), r is the substance density in the cluster (the number
of atoms in 1 m3),Dm is the change in the chemical potential of the
system caused by the transfer of a single iron atom from the
medium to the cluster. If the cluster and the surrounding medium
contain N atoms of any type of which n0 are iron atoms (n iron
atoms being contained in the cluster), then for N 44 n0> n

Dm=Dm0+ ln
n0 ÿ n

N
. (4)

Here Dm 0 is the change in the standard chemical potential upon
the transfer of one iron atom from the medium to the cluster
structure expressed in kT units. At the initial stage, clusters do not
contact one another. Since the volume of this cluster is Vf=
(4/3)pR3 and the surface area is Sf=4pR2, relation (3) can be
written in the form

DGf= aSf7
�
Dm0+ ln

n0 ÿ n

N

�
rVf . (5)

The function DGf passes through a maximum at R=Rcr (Rcr

is the critical radius of seeds in the nucleation) and through a
minimum atR=Rmax (Rmax is the cluster radius corresponding to
a stable equilibrium state of the system) (Fig. 7).

}The same boundaries appear on grinding of a bulk sample, for example,

using mills or by plastic deformation.

} It should be noted that the thermodynamic approach is used in relation

to ensembles of atoms or clusters which contain a large number of

particles. However, this approach also proved effective (as will be shown

below) for a limited number of particles.
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Expression (5) characterises the stages of nucleation and the
growth of a cluster in the system of weakly interacting non-
contacting clusters. Upon further growth of clusters, they come
into contact and the boundaries between them vanish (sintering).
The onset of cluster sintering corresponds to a discrete transition
from isolated clusters first, to weakly interacting and then, to
strongly interacting clusters. If half of the distance Rt between the
cluster centres at the stage of sintering is equal to Rt= const, the
surface area (Ss) and the volume (Vs) of the cluster which has
formed contacts with k neighbours can be calculated fairly
accurately using the expressions

Ss=4pR2+ k2pR(Rt7R), (6)

Vs=
4

3
pR3+ k

1

3
p(72R3+3R2Rt7R3

t ).

Correspondingly, the change in the Gibbs energy at the stage of
sintering, i.e., when R>Rt , is

DGs= aSs7
�
Dm0+ ln

n0 ÿ n

N

�
rVs . (7)

Thus, the profile of the variation of free energy of the system
per one cluster over the whole range ofR is determined by relation
(5) for R<Rt and by relation (7) for R>Rt. As an example,
Fig. 7 presents the DG(R/Rcr) plot for Rt=1.75Rcr . The curve
given in the Figure has three minima separated by two maxima.
The first minimum at the point R=0 corresponds to the initial
state of the mother medium; the second minimum at R=Rmax

matches the first stable state, namely, the equilibrium state of the
cluster having formed but not contacting (this is possible when
Rmax<Rt ); the third minimum matches a system of sintering
clusters each of them having k contacts. Correspondingly, the first
maximum at R=Rcr corresponds to the potential barrier to
nucleation, while the second one corresponds to the potential
barrier to sintering. Figure 8 shows the shape of the potential
barrier to sintering for k=6 and for different Rt . In a system
densely populated by clusters, at Rt4 1.7Rcr, sintering occurs
without a barrier; in a system less densely populated by clusters, at
Rt=1.75Rcr, the transfer to sintering requires overcoming a
potential barrier, and in an even less densely populated system,
at Rt=1.8Rcr, sintering does not occur at all because in this case,
this process is associated with an increase in the free energy.

The differential thermal analysis (DTA) and differential
thermal gravimetry (DTG) curves recorded during thermal
decomposition of iron oxalate Fe2(C2O4)3 . 5H2O in air exhibit
twominima atTd=200 and 260 8C.120 The firstminimum in both
curves corresponds to dehydration of the iron complex with its
partial decomposition giving rise to CO and CO2 . When
Td>200 8C, amobile medium starts to form, in which nucleation

and growth of iron oxide clusters takes place. The second mini-
mum is apparently due to further removal of CO and CO2 and the
onset of sintering of iron oxide clusters. The cluster size can be
estimated from the specific surface area (BET) or using data of
X-ray diffraction analysis, atomic force microscopy (AFM) and
MoÈ ssbauer spectroscopy. The AFM images of iron oxide-based
cluster systems formed at Td=265 8C are shown in Fig. 9 a,b.
The contacting clusters which undergo sintering can be readily
seen in Fig. 9 a .

Figure 10 shows how the thermodynamic model of nucleation
and cluster growth and sintering (the upper section of the Figure)
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ing iron oxide clusters obtained by an atomic-force microscope with a

resolution of 500 (a) and 150 nm (b); and surface relief (c) along the

dashed line drawn in the upper left section of Fig. 9 b. The line is 14 nm

long; the maximum relief depth is 6.4 nm.

a
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interprets the experimental data on iron oxalate thermolysis (the
low section of the Figure). The subcritical range of cluster sizes
(R<Rcr) corresponds to the stage of fluctuation nucleation of
clusters; in this range, the function DG(R) increases (Fig. 10 a). In
the region of R>Rcr, the enlargement of clusters is accompanied
by a decrease in the free energy; it proceeds spontaneously and
ends in the formation of a stable cluster with the size
Rmax=5 ± 6 nm and a nanosystem formed by weakly interacting
clusters (Fig. 10 b). When the distance between the centres of
neighbouring clusters (2Rt) approaches the value 2R, sintering
starts (Fig. 10 c). In the region of Rmax<R<Rt, the function
DG(R) increases, which forms a potential barrier to the sintering
with a maximum at R=Rt . With further increase in R (R>Rt),
sintering occurs spontaneously and is accompanied by a decrease
in the Gibbs energy. The second potential well in the DG(R) curve
corresponds to a system of strongly interacting clusters
(Fig. 10 d). When R>(Rt)max , the potential well disappears and
further sintering becomes impossible because it would be accom-
panied by an increase in the Gibbs energy (DG>0). Since the
Rmax and Rt values are dictated by experimental conditions, the
outcome of the topochemical reaction depends on the reactor
temperature, duration of sintering and the previous history of the
sample.

Thus, the formation of a nanosystem includes two main
stages: first, a nanosystem of weakly interacting clusters is formed
(this stage starts with nucleation and ends in cluster sintering) and
subsequently it is converted into a nanosystem of strongly
interacting clusters (this stage starts with cluster sintering). Figure
9 a corresponds to a nanosystem formed by strongly interacting
clusters { with sizes of 20 ± 50 nm. The appearance of strong
intercluster interaction and the sintering bring about substantial
interfacial stresses. These stresses (p) are generated by the `neck'
formed due to the surface tension (the regionwhere the clusters are
contacting):121 p=2a/x (a is the surface tension, x is the radius of
the neck formed upon cluster sintering). Assuming that
a=1 Nm71 for iron oxide 122 and x& 1 nm, we obtain
p& 109 ± 1010 Pa.

Excessive pressure also develops due to the presence of defects
and dislocations at the interface; for *10-nm clusters, it reaches
109 Pa.6, 123 ± 125 The stress and pressure developing in a system of

strongly interacting nanoclusters are important factors determin-
ing the formation and properties of the nanostructure.

A system of strongly interacting solid-state clusters can also
arise upon mechanical treatment of bulk samples. Thus plastic
deformation of Ni and Cu bulk samples gave nanosystems of Ni
and Cu clusters with an average size of 100 and 50 nm, respec-
tively.126 ± 128 Titanium nanoclusters with sizes of up to
30 ± 40 nm 129 have been prepared by imposing pressure with
shear on the titanium carbide TiC0.62 .

Crystallisation of multicomponent alloys is of considerable
interest. Thus crystallisaton of amorphous Fe7Cu7Nb7Si7B
alloys at 700 ± 900K affords a cluster system consisting of an
amorphous matrix with 10-nm a-Fe clusters and *1-nm Cu
clusters uniformly distributed in the matrix.130, 131 Crystallisation
conditions can be altered by preliminary treatment of the alloy. In
this case, a-Fe clusters with sizes of up to 5 nm were
obtained.130, 131 Crystallisation of rapidly solidifying amorphous
alloys Al7Cr7Ce7M (M=Fe, Co, Ni, Cu) with Al concen-
trations of more than 90% yields icosahedral Al nanoclusters,
which occur in an amorphous matrix.

b. Nanoclusters prepared using matrices
In this Section, we shall find out how a matrix influences the
properties of nanoclusters formed in it. The formation of nano-
cluster seeds from a supercooled liquid or a supersaturated
solution in an infinite space has been extensively studied and
discussed, in particular, from the thermodynamic stand-
point.132 ± 134

The Gibbs energy for this process is calculated using an
equation 132 ± 134 similar to equation (3) introduced for solid-
phase reactions

DG=4paR27
4

3
pR3rDm. (8)

For a solution with the finite concentration c= n0/N (n0 is the
number of atoms of a dissolved substance, e.g., iron, N is the
number of solvent atoms), the Dm value is found from the relation

Dm=Dm0+ ln
n0
N

=Dm0 . (9)

Thermodynamic estimation of the influence of a pore on the
features of the formation of a nanocluster in it has been
reported.135 For a closed pore in which a cluster of n atoms is
formed,

Dm=Dm0+ ln
n0 ÿ n

N
, (10)

where Dm0= ml7ms is the difference between the chemical poten-
tials of the liquid and solid standard states. Thus, theGibbs energy
for cluster formation in a closed pore can be written as

DG=
4

3
prR3

�
3a
rR
ÿ
�
Dm0 � ln

n0
n0 ÿ n

��
. (11)

The pattern of the DG(n) dependences describing the forma-
tion of a cluster in an infinite space and in a closed pore is shown in
Fig. 11. The curves describing the change in the Gibbs energy
upon the formation of nanoclusters in an infinite space have a
maximum at the points nmin corresponding to the critical volume
of formation of a stable cluster seed (Fig. 11, curves 1, 2). For a
supersaturated solution (Fig. 11, curve 1) or a supercooled melt,
the nmin value is found from Eqn (8). As the initial concentration
n0/Ndecreases, the nmin value shifts to greater n [(nmin)2 in curve 2].

The formation of a cluster in a closed pore is illustrated by
curves 3 and 4 (Fig. 11). The limited concentration of the solute
inside the pore entails the existence of a limiting volume of the
cluster nmax ; after this volume has been reached, cluster growth
becomes energetically unfavourable and ceases. One more impor-
tant factor influencing cluster formation and growth in a pore is
pore heterogeneity. Heterogeneity of a pore changes the condi-

a b c d

Rcr Rmax Rt (Rt)max R

DG

Figure 10. Scheme of cluster formation, growth and sintering;

(a) formation of seeds, (b) maximum size (5 ± 6 nm) of a stable cluster in a

weakly interacting system of clusters, (c) onset of sintering; (d) formation

of a system of strongly interacting clusters. The arrowsmatch steps a ± d to

the curve for the change in the Gibbs energy obtained upon thermal

decomposition of iron oxalate.

{The change in the type of intercluster interaction changes many proper-

ties of the nanosystem; this will be discussed in the Section dealing with the

properties of nanostructures.
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tions of cluster formation and decreases the energy barrier to the
formation of a stable seed of a cluster having the critical
volume.135

Now we shall consider the variation of DGmax as a function of
cluster size (n). In the region of n55 n0 ,

nmin=
32a3

3r2Dm30
. (12)

It follows from Eqn (11) that an increase in the concentration
n0/N decreases the cluster critical volume (size). The height of the
energy barrier to the formation of a stable cluster equals

DGmax=
16pa3

3r2Dm20
. (13)

However, in the region of nmin55 n< n0

nmax= n0
Dm0

2� Dm0
. (14)

Thus, the maximum size of the clusters (nmax) in a pore is
always smaller than n0 and, for a constant concentration, it
increases with an increase in the pore size. When estimating nmax,
one should take into account the influence of pore heterogeneity
and the fact that the probability of formation of several clusters in
one pore increases with an increase in the pore size from 10 to
100 nm and further; naturally, this results in smaller nmax (in large
pores, nmax 55 n0).

As noted above, pore heterogeneity decreases the energy
barrier to cluster formation. The Gibbs energy of both the
formation (DG d

max) and decomposition (DG r
max) of clusters can

be considered. With allowance for the heterogeneity factor K
(K<1), which depends on the contact angle between the cluster
and the pore surface,

DG d
max�

16pa3K
3r2Dm20

. (15)

The pore also influences theDG r
max value, viz., decreases it. As

a consequence, with a decrease in nmax (especially for pores of
*10 nm), DG r

max <DG d
max .

The surface and the volume of a pore influence as well the rate
of cluster formation, which increases due to a decrease in the
energy barrier and the heterogeneity factor.134, 135

The nucleation and the formation of iron hydroxide clusters in
organic sorbentsÐ styrene and divinylbenzene copolymers (poly-
sorbs) with a specific surface area of up to 1000 m2 g71 and a pore
size of 7 to 50 ± 100 nm have been investigated.135, 136 The pore
surface in polysorbs bears no functional groups; therefore, the
influence of chemisorption on cluster formation can be neglected.
Polysorbs were impregnated with ferric chloride solutions with
different concentrations and purged with air containing an
ammonia admixture (0.008%±0.08%). As a result the irreversible
chemical reaction

FeCl3+H2O+NH3 Fe(OH)3+NH4Cl+NH4OH,

resulting in the formation of iron hydroxide took place in the
polysorb pore. This changed the pH of the medium and induced
the growth of insoluble iron clusters in the pore.

Changes in the intensity (e) of spectral lines in the MoÈ ssbauer
spectra of iron hydroxide clusters were used to investigate the
influence of various parameters (pore size, concentration of
ammonia in air, concentration of FeCl3 . 6H2O) on the size of
the resulting clusters. Figure 12 shows the dependence of e on the
size (d ) of the pore in polysorb at different ammonia concen-
trations in air.135 It was found that a decrease in the pore size
results in a corresponding decrease in the cluster size [e.g.,
according to Eqn (14)] and, hence, in a decrease in the intensity
of spectral lines. For large pores, a decrease in ewith an increase in
the iron chloride concentration was also observed, which can be
due to the formation of several smaller clusters within one pore. A
substantial increase in the rate of cluster formation with respect to
that in a macro-volume was noted, which is consistent with the
heterogeneity factor and Eqn (15).

Yet another active matrix widely used to prepare nanoclusters
is porous active carbon. The deposition of metal salts, for
example, iron oxalate Fe2(C2O4)3 . 5H2O, on an active carbon
substrate followed by annealing and reduction under a hydrogen
atmosphere gives rise to a mixed heterogeneous system of Fe3O4 ,
g-Fe2O3 and metallic iron clusters on a carbon substrate. Depend-
ing on the duration of the reduction with hydrogen, the size of
oxide clusters ranges from 7 to 12 nm, and the size of iron (a-Fe)
clusters is 3 ± 7 nm.137 It is noteworthy that a nanosystem of these
clusters possesses a self-forming property: the reduction by hydro-
gen is accompanied by hydrogenation (carbon burning) accom-
panied by an increase in the pore size. The size and composition of
nanoclusters are also markedly affected by the nature of the
carbon surface.138, 139

DG
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DG d
max

DG r
max

(nmin)4

(nmin)1

(nmax)4 (nmin)2 ,

(nmin)3
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4

n

Figure 11. Funcion DG=f(n) characterising the growth of a cluster with

an increase in n;

(1) in a supersaturated solution having a macrovolume, (2) in a solution

with finite concentration c, (3) in a pore; (4) in a pore with allowance for

the heterogeneity factor K.
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Figure 12. Line intensity in theMoÈ ssbauer spectrum of iron oxide clusters

formed in the polysorb pores vs. pore diameter (T=300K) at an

ammonia concentration in air of 0.08% (1) and 0.008% (2).
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c. Colloid nanosystems
Nanostructures prepared from colloidal solutions and sols by
sol ± gel technology can be used in conductive systems, optics and
catalysts. Systems consisting of zirconium, titanium or aluminium
alkoxides [Zr(OPri)4 , Ti(OBui)4 , Al(OPri)3] and iron or cobalt
complexes are fairly promising.140 Based on them, supported
catalysts represented by nanocluster systems have been prepared,
for example, FeO/ZrO2 , FeO/TiO2 , FeO/Al2O3. The cluster size
was varied by changing the concentrations of components and the
heating temperatures. However, clusters prepared by sol ± gel
technology are unsuitable for the design of assembled nano-
structures because of the large scatter in the nanocluster size. It
is more promising to assemble nanostructures from clusters
prepared using direct and reverse micelles.21, 22, 141, 142 These
clusters are distinguished by narrow size distributions.

Since reverse microemulsions are characterised by high mobi-
lity and great interfacial surface area, they can act as a universal
medium for numerous chemical syntheses including those giving
rise to metal, metal sulfide and other clusters. In a microemulsion,
drops constantly collide due to the Brownianmotion, coalesce and
again split, which results in the continuous exchange of their
contents.

ThusAg2S clusters are prepared usingmixtures of two types of
reverse micelles, the aqueous phases of which contain Na2S and
Ag-surfactant, respectively. Upon collision, these micelles
coalesce, which is accompanied by the exchange of the contents
of the aqueous media. This exchange yields solid Ag2S particles.
The size of a new-phase particle is limited by the size of the drop.
The size of Ag2S clusters was found to increase from 3.0 to 5.8 nm
with an increase in the size of water drops.21 In this case, themodel
of nucleation in a pore considered in Section IV.1.b is also valid.
To release the nanoclusters from the micelle, the micelle is
destroyed by thiols, the resulting nanoclusters are dissolved in an
appropriate solvent, the solution is filtered, and the solvent is
evaporated. This procedure permits preparation of nanoclusters
with a size of up to 10 nm passivated by thiols (e.g., dodecane-

thiol). Two- and three-dimensional nanostructures are formed
from these clusters on various substrates.

Characteristic features of the formation of nanostructures
from Ag2S clusters have been described.141, 142 The researchers
observed the self-assembly of clusters to give ordered two- and
three-dimensional structures. Organised nanostructures have also
been obtained from metallic Ag, Co, Au and semiconductor
nanoclusters.143 ± 147 Alkanethiols, alkylphosphines and dithiols
were used as nanocluster surface passivators.

Figure 13 presents two photomicrographs of the Ag2S nano-
structure prepared from passivated nanoclusters with a size of
5.8 nm. The photomicrograph shown in Fig. 13 b clearly demon-
strates that the nanoclusters are strictly assembled to give a
nanostructure rather than arranged randomly. Like conventional
crystals, this structure can contain dislocations and defects (they
are marked by arrows in photomicrograph 13 a obtained with a
smaller magnification).

Two-dimensional nanostructures (2D structures) are closely
packed monolayers, while 3D structures have a face-centred cubic
(FCC) lattice.

The procedure for the preparation of monodisperse nano-
clusters using microemulsion systems makes it possible to vary the
size of the initial nanoclusters, a sort of `atoms'. Figure 14
presents three photomicrographs of the nanostructures prepared
from Ag2S nanoclusters with a size of 3.0 (a, b), 4.0 (c, d ) and
5.8 nm (e, f ). Despite the difference in the shape of the aggregated
nanostructures (Fig. 14 a,c,e), the type of organisation is the same

10.4 nm

b

Figure 13. Photomicrographs of Ag2S nanocluster structures with a

resolution of 35.8 (a) and 10.4 nm (b). The white arrow marks a defect in

the nanostructure `crystallinity'.21

35.8 nm

a

a

62 nm

b

11 nm

c

62 nm

d

11 nm

e

108 nm

f

11 nm

Figure 14. Photomicrographs of nanocluster structures formed from

Ag2S clusters with different sizes: 3.0 (a, b), 4.0 (c, d ) and 5.8 nm (e, f ).21
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and corresponds to the body-centred cubic (BCC) lattice
(Fig. 14 b,d, f ).

In this case, assembly and self-assembly of nanoclusters to
give a BCC crystal lattice is induced, apparently, by van derWaals
forces acting between separate nanoclusters having a nearly
spherical shape.

d. Assembling of fullerenes, fullerides, fullerene-like structures and
nanotubes
Fullerenes are fairly convenient structural materials for the
formation of nanostructures because they are perfectly monodis-
perse and spherical. The organisation and self-organisation of
colloid and gas-phase fullerenes to nanostructures (fullerides) is
induced by heating, pressing, etc. In aqueous solutions, the star
hexaanion derivatives C60[(CH2)4SO3]

ÿ
6 form spherical aggregates

comprising four molecules.148 The shape, the size and the struc-
ture of aggregates were studied by small-angle neutron and X-ray
scattering. An unusual stability of these aggregates was noted:
their volume and shape do not depend on the fullerene concen-
tration or on the inter-aggregate interaction.

Larger aggregates were formed from colloid solutions of C60

fullerene in benzonitrile at C60 concentrations of more than
100 mmol litre71 (at lower C60 concentrations, only separate
fullerene molecules are present in the solution).149 In this case,
the average size of the aggregate reached *250 nm. These
aggregates, existing as dynamic systems,{ were detected using
picosecond photolysis. No aggregates of this type are formed in
benzene or decalin up to concentrations of 500 mmol litre71.
Apparently, the formation of aggregates is influenced by solvent
polarity and the symmetry of the molecules being joined. Indeed,
the non-symmetrical C70 molecule does not form aggregates either
in polar benzonitrile or in nonpolar benzene or decalin.

The preparation and study of the nanocrystals of fullerene
fluorides C60Fx , C60F36 and C60F48 present considerable inter-
est.84, 150, 151 It was found that at room temperature, the crystals of
C60F36 have a BCC lattice, while those of C60F48 crystallise with a
body-centred tetragonal lattice. The data of high-temperature
(T=353K) X-ray diffraction in situ point to a phase transition in
a C60F48 nanocrystal: the body-centred tetragonal lattice is trans-
formed into a face-centred cubic lattice.

The parameters governing the formation of fullerene nano-
structures (crystals) are the pressure and the temperature. Thus
crystallisation of C60 fullerene at 1.56 GPa and 423K affords a
crystal lattice the structural elements of which are dumb-bell-
shaped C607C60 dimers.152 (This reaction is similar to the
mechanochemical reaction of C60 with KCN.153) An increase in
the temperature induces decomposition of the dimers to give an
orthorhombic polymeric structure of C60 molecules, which is
converted into a polymeric tetragonal structure at T& 723K.

Carbon nanotubes (NT) are also used for the formation of
nanostructures. A nanotube is a graphene sheet rolled into a
hollow cylinder. The chirality and the diameter of this tube can be
characterised by the vector c � na�mb, (a, b are the unit vectors
of the hexagonal cell andm and n are integers). Depending on the
mode of rolling, nanotubes can be either achiral zigzag-like (two
sides of each hexagon are parallel to the NT axis, m=0), or
armchair-like (two sides of each hexagon are normal to the NT
axis, n=m), or chiral helix-like (each pair of the hexagon sides is
arranged at an angle other than 0 or 90 8 to theNT axis). The form
of the nanotubes influences substantially the properties of nano-
structures (metallic or semiconducting). By varying and combin-
ing two types of nanotubes, for example, zigzag and armchair
nanotubes, one can create single-electron devices with different
conductivities, for example, diodes.154 The size (length) of nano-
tubes also influences the properties of nanostructures formed
from them. Depending on the nanotube size, the properties of

nanosystems vary from semiconductor properties with a real
forbidden gap (quantum dots, 0D) to metallic properties for a
unidimensional system (quantum wire, 1D). According to quan-
tum-mechanical calculations, transition from (0D) to (1D) struc-
tures takes place if the nanotube becomes more than 10-nm long.

e. Nanofilms
Nanofilms are two-dimensional structures. There exist numerous
expedients for film deposition or growth on metallic, oxide,
chalcogenide and other substrates. The method used most widely
to prepare organised films is deposition of atoms or molecules
from the gas phase onto the surface of a single crystal and design
of epitaxial or polycrystalline atomic or molecular layers from
them.

Considerable progress has been attained in the synthesis of
films from fullerenes on substrates of various materials including
metals,155, 156 semiconductors,157 ± 159 layered materials,160, 161

insulators,162 etc. However, the question of what factor dictates
the type of the structure being formed (face-centred, hexagonal or
close-packed) still remains open. It can only be concluded that
weak interaction of the fullerene molecules with the substrate
favours the formation of an ordered layer of C60 molecules,
whereas strong chemisorption of C60 on the substrate surface
gives rise to a disorganised, disordered structure. The structure of
a thin film of fullerene molecules formed on the graphite surface
has been studied.163 It was shown by computer simulation that the
C60 film supported on graphite has a hexagonal structure.

The films deposited on a substrate can also have a nonuni-
form, islet structure. The formation of films of gas-phase clusters
on a substrate depends on the time, temperature and deposition
velocity. The final state of the film is determined by the average
size and density of the cluster islets: the larger the islets, the smaller
the density.

The rate of atom diffusion is known to be low at low temper-
atures; therefore, relatively small clusters with high density are
formed. The same considerations are valid for the formation of
films from clusters. The formation of nanostructures from anti-
mony clusters on the amorphous surface of carbon has been
studied as a function of the number of Sb atoms in the cluster
(n=4±2200).164 (The antimony clusters were prepared by con-
densation of antimony vapour in a helium cell cooled with liquid
nitrogen.) The dependence of the average size (N ) of the cluster
islet structure on the average size (n) of the primary antimony
cluster passes through a minimum at n=350� 50. This was
interpreted as being due to the fact that the size distribution of
the islet structure becomes narrower as the cluster size approaches
the optimum value (n=350� 50). As the size of the primary
antimony cluster increases, the rate of its diffusion over the
substrate surface decreases; hence, the probability of coalescence
of the primary clusters to an islet nanostructure also decreases.
Each large primary cluster (from n>400 to n=2200&N ) is
adsorbed on the surface and retained unchanged for some
densities of the primary beam. From small clusters with n<350,
it is possible to form islet structures with large N (>3000), owing
to higher diffusion rates.

An effective method for the formation of nanofilms from
clusters is deposition from plasma as well as chemical and physical
vapour deposition (CVD and PVD).8, 165 In plasma deposition,
the film thickness and the size of crystallites are controlled by
variation of the gas pressure and discharge parameters. Dudko et
al.166 and Barg 167 prepared chromium films on a copper substrate
with an average size of crystallite clusters of*20 nm. The increase
in the film thickness to 500 nm resulted in its crystallisation. The
ion-plasma deposition of titanium carbide and nitride also results
in the formation of nanocrystalline films.165 The use ofmagnetron
sputtering of the initial substances allows the substrate temper-
ature to be decreased by 100 ± 200 8C; this extends the scope of the
preparation of nanotubes. This procedure was employed to
produce Ni3Al films with a crystallite size of 20 nm.168{Aggregates of C60 are unstable and undergo constant assembly and

destruction of the type nC60.(C60)n.
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The preparation of nanofilms from colloid solutions has been
considered in the previous Section in relation to the formation of
silver sulfide-based nanostructures.21 It has been noted 21 that
hexagonal ordering of clusters (3 ± 5 nm) is observed even within a
monolayer. Generally, to prepare assembled nanofilms from
colloid solutions, it is necessary to have monodisperse nano-
clusters, which are self-assembled into a film due to weak van
der Waals intercluster interactions.

In recent years, a procedure has been developed for the
formation of films on a liquid surface (Langmuir ±Blodgett) and
transferring them onto a solid surface. This method permits the
formation of superlattices and nanometer layers of organic
molecules with a specified pattern of layer alternation.

The organisation of nanofilms by chemical assembling and
molecular layering methods has been described.27 In the synthesis
of highly organised structures by the chemical assemblingmethod,
the key role is played by the chemical reactions taking place
between the functional groups located on the surface of a solid
(substrate) and the adsorbed molecules with specified composi-
tion. This procedure is used, for example, to apply organised
layers of metal oxide clusters.

f. Compacted nanosystems
Compacting of gas-phase, colloid or molecular clusters by press-
ing followed by the high-temperature sintering of nanoclusters
gives rise to nanosystems.169, 170 The most densely organised
nanostructures are produced from the smallest monodisperse
clusters. Thus a nanostructure based on titanium nitride were
prepared by pressing nanoclusters with a size of 8 ± 25 nm with
subsequent sintering.171 To preserve a small size of crystallites in
nanosystems, low sintering temperatures and doping additives
hampering the crystal growth are required. An example is pro-
vided by WC±Co nanocrystalline solid alloys, which consist of
WC nanoclusters (50 nm) dissolved in a Co matrix.172, 173 Tung-
sten carbide (up to 1mass%) is added to retard the crystal growth.

A magnetic-pulse method is also used to compact nano-
systems.174 In this case, pressing occurs on exposure to pulse
compression waves and is accompanied by local heating due to the
fast energy evolution upon the friction of particles during packing.
The magnetic-pulse pressing allows the generation of pulse
compression waves with an amplitude of up to 5 GPa and a
duration of several microseconds. The use of pulse pressures
results in a higher compaction density compared to that reached
by static pressing. Apparently, this is due to the generation of
intercluster pressures, which enhance the intercluster interactions.
The magnetic-pulse method was used, for example, to press
Al2O3

175 and TiN 176 nanoparticles. An increase in the temper-
ature of magnetic-pulse pressing was found to be more efficient
than an increase in the pressure (cold pressure). With a pulse
pressure of 4.1 GPa and a temperature of 870K, nanosystems
with a grain size of 80 nm and a density of 83% of the theoretical
one were prepared. Upon a decrease in the temperature to 720K,
the density decreased to 81%.

2. The properties of nanocluster systems
As noted above, isolated nanoclusters possess unique properties
related to their nanometer size. However, in most cases, nano-
clusters are interacting with one another; this can not only induce
a quantitative change in their properties but also provoke the
appearance of new properties. The assembly and self-assembly of
clusters to give nanocluster systems changes many properties of
the clusters. The most vivid properties of nanosystems such as
structural phase transitions (in particular, in ferroelectrics and
fullerenes) and optical, electric and magnetic (giant magneto-
resistance, quantum magnetic tunnelling, magnetic phase transi-
tions) properties are related to the atomic and cluster dynamics.

It is pertinent to consider both the intracluster atomic dynam-
ics and the intercluster dynamics in a nanosystemwhere the cluster
moves as a a single whole.

a. Intracluster atomic dynamics
The intracluster atomic mobility (in relation to the melting
dynamics) is studied using microscopic and quantum-statistical
methods as well as methods based on the use of thermodynamic
models and computer simulation of motions (molecular dynamics
andMonte Carlomethod). Themost important and characteristic
parameters of motion are themean square displacements of atoms
in the cluster

h �r2�t�i � 1

N
h�x�t� ÿ x�0��2i (16)

{h�x�t� ÿ x�0��2i is the mean-square displacement along the x axis
in which the displacement is time averaged} and the diffusion
coefficient

D � 1

6

dh �r2�t�i
dt

.

At longer times, h �r2�t�i � 6Dt.
Before we proceed to the consideration of the microscopic

approach, it is necessary to discuss two points: (i) whether the
concept of phonons determining the dynamics of solids is appli-
cable to clusters and (ii) what changes in the vibrational and
rotational spectra would occur upon a decrease in the nanocluster
size. The point is that in crystals constructed of nanoclusters, the
lattice is not strictly periodical, unlike that in molecular crystals
(because the substantial influence of the surface should be taken
into account for clusters); therefore, phonons cannot be consid-
ered as plane waves with the energyE andmomentum q. However,
a cluster can be regarded as a single giant molecule with 3N
degrees of freedom (N is the number of atoms in the cluster). All
the natural frequencies o corresponding to the vibrations of this
`molecule' and eigenvectors can be found. Thus, the vibrational
states can be numbered in terms of frequencies oi rather than
momenta. Themean square displacement of an atom can be found
from the formula 119

hr2i � �h

NM

X
i

�ni � 1=2

oi

, (17)

whereM is the atommass, �ni is the averaged number of vibrations.
For large clusters, the density of phonon states r(o) should be

introduced and the summation over frequencies should be
replaced by integration. In this case, we obtain

hr2i � �h
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1

2
� 1
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�
r�o�
o

do . (18)

The form of the function r(o) depends on the phonon spectra
and on themodel of the atomic clustermobility chosen. In the case
of the Debye model,

r(o)=
9No2

o3
max

and

hr2i � 9�h2

4MkyD

�
1� 4T 2

y2D

�yD=T
0

udu

exp�uÿ 1�
�
, (19)

where yD is the Debye temperature, u= �ho=kT. At high temper-
atures, T44 yD

hr2i � 9kT

Mo2
, (20)

hx2i& 3kT

Mo2
.

For the Einstein model,

r(o)=3Nd(o7oE)

(d is the d function, oE is the Einstein frequency) and
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hx2i � �h

2Mot

cth

�
�hoE

2kT

�
. (21)

Before we consider the phonon spectra of small particles, it is
necessary to calculate the density of states function r(o) for the
vibrations in clusters. Specific features of the spectra of clusters
are due to the presence of a large number of surface atoms. It is
known that atoms on the cluster surface are more weakly attached
to the lattice and, hence, their vibration frequencies are lower.
Therefore, the vibrational spectrum of the cluster exhibits a large
number of low-energy vibrations, which results, in accordance
with (18) ± (21), in an increase in hr2i. However, clusters are
characterised by limiting phonon wavelengths stipulated by the
cluster size, i.e., the phonon spectrum loses some of the low-
frequency vibrations, and hr2i decreases. Thus, the phonon
spectrum of the cluster becomes discrete. However, if the Debye
dependence is assumed for the contribution of the density of
phonon states [r(o)* o2], the effect of cutting of the phonon
spectrum would be insignificant, and the overall effect for the
isolated clusters would still be related to an increase in hr2i.

Even a simple model of the atomic cluster mobility predicts
unusual cluster properties. If a cluster is regarded as a sphere
consisting of two parts Ð the surface layer and the inner core Ð a
characteristic Einstein frequency and the mean square displace-
ment of atoms can be attributed to each part, (oE)s and hx2is for
the surface and (oE)i and hx2ii for the inner core. In this case,

hx2is �
�h

2M�oE�s
cth

�
�h�oE�s
2kT

�
and

hx2ii �
�h

2M�oE�i
cth

�
�h�oE�i
2kT

�
.

According to the Lindemann criterion, melting of a substance
starts when hx2im^ 0.1a2 (a is the average distance between the
atoms); the difference betweenmelting of the surface layer and the
inner core of the cluster should be taken into account because hx2is
is greater than hx2ii owing to the decrease in the number of atomic
bonds for the surface atoms.177 Figure 15 shows the temperature
dependences of hx2is (curve 1) and hx2ii (curve 2). Due to the
difference between the hx2is and hx2ii values, the hx2im point
where melting starts would be matched by different melting points
for the surface (Tm)s and internal (Tm)i atoms. Moreover, apart
from the regions corresponding to the solid and liquid states of the
system, a transient region appears corresponding to the solid and
liquid states existing simultaneously (see Fig. 15).

Now we shall consider the quantum-statistical method for the
investigation of the atomic mobility.

The change in the thermodynamic state of a cluster can be
described by the free energy function DG=DE7TDS (E is the
internal energy of states of the cluster, S is entropy). The entropy
of the cluster can be calculated from the formula

S=7kT lnZ,

whereZ=
P

gi exp(Ei/kT ) is the function of distribution of states
(here, gi and Ei are the degeneracy and the energy of an ith level).
Numerous studies have been devoted to the calculation of the Z
value by quantum-statistical methods (see, for example, a number
of studies 178 ± 180). The energy distribution of states for a solid
cluster differs substantially from that for a liquid. At low temper-
atures, the density of states is greater for a solid than for a liquid;
however, at high temperatures, the situation is reversed; as a
consequence, the temperature of the equilibrium transition (Teq)
from the solid to the liquid state appears. Thus, at low temper-
atures, the energy change DE is determined by the vibrational and
rotational energy levels of a solid. As the temperature increases,
the entropy factor, i.e., the disorder of motions, starts to play the
crucial role, which is typical of a liquid. The Teq value (or the
melting point of the cluster) depends on the model chosen for the
calculation of states for the solid and the liquid and on the number
of states, i.e., on the cluster size. When T=Teq, the system
contains both the solid and liquid phases.

The degree of disorder of the solid or liquid state can be
characterised, for example, by the non-rigidity parameter (g).181

The variation of the Gibbs energy G(T,g) of a cluster system as a
function of g showed that the freezing point (Tf) and the melting
point (Tm) of a cluster system do not coincide, i.e., there is a region
of coexistence of the solid and liquid states.

Yet another approach to the study of the dynamics of cluster
melting is based on computer simulation of melting using Monte
Carlo or molecular dynamics methods.182 ± 184 To determine the
hr2i and hx2i parameters, one should solve a set of equations for
the movement of clusters in a field with a specified attraction
potential between atoms or molecules. The calculations can be
carried out for a constant energy or temperature. In addition to
the hr2i and hx2i parameters, this approach gives the time-
averaged mean kinetic energy (temperature) over all the degrees
of freedom of the cluster atoms

T � 2
ÿ
E

�3Nÿ 6�k

and the relative averaged change in the bond length (d)

d � 2

N�Nÿ 1�
X
ij

�hr2iji ÿ hriji2�1=2
hriji

.

By analysing these values, one can draw a conclusion about
the cluster dynamics, in particular, about the melting ± freezing
phase transition. Figure 16 presents the computer simulation data
for the Ar13 cluster.185 The temperature at which d sharply
increases, which is interpreted as melting of the cluster in accord-
ance with the Lindemann criterion, can be clearly seen in the
Figure. The dependence of hT i on the system energy in the solid
and liquid states indicates that the melting Em and freezing Ef

energies of the Ar13 cluster are different. The results of calcula-
tions of hr2i for Ar13 also point to a substantial difference between
the solid and liquid states. For the solid state, hr2i reaches a flat
plateau after 100 time intervals of simulation, whereas for the
liquid state, hr2i increases in accordance with the diffusion
equation.

The organisation of the (C60)n structure on a graphite sub-
strate and phase transitions in it have been studied by computer
simulation.163 A nanosystem in the ground state consists of
hexagonal monolayers parallel to the substrate surface. The
most stable structures were formed for n=7, 19, 37, 61. Raising

hx2ii
hx2is

hx2im

hx2i
1

2

I II III

(Tm�s �Tm�i T

Figure 15. Temperature dependence of hx2i for atoms on the cluster

surface (1 ) and inside the cluster core (2). The subscripts s and i denote

the surface and the cluster core, hx2im are the mean-square displacements

corresponding to the Lindemann criterion, (Tm)s and (Tm)i are the melting

points of the surface layer and the cluster core; (I ) is the region

corresponding to the solid, (II ) is the region corresponding to the solid ±

liquid transition state, (III ) is the region corresponding to liquid.
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the temperature had induced sublimation of C60 before the system
passed into the state where the solid and the liquid phase
coexisted. Study of the thermal stability of the (C60)55 nanosystem
near the graphite substrate demonstrated that, due to the low
mobility of C60 clusters, this system did not undergo noticeable
structural changes prior to the onset of sublimation.

Melting of clusters can also be considered within the frame-
work of the thermodynamic formalism.177, 186 ± 191 The state of the
clusters formed during solid-state reactions or from solutions and
melts is determined by the free energy G=f(a,m,R) [see Eqns (3)
and (8)]. The difference between the free energies of the cluster in
the liquid and solid states is

DG=4pR2Da+
4

3
pR3rDm, (22)

where Da= al7as is the difference between the surface energies,
Dm= ml7ms is the difference between the chemical potentials for
the liquid and solid states of the cluster. It is obvious that for
melting, Da<0 and Dm>0. The DG(R) curves are shown
in Fig. 17. The critical cluster size corresponding to the transition
from the solid to liquid state (DG=0) is calculated from the
formula

Rcr=
3Da
rDm

. (23)

When R<Rcr, a cluster occurs in the liquid state. It follows
from Eqn (23) that the solid ± liquid transition state cannot be
realised for separate atoms in amatrix (forDa=0), when a cluster
has not yet formed.Meanwhile theDa value should be the greatest
for a free cluster. Any intercluster interactions would decrease this

value and, hence, the Rcr value, which determines the region of
possible fluctuations of the solid and liquid states.

Cluster stability can be characterised by the change in the
pressure dp= p07p or temperature dT=T07T which corre-
sponds to a given difference between the chemical potentials
Dm=f(p,T ) and brings the phases to equilibrium at a specified
cluster size (p0 and T0 are the pressure in the medium and the
melting point for the bulk material).

If the function Dm=f( p,T ) is replaced by its series expansion
in terms of dp at the point p0 , then, with allowance for the fact that
qml/qp=Vl , qms/qp=Vs (Vl and Vs are the molecular volumes of
the cluster in the liquid and solid states),192 we have

Dm&7(Vl7Vs)dp. (24)

Using the Clapeyron ±Clausius formula

dp
dT
� q

T0

�Vl ÿ Vs�,

where q is the latent heat of the phase transition, we obtain

Dm&ÿ qdT
T0

. (25)

Substitution of Eqn (25) into Eqn (23) gives a hyperbolic
variation of the phase transition temperature for a cluster vs. its
radius

dT
T0

& ÿ 3Da
rqR

. (26)

Dependence (26) indicates that the melting point of a cluster
decreases with a decrease in the cluster size. Dependence (22)
shown in Fig. 17 allows one to conclude that at a given temper-
ature and pressure of the medium, the initially stable structure of
the cluster (Dm>0) becomes metastable with respect to the liquid
phase at R<Rcr .

Analysis of the experimental data on the atomic dynamics of
clusters attests mainly to an increase in the mean square displace-
ments in the metal and oxide clusters compared with the displace-
ments in bulk samples.119 Thus a decrease in the probability of the
MoÈ ssbauer effect and an increase in the mean square displace-
ments of atoms hr2iwas observed for theW, b-Sn, Fe and a-Fe2O3

clusters.119 An exception is provided by the Au clusters with a size
of 6 ± 20 nm for which the probability of theMoÈ ssbauer effect was
found to increase and hr2iwas found to decrease with a decrease in
the cluster size; this was explained by the long-wavelength
restriction of the phonon spectrum. Study of thin oxide films on
the surface of b-Sn and Fe clusters also points to an increase in
hx2i for atoms located on the surface.119 Apart from the increase
in the hx2i values, an important feature of atomic dynamics on the
surface is the anisotropy of the atomic vibrations. Anisotropy of
the atomic vibrations along the surface and normal to the surface
has been observed for iron and tin atoms deposited on the
extensive surface of Z-Al2O3 , silica gels and zeolites.

A decrease in the melting point (down to room temperature)
with a decrease in the cluster size has been observed for gold, tin
and CdS nanoclusters.193 ± 195 An electron microscopy study of tin
films 194 has also revealed the separation of the melting and
freezing points and the existence of a specific solid> liquid state
in which clusters possess an enhanced mobility in the transient
temperature range.

In several publications, melting of iron oxide nanoclusters has
been studied.135, 190, 191 It was noted that melting of these clusters
is accompanied by an increase in the mean square displacements
of atoms. Figures 12 and 18 present the MoÈ ssbauer spectroscopy
data for iron hydroxide clusters formed in polysorbs with pore
diameters of 7.5 to 0.75 nm and for the nanosystem formed from
the iron oxide clusters prepared by thermal decomposition of iron
oxalate. For iron hydroxide clusters (see Fig. 12), the intensity of
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Figure 16. Temperature dependence of the mean-square change in the

distance (d) between the closest neighbours in the Ar13 cluster.185
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Figure 17. Change in the Gibbs energy for an ensemble of separate atoms

in a solid (1 ), for an isolated cluster (2) and for a system of interacting

clusters (3, 4) occurring in the solid and liquid states vs. cluster size.

(3) Clusters interacting with one another, (4) clusters after treatment with

surfactants.
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the spectral line sharply decreased upon an increase in the
polysorb pore size. According to nucleation conditions 135 [see
Eqn (13) ± (15)], a decrease in the pore size leads to a decrease in
the cluster size in the pore. The curve shown in Fig. 12 corre-
sponds to the onset of cluster melting, which is attributable to an
increase in the intracluster atomic mobility. For the g-Fe2O3

nanocluster system, the dependence of the spectral surface area
A on the temperature of thermal decomposition of iron oxalate
(Td) has a minimum at Td& 488K (Fig. 18). According to
MoÈ ssbauer spectroscopy, the Td value is related to the mean size
of the g-Fe2O3 cluster prepared by decomposition of iron oxalate.
It was found that the cluster size increases from 2 to 4 nm as the
temperature Td changes from 488 to 508K. The right-hand
branch of the curve in Fig. 18 is related to a decrease in A
(following an increase in Td) and an increase in the atomic
mobility in the g-Fe2O3 cluster, similarly to the observed decrease
in A in the iron hydroxide clusters formed in polysorb pores. It
should be noted that theMoÈ ssbauer spectra of iron hydroxide and
iron oxide clusters contain no `broad component' corresponding
to the movement of the cluster as a whole, which is due to the
restricted diffusion of clusters in the pores. This will be discussed
in the Section `intercluster dynamics.' Thus, changes in the
spectral surface area are associated with the change in the atom
mobility within the cluster.

The left-hand ascending branch in the curve A=f(Td)
(Fig. 18) is related to further decrease in Td and, correspondingly,
to a decrease in the size of clusters down to their disappearance to
give separate atoms, dimers and trimers of Fe3+ (see Fig. 17,
curve 1). Thus, the minimum in the A=f(Td) curve observed at
Td=488K appears to be due to the onset of formation of an iron
oxide cluster.

As noted above, the atomic cluster mobility is strongly
influenced by the intercluster interactions. They decrease the
surface energy. However, the intercluster interactions and strain
can be reduced due to the action of surfactants or mechanochem-
ical treatment. It can be seen fromFig. 18 that the spectral surface
area markedly decreases after the action of surfactants. Thus,
weakening of the intercluster interaction results in an increase in
the intracluster atomic mobility and in a decrease in the melting
point. Relation (26) can be used to estimate the Rcr value,
corresponding to the onset of melting of g-Fe2O3 clusters and to
compare it with the R(V ) value observed experimentally from
MoÈ ssbauer spectra. Using the values r=5.186106 gm73 (see
Ref. 196), Da& 1 Jm72 (see Ref. 197) and q& 2610719

(see Ref. 136), we obtain

R � aT0

dT
,

where a=0.171.0 nm. As a result, for Tm=300K, we have
R& 0.1 ± 1.2 nm, which is in good agreement with the value
d=2 nm found from the MoÈ ssbauer spectrum.

It is also noteworthy that the existence of the specific solid ±
liquid transition state in which atoms possess enhanced mobility
can provide an interpretation for the effect of adsorption decrease
in the material strength (Rehbinder effect)198 at the atomic-
molecular level due to wetting and deformation of its surface
under the action of a surfactant.

For nanosystems prepared by compacting, changes in hr2i and
in the heat capacity were noted. Thus the low-temperature heat
capacity in the region of T from 0.06 to 10K for a compacted
nanosystem of copper clusters with nanocluster sizes of 6.0 and
8.5 nm was 5 ± 10 times higher than the heat capacity of bulk
copper. An increase in the heat capacity of a nanostructured
copper 199 is attributable to an increase in hr2i on the surface of
nanoclusters.

Study of the phonon spectra of a compacted system of Ni
clusters with a size of 10 nm prepared by neutron scattering
showed an increase in the density of phonon states at low
frequencies (below 14 MeV) 200 with respect to coarsely crystalline
Ni. Calculation of the heat capacity based on these data demon-
strated its increase (1.5 ± 2-fold) for a nanosystem with respect to
the bulk material. A Ni nanosystem formed from 70-nm clus-
ters 130, 201 also has a higher heat capacity (by 10%±25%) up to
600K, which is attributed to a decrease in the Debye temperature.

A model calculation of nanosystems with cluster sizes of 1.1,
2.0 and 2.8 nm using the Lennard-Jones potential showed 202

diffusion of the phonon spectrum to both high- and low-frequency
regions, most of the additional vibrational modes being located at
grain boundaries. The results point to a substantial increase in the
heat capacity with a decrease in the cluster size in the region of
T& 100K, which is due to the predominant contribution of the
low-frequency vibrations at grain boundaries.

Thus, joining of nanoclusters into a nanosystem smoothes
only partially the dynamic characteristics of nanoclusters.

b. Intercluster dynamics
Convenient nanosystems for study of themovement of a cluster as
a whole are represented by cation exchange resins, for example,
styrene ± divinylbenzene copolymers with different degrees of
cross-linking (1%, 2% and 12% Ð samples A, B and C,
respectively) and different sets of nanopores containing iron
oxide nanoclusters with a size of 3 nm.203 ± 205 Due to the cross-
links, which restrict the diffusion of iron hydroxide nanoclusters
in the copolymer, nanoclusters are placed in cages with a varied
size. The MoÈ ssbauer spectra of iron hydroxide clusters in poly-
meric systems with different degrees of cross-linking are presented
in Fig. 19. These spectra in the velocity range of �100 mm s71

exhibit a narrow component and a broad component.
The movement of iron hydroxide clusters can be described in

terms of the model of limited diffusion of particles in the field of a
potential. The form of the potential and the diffusion rate can be
found from the temperature dependence of the surface area of the
narrow component and from the shape of the broad compo-
nent.206 The MoÈ ssbauer spectrum consists of Lorentzian compo-
nents with non-broadened (narrow) lines having the intensity

A0= z72

����� exp�i k�R� exp�ÿU�R�
kT

�
d3R

����2.
Here z=

�
exp(U(R)/kT )d 3R, k* is the radiation wave vector,R is

the cluster radius.
Analysis of the A=f(T ) function provides the possibility of

reproducing the movement potential U(R). Study of the temper-
ature dependence A0= f(T ) for a sample with 2% cross-linking
(sample B) gives A0=0.06 (T=264 ± 243K) and the potential
form as a square (spherical) well with elastic walls (Fig. 20). If we
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Figure 18. Spectral surface area of the MoÈ ssbauer spectrum of a nano-

system formed from iron oxide clusters prepared by decomposition of iron

oxalate vs. temperature of thermal decomposition Td .

The light dots are experimental data. The dark dots correspond to the

surfactants: (1) ethanol, (2) isopropanol, (3) the surfactant Twin-65,

(4) butanol, (5) SDS.
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assume that in a spherical cage with radius b, only the diffusion
coefficient is temperature-dependent, then

A0=
g�sin kbÿ kb cos kb�2

�kb�6 .

For kb=3.6, the radius of the potential well is 0.5�A. The
spectrum calculated using these parameters is in good agreement
with the experimental one.203 ± 205 An increase in the size of the
cage (sample A) increases the well radius to 0.62�A, while a
decrease (sample C) arrests completely the cluster movement.
Thus, the maximum clearance between the cluster and the net-
work is equal to 0.62�A. This type of motion with limited diffusion
is observed for iron oxide hydroxide FeO(OH) clusters in an iron
accumulating protein, ferritin.206

c. Structural features of nanosystems. The role of defects and
stresses
Combination of clusters into a nanosystem gives rise to numerous
phase boundaries and dislocations and a corresponding interclus-
ter stress. The phase boundaries play a crucial role in considering
many mechanical properties, heat conductivity, electrical conduc-

tivity and magnetic characteristics of nanostructures. The size
effects and intercluster interactions also influence the structural
phase transitions. The phase transitions related to the movement
of atoms in a cluster were considered in the previous Section. Now
we shall discuss the structural changes in a nanosystem induced by
variations of the cluster size, intercluster interactions, defects and
dislocations.

The intercluster interactions create stresses, excess energy and
excess pressure at the cluster boundaries. The excess energy per
dislocation is calculated from the formula 207

Ed=
Gb2

4p�1ÿ v� ln
r

r0
, (27)

where G is the shear modulus, b is the Burgers vector character-
ising the magnitude of the shift of an edge dislocation, b= a0/

���
2
p

(a0 is the lattice constant), v is the Poisson coefficient (usually 0.3),
r is the maximum distance at which the influence of dislocations is
still retained, r0 is the minimum dislocation size. With the
assumption that the concentration of dislocations in a cluster is
determined by the ratio of the cluster surface area to the cluster
volume, the excess energy density of the cluster ed is

ed=
Gb2

4p�1ÿ v�
1

R
ln

r

r0
. (28)

Thus, the excess energy density decreases as the cluster size R
increases and approaches zero for a bulk material. It should be
noted that the applicability of this approach to small nanoclusters
is restricted by the thickness of the surface layer of the cluster (a),
i.e., Eqn (28) can be used only to calculate the excess energy of
clusters with R> a.

When considering the influence of defects and dislocations on
the properties of nanosystems constructed from nanoclusters of
arbitrary sizes, one should proceed from the thermodynamic
concentration of defects and dislocations, which takes into
account the chemical potential and the excess energy of the cluster
surface. The excess energy gives rise to excess pressure, which is
equal to*109 Pa for 1-nm clusters. If the pressure drop between
the cluster bulk and the cluster surface is neglected, the concen-
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Figure 19. MoÈ ssbauer spectra of iron hydroxide in an ion exchange sulfo resin at different temperatures; (a) 1% (sampleA), (b) 2% (sample B), (c) 12%of
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tration of defects in the cluster (cs) can be calculated from the
relation

cs=
a�3R2 ÿ 3aR� a2�

R3
, (29)

where a is the thickness of the surface layer. It can be assumed that
in the absence of pressure drop, i.e., when the influence of defects
inside the cluster is counterbalanced by the influence of defects on
its surface, the difference between the chemical potentials in the
cluster and on the surface is equal to zero

Dm0(0)+ kT ln
cs
c0

=0, (30)

where c0 is the defect concentration on the surface.
Naturally, the allowance made for the pressure drop shifts the

equilibrium by

Dm0(dp)=Dm0(0)+Vdp, (31)

where V is the volume of a defect, dp=2a/R (a is the surface
tension). In this case, the new equilibrium of the system is
determined by the expression

Dm0(0)+Vdp+ kT ln
c

c0
=0. (32)

By solving the set of equations (30) and (32), we obtain

c= csexp

�
ÿ 2aV=R

kT

�
. (33)

The dependence of c on the cluster size in theR/a units is shown in
Fig. 21. The maximum in the c=f(R/a) curves is located at
R/a=25, which corresponds to R=10± 50 nm. It is the 10 ±
50-nm clusters, having the maximum defect concentration and the
highest excess energy, that are involved in the formation of
nanosystems. This is important for the understanding of the
reasons for the appearance of new properties in nanosystems. In
nanostructures formed by molecular clusters from CO2 , N2 and
SF6, an increase in the stress with an increase in the cluster size was
observed.208 Numerous studies of nanosystems by X-ray diffrac-
tion methods point to the influence of the cluster size and
interfacial stresses on the structure of a nanosystem.209 Analysis
of nanocrystalline Al, Ru, Cu and AlRu systems 210, 211 showed
that the mean square deformation of these systems is equal to
1%±3%, which is markedly greater than the deformation of
coarse-grain metals. Meanwhile, by modelling X-ray diffraction
of clusters of different size,212 it was shown that small clusters do
not contribute to the elastic distortions of the crystal lattice caused
by dislocations at phase boundaries. The major contribution is
made by larger nanoclusters. Thus, there exists a transient region
of nanocluster sizes in which the effect of stresses at phase
boundaries is a maximum; this complies with the conclusions

based on the thermodynamic model for the influence of defects
[see relations (29) and (33)].

The excess stresses result in a change in the crystal lattice
constant. In most cases, the lattice parameters decrease, which is
attributed to the generation of additional energy at phase boun-
daries, to the change in the specific volume and to the appearance
of excess pressure.213 ± 215

Nanosystems are characterised by unusual mechanical prop-
erties: microhardness and superplasticity. At room temperature,
microhardness of nanosystems is 2 ± 7 times higher than that of the
corresponding bulk materials. According to a publication,216 the
Vickers microhardness of a cluster

Hv&H0+ k0d71/2

increases with a decrease in the cluster size. The results of micro-
hardness measurements for nanosystems formed by Ag, Cu, Pd,
Se, Fe and Ni metal clusters have been reported.217 It was found
that a decrease in the cluster size is accompanied by an increase in
the nanosystem hardness. In addition, microhardness of a nano-
system depends on the conditions of its treatment. These con-
ditions influence the structure of interfaces, cluster interactions
and the cluster size. For example, relaxation and annealing of
defects at the phase boundaries of the Al98.5Mg1.5 clusters, with
the cluster size remaining invariant (d& 150 nm),218 decrease the
microhardness from 1.7 to 1.45 GPa. However, the cluster size is
affected by annealing to a markedly greater extent. Thus anneal-
ing of a nanosystem formed by Pd clusters at 475 ± 600K brings
about an increase in the cluster size and, hence, an almost
threefold decrease in the system microhardness. Upon annealing
of nanosystems ofAg (d& 10 nm) andMgO (d& 10 nm) clusters,
their microhardness changed in different ways: the microhardness
of the metallic nanosystem decreased 219 (apparently, due to an
increase in the size of Ag clusters), while the microhardness of the
oxide system remained constant up to 870K.220

Yet another remarkable feature of nanosystems is super-
plasticity: upon stretching, the sizes of samples can increase by
factors of dozens without fracture. For example, the Ni andNi3Al
nanosystems were found to exhibit low-temperature superplastic-
ity at Ts=470 and 450 8C, respectively (these temperatures are
almost three times as low as the melting point).221 The super-
plasticity of oxides and ceramics presents considerable interest
from both theoretical and practical standpoint. The results of a
study 222 indicate that the superplasticity of nanosystems mani-
fests itself for cluster sizes from 1 nm to 1 mm; the cluster size
should not change on thermal treatment. For example, in two-
phase systems, the growth of clusters of one phase caused by heat
treatment is suppressed due to the presence of the other phase. It is
also believed that the system superplasticity is affected by the
presence of the amorphous phase.223

The high strength and the superplasticity of nanosystems can be
explained by using the extremal dependence of the defect density
and excess energy on the nanocluster size which we obtained.
Indeed, nanosystems composed of small nanoclusters with sizes
d<10 nm contain few defects and dislocations and display
exceptionally high hardness. Meanwhile, in nanosystems formed
by clusters with intermediate size (10< d<100 nm), the number
of dislocations is maximal, which ensures their record plasticity.

Thus, superhard materials can be produced by using nano-
systems composed of nanoclusters with d<10 nm, while manu-
facture of superplastic materials requires nanosystems composed
of nanoclusters with 10< d<100 nm.

The stresses arising at phase boundaries play one more
important role Ð they act as growth stimulators for assembled
nanosystems. The self-assembly and the growth of superlattices of
the Si0.84Ge0.16 alloy under the action of stress induced by
alternating absorption of layers of silicon and germanium atoms
at the Si(001) plane at 380 8C has been considered.224 Computer
simulation using an elastic field of stress forces arising on the layer
surfaces showed that the stresses are different for the layers
formed by atoms differing in size. The superlattice Si0.84Ge0.16
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formed under the action of stresses had equal distances between
the layers (i.e., a regular alternation of layers was observed) and a
regular arrangement of atoms within a layer. The period of the
Si0.84Ge0.16 superlattice was 3 nm.

Considerable interest is also aroused by structural phase
transformations in nanosystems. It was found that the nanometer
size results in stabilisation of many non-equilibrium structures.
Thus nanoclusters with a size of several nanometers constructed
from unstable Fe(C) and g-Fe phases are known. They are stable
even at room temperature, whereas in the bulk materials, these
phases are stable only at temperatures of 800 and 1000 8C,
respectively.225 Stable CdS nanoclusters with the rock salt struc-
ture are also known, whereas bulk CdS can be stabilised only at
high pressures.226 The stabilisation of structures not equilibrated
at a given temperature due to the formation of small clusters with
d<10 nm can be explained by the action of the surface energy
and pressure created by the surface tension, which reaches a value
of several Gigapascals for 1 ± 2-nm clusters.

Non-equilibrium states of a cluster system can also be stabi-
lised by external pressure. The phase transitions induced by high
pressure (1.5 GPa) in the crystal of C60 (fullerite) but absent at
normal pressure have been studied.152 It was found that crystal-
lisation of C60 at room temperature yields a crystal lattice with
dumb-bell-shaped (C60)2 dimers in the lattice points.} An increase
in the temperature (>423K) gives an orthorhombic C60 structure,
which passes into a tetragonal structure at 723K.

Now we shall consider one more example of phase transitions
in nanocrystalline ferroelectrics. A ferroelectric transition accom-
panied by a first-order structural phase transition was observed in
BaTiO3

227 and PbTiO3
228 crystals. This transition is character-

ised by a critical temperature TC (similar to the Curie point for
ferromagnets) above which the substance passes into the para-
electric state. Spontaneous polarisation in ferroelectrics results
from first-order phase transitions, due to the tetragonal distortion
of the crystal lattice (change in the c : a ratio). At temperatures
above TC, the tetragonal crystal lattice is transformed into a cubic
lattice; then c : a? 1.}

The influence of the cluster size on the ferroelectric transition
was studied in relation to the PbTiO3 nanosystem. This system
was prepared by precipitation froma solution of clusters with sizes
of 20 ± 100 nm. For the PbTiO3 crystal, the effect of the cluster size
on the temperature and character of the phase transition was
studied by X-ray diffraction analysis and differential scanning
calorimetry (DSC). The X-ray diffraction study (Fig. 22 a)
showed that the c : a ratio changes upon phase transition. It was
found that, as the cluster size decreases, the c : a ratio decreases;
however, even for the smallest of the clusters studied (with
d=23 nm), the c : a ratio does not reach unity. The extrapolation
c : a? 1 gives the dcr value, i.e., the cluster size at which the
spontaneous polarisability disappears, the lattice symmetry
becomes cubic, and the nanosystem passes into a paraelectric
state. The DSC data indicate that the phase transition temper-
ature (TC) decreases as the cluster size decreases from 80 to 30 nm
(Fig. 22 b), the phase transition is gradually smeared and for
clusters with d=26 nm, no phase transition is observed. The
decrease inTC amounted to 20 8C. Despite the absence of obvious
indications of the transition, in the case of the crystal consisting of
clusters with d=26 nm, one should still assume the presence of a
residual smeared ferroelectric transition, which cannot be
observed, apparently, due to the scatter of particles over sizes
and the diffusion character of the transition itself.{ It should be

noted that the TC value is also influenced by the intercluster
interaction, which determines not only the TC value but also its
scatter.

The structure-magnetic properties of nanocluster systems
depend largely on the presence of defects and dislocations. As
noted above, the formation of a nanosystem is accompanied by
the appearance of interfaces (or phase boundaries). Under some
conditions, these phase boundaries can participate in the nuclea-
tion of nanoclusters. Thus the magnetic properties of cluster
nitride phases arising upon nitriding of an iron catalyst in a flow
of ammonia at 200 ± 350 8C were studied by MoÈ ssbauer spectro-
scopy. When the nitrogen concentration in the cluster catalyst is
1 mass%± 2 mass%, phases of defect e-iron nitride are formed in
the catalyst. During low-temperature annealing (200 8C) in air,
the nitrogen atoms are segregated at phase boundaries, resulting
in a decrease in TC of the nitride phase. Nitrogen is accumulated
on the defects. An increase in the temperature of annealing to
400 8C results in normal gradient concentrational diffusion of the
nitrogen atoms over the cluster, resulting in their uniform distri-
bution and an increase in TC . The equilibrium segregation of
nitrogen atoms near the phase boundaries decreases the magnetic
stability of the defect regions and serves as a peculiar method for
`magnetic decoration' of the stress fields by defects.230

Let us consider yet another example of the influence of phase
boundaries and defects on the magnetic properties of the copper
nanostructure with an admixture of iron atoms. Plastic deforma-
tion of the copper samples with iron dissolved therein 231 afforded
copper clusters with a size of 130 ± 150 nm and *3-nm iron
clusters.{ The annealing of this system at a temperature of
<1000K results in the diffusion of iron atoms along the grain
boundaries and in enlargement of iron clusters; simultaneously,
the magnetic properties of the system change. As the temperature
rises (>1000K), the solubility of iron in copper increases, and
normal concentrational diffusion starts; this results in vanishing
of the clusters and uniform dissolution of iron atoms in copper.

The magnetic susceptibility of paramagnetics is influenced by
the presence of vacancies in the crystal lattice. For nanocrystalline
Pd prepared by plastic deformation (pressure with shear),6 the
magnetic susceptibility was found to increase, which was attrib-
uted to an increase in the density of electronic states at the Fermi
level. This increase is possible due to the presence of vacancies in
the lattice formed by palladium clusters.

d. Optical and electric properties of nanocluster systems
Specific optical and electric properties arise in nanocluster systems
owing to the effects associated with the restriction of the electron

}The same dimers are formed in the mechanochemical reaction.153

}As noted above, nanosystems composed of clusters with d<10 nm

contain fewer defects and dislocations. The minimisation of the crystal

lattice energy with a decrease in the cluster size results in the transition

from a crystal lattice with lower symmetry to a lattice with higher

symmetry.229

{ The residual smeared ferroelectric transition appears to occur also in the

crystals formed from clusters smaller than 26 nm, down to 7 nm.
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{ Iron clusters can be located, for example, at grain boundary junctions.
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free path (quantum restrictions) and with the appearance of
discrete energy levels in the valence band and the conduction
band, which changes the selection rules for optical transitions. It is
possible to create one-electron nanocluster systems in which the
number of discrete energy levels increases, as the cluster size
decreases; in this case, the energy of electron transition from one
electronic level to another increases according to the relation e2/2c
(c& d ). This energy can become greater than the kinetic energy of
an electron (kT ) and thus stimulate tunnel transitions. The
development of these systems provides new potentialities for the
manufacture of rectifier devices, diodes, etc.

It has already been noted that the nanocluster semiconductors
CdS, CdSe and InP exhibit a `blue shift' of frequency. For
example, in the case of CdSe, the energy of electron transition
changes from 1.7 eV (red region) to 2.4 eV (green region) as the
cluster size diminishes from 20 to 2 nm.

The preparation of light-tunable diodes based on CdSe
nanoclusters has been described.232, 233 In one study,232

CdSe nanoclusters were assembled as a thin film on the surface
of a luminescent polymer (poly-p-phenylenevinylene, PPV). The
polymer was grown on an indium oxide ± tin layer able to let
carriers as holes pass through. In addition, a nanocrystalline CdSe
layer was coated with a Mg±Ag film for electron injection. When
a voltage was applied to this system, electroluminescence was
observed. The electroluminescence wavelength can be changed by
varying the size of nanoclusters.

An increase in the oscillator strength and a decrease in the de-
excitation time typical of some nanoclustersmay lead to the design
of non-linear optical nanosystems, for example, optical switches
which modulate a laser beam from a high-power laser by weak,
non-resonant pulses.

Light absorption and emission by porous silicon is attributed
to the appearance of new optical transitions. In bulk silicon,
electronic transitions between the excited state of the conduction
band and the ground state of the valence band are forbidden. Only
non-radiative transitions involving phonons are possible. In
nanocrystalline silicon, non-radiative transitions are also retained
but their contribution is insignificant. Radiative electronic tran-
sitions are more characteristic in this case.234, 235

In addition to the `blue shift', a `red shift' can also be observed
in nanosystems. This occurs in semiconductors with a broad
forbidden band. For example, a decrease in the absorption edge
energy by 0.2 eV (`red shift') has been observed for the g-Fe2O3

nanoclusters with d* 8.5 nm residing in the pores of a polymeric
ion exchange sulfo resin.236 The most probable reason for the `red
shift' is the appearance of strains and stresses on the surface of the
clusters (due to surface tension) which form the lattice of the solid.
Indeed, in a 5-nm g-Fe2O3 cluster, the internal pressure (p=2a/R)
equals 0.4 GPa.

X-Ray diffraction studies demonstrated a 0.35% decrease in
the lattice volume for g-Fe2O3 nanoclusters. If the compression
modulus for g-Fe2O3 is taken to be equal to that for Fe3O4 , then a
0.35% compression of the g-Fe2O3 lattice brings about an internal
pressure of 0.35 GPa, which is in agreement with the calculated
value, equal to 0.46 GPa, derived from the estimates of the
influence of the surface tension. The action of pressure is known
to induce a phase transition of a semiconductor to the conducting
state. Thus, when magnetite Fe3O4 is kept under a pressure of
5 GPa, it passes to the conducting state. Since the forbidden gap
(Eg) for g-Fe2O3 is 2.1 eV and that for Fe3O4 is 2 eV, then the
decrease in the width of the forbidden gap in g-Fe2O3 induced by
high pressure is 0.15 eV, which is in good agreement with the
results obtained in the optical experiment.

The optical properties of a nanosystem depend on its organ-
isation and on the intercluster interaction. Light absorption by
silver nanoclusters prepared using reverse micelles has been
studied.142 This procedure yields nanoclusters with a very narrow
size distribution (2 to 8 nm), the surface of which can be stabilised
by thiols, and then they can be used for assembling two- and three-
dimensional structures. Nanosystems incorporating silver nano-

clusters with sizes of 4.5, 5.2 and 6.1 nm were prepared. Two- and
three-dimensional systems were formed on a graphite substrate by
applying a drop or several drops of a colloid solution of silver
nanoparticles in hexane. It was found that coating of the surface of
silver nanoclusters by dodecanethiols influences their optical
properties: the absorption band of the plasmon peak shifts to
lower energies (from 2.85 to 2.73 eV) and its width increases (from
0.9 to 1.3 eV). These data were interpreted on the basis of the
model of light absorption by clusters proposed in a study.54 The
shift of the absorption band was attributed to the electronic
plasmon absorption inside the cluster, while band broadening
was ascribed to the change in the dielectric constant of themedium
(intercluster absorption). Simulation of the absorption spectra of
a 2D nanosystem showed that a decrease in the cluster size in an
isolated medium (reverse micelle) results in a substantial increase
in the width of the absorption band due to the restriction of the
electron free path, while placing the clusters in media with differ-
ent dielectric constants em stimulates the shift of the absorption
band, an increase in em resulting in a substantial decrease in the
absorption energy. Thus, the shift of the absorption band
observed for silver nanoclusters can be explained by the increase
in the dielectric constant upon the assembly of a 2D hexagonal
network of silver clusters.

Optical investigations (Fig. 23) of the nanosystems formed
show that their properties depend on the degree of structure
perfection and the preparation procedure. Application of one
drop of a colloid solution on the substrate gives rise to a 2D
nanosystem with a hexagonal network of silver clusters (Fig. 23,
curve 2). The absorption spectrum of nanoclusters in this system
differs from the spectrum of these clusters in solution: the plasmon
absorption band shifts by 0.27 eV and its width increases from
0.8 eV (in solution) to 1.0 eV (in the nanosystem).

An increase in the concentration of nanoclusters in a colloid
solution or deposition of several drops of the colloid solution on a
graphite substrate afford a more perfect, three-dimensional, face-
centred cubic structure.

For the 3D structure (Fig. 23, curve 3), further shift (by
0.47 eV with respect to that in solution) of the absorption band
toward lower energies is observed; however, the width of the
plasmon peak diminishes to 0.7 eV. The narrowing down of the
absorption band is a result of the increase in the electron free path.
This implies that an electron penetrates the barrier between the
nanoclusters (a*2-nm thick coating). The possibility of electron
tunnelling between metal surfaces by such a long distance 237 is an
important feature for the design of newmaterials for lasers, optics
and electronics.

The restriction of the electron free path in small clusters and
the presence of intercluster boundaries impart new electric proper-
ties to nanosystems obtained on the basis of nanoclusters. For
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Figure 23. Variation of the plasmon absorption width and peak shift in a

colloid solution and in nanosystems containing 4.5-nm silver clusters

formed on a carbon substrate.142

(1) Initial colloid solution with [Agn]= 2.561073 mol litre71; (2) two-

dimensional cluster system formed on a substrate after deposition of one

drop of a colloid solution; (3) three-dimensional cluster system formed

after deposition of three drops of a colloid solution.
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example, metals or semiconductors pass into a non-conductive
state. This transition is due, first, to a decrease in the carrier
density as a result of the restriction of the electron wavelength and
the appearance of discrete electronic levels and, second, to a
decrease in the conductivity as a result of electron scattering at
phase boundaries and generation of dielectric charges. Indeed, a
7 ± 20-fold increase in the electric resistance was observed for
nanocrystalline copper in the region of T<275K.238 The high
resistivity of cobalt films (2- to 50-nm thick) was mainly attrib-
uted 239 to the effects of electron localisation. The influence of the
phase boundaries between nanoclusters on the electric properties
of nanosystems may be due to long-range stress fields and to the
dynamic state of the atoms.

In recent years, substantial progress in the fabrication of 3D,
2D and 1D electronic nanosystems (see, for example, Ref. 41) used
to produce single-electron transitions, unidimensional nanowires,
etc. has been made. The 3D organisation of nanoclusters is the
most obvious. The 3D nanosystems are prepared by crystallisa-
tion of clusters (instead of atoms). For example, nanocrystalline
copper was prepared in this way. However, the researchers were
able to crystallise only large copper clusters (*40 nm) passivated
by thiols.143 Crystallisation of copper selenide clusters
Cu146Se75(PPh3)10 was also performed.240 The crystals thus
obtained can be used in semiconductor devices. The idea of
producing an organised 3D cluster structure from clusters linked
by spacer molecules proved fruitful. The spacers allow one to
control the distance between the clusters; this can be accompanied
by spontaneous crystallisation. An advantage of this approach is
that it provides the possibility of changing the energy barrier to
passage of an electron through the cluster. Figure 24 shows the
change in the Coulomb barrier between the Au�55 clusters depend-
ing on the spacer length and nature.41

Two-dimensional cluster structures are usually assembled
using molecular clusters stabilised by ligands. Perfect layers of
gold clusters with alkanethiol coatings which virtually did not
interact with the substrate and were self-assembled due to van der
Waals forces have been prepared.241 If the interaction of the
clusters with the substrate is enhanced, the structure loses its
perfection. However, 2D cluster structures cannot be used in
conducting devices or in a tunnelling microscope without proper
fixing on the substrate. Study of Au and Pd clusters on various
substrates (gold, mica, glass, silicon) demonstrated that chemical
fixing of clusters on the support can be easily attained, whereas a
perfect organisation of the 2D structure is achieved with diffi-
culty.41 The point is that self-assembly requires that the building
blocks be free andmobile; however, when the clusters are attached

to the substrate surface, the mobility decreases. The binding
between the adsorbed cluster and the substrate can be weakened
by treating the substrate with a surfactant. Thus deposition of the
Au55(Ph2PC6H4SO3H)12Cl6 clusters onto a single-crystal Au(111)
surface modified by aminothiols improved the ordering of the 2D
layer.

The assembly of the 2D layers for electronic devices is
performed in the presence of spacer molecules, which allow one
to control the distances between the clusters. These nanostruc-
tures are prepared by dissolution of clusters with appropriate
spacers in Langmuir ±Blodgett films; the cluster ligands and the
spacer molecules should be complementary.

Of great interest from the practical standpoint are unidimen-
sional cluster structures, nanowires. They are formed as whiskers
at atomic steps of the surfaces. A nanowire from gold clusters was
prepared using porous membranes based on alumina with 7-nm
channels in which clusters consisting of Au55 cores stabilised by
ligands were placed.242

Nanowires are also prepared from carbon nanotubes. The
conduction of nanotubes can be switched (from the metallic to the
semiconductor type) by changing their helical structure.154 Elec-
tronic devices are assembled by combining nanotubes with differ-
ent structures. The combination of carbon nanotubes in pairs of
`armchair' (A) and `zigzag' (Z) types was considered.154 Calcu-
lation of the switching from the metallic type of conduction (A
state) to the semiconductor type (Z state) showed an asymmetry
along the tube axis, which provides a rectifier effect. This result is
in line with experimental data 243 on the rectifying effect of
nanotubes.

e. Magnetic properties
The magnetic properties of nanocluster systems are influenced by
both size effects and intercluster interactions and the cluster
organisation. One of the best known and well-studied phenomena
is superparamagnetism, i.e., the change in the direction of the
magnetic moment of the cluster as a whole due to thermal
fluctuations without losing the magnetic ordering. The formation
of magnetic domains in cluster systems depends on both the
individual properties of the clusters (magnetic anisotropy) and
the intercluster interactions. Therefore, magnetisation processes
in these systems depend appreciably on the defectiveness of the
cluster structure and on phase boundaries.

The magnetic quantum tunnelling effects and giant magneto-
resistance also present interest. The new effects include the first-
order magnetic phase transitions in nanoclusters and nanocluster
systems in which the magnetic ordering and magnetisation dis-
appear by a jump upon an increase in the temperature or a
decrease in the cluster size.

Superparamagnetism. The phenomenon of superparamagnet-
ism consists in the generation of measurable thermal fluctuations
of the magnetic moment of the cluster upon a decrease in the
cluster size to 1 ± 10 nm. The fluctuation time (t=1079 ± 10710 s)
can be calculated using a simple equation

t= t0 exp
�
KaV

kT

�
, (34)

where Ka is the magnetic anisotropy constant of the cluster, V is
the cluster volume. The observation of superparamagnetism
depends on the time of measurement (tmeas) of the magnetic
characteristics, namely, magnetisation and magnetic susceptibil-
ity. If t< tmeas , the system is referred to as a superparamagnetic
system. If t> tmeas , the superparamagnetic state cannot be
detected. In this connection, MoÈ ssbauer spectroscopy with a
characteristic time of measurement tmeas=1078 s (the time of
Larmor precession of the 57Fe nuclear spin in the magnetic field)
has become a unique method for the investigation of superpara-
magnetism. The superparamagnetic relaxation of the magnetic
moment with t& 1078 ± 10710 s causes line broadening in the
MoÈ ssbauer spectra and disappearance of the magnetic hyperfine
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structure. MoÈ ssbauer spectroscopy makes it possible to estimate
the relaxation times in the range of 1078 ± 10710 s and cluster sizes
in the range from several nanometers to tens of nanometers.

One more important characteristic of a nanosystem is the
magnetic anisotropy constant. This value is related to the mag-
netic structure and the shape of the cluster. In addition, it
characterises the state of the surface, defects and intercluster
interactions. Thus for g-Fe2O3 nanoclusters formed in the pores
of a sulfo resin with a size of*7 nm, themagnetic anisotropy 236 is
4.46105 Jm73, which is much higher than the value
Ka=4.76103 Jm73 for a bulk sample.

It is known that ferromagnets have a magnetic domain
structure below the critical temperature. In the absence of an
external magnetic field, a system formed from ferromagnetic
clusters has a minimum magnetic energy (Em), which consists of
the exchange and dipole energies and the energy of magnetic
anisotropy

Em=Eex+Ed+Ean .

The exchange interaction (Eex) lines up the magnetic moments
parallel to one another; it is responsible for the uniform magnet-
isation of domains, and the dipole interaction (Ed) induces
antiparallel arrangement of the magnetisation vectors of neigh-
bouring domains, thus decreasing Em.

As the cluster size decreases below some critical value, the
fragmentation of a cluster into domains becomes energetically
unfavourable; in this case, a system of single-domain clusters with
single-phase magnetisation is formed. Transition of a ferromag-
netic cluster from the single-domain state with single-phase
magnetisation into a multidomain state changes superparamag-
netic properties.244, 245 When the cluster size increases (R>Rcr),
the energy of anisotropyU=Ean=KaV decreases to zero, which
is accompanied by a corresponding decrease in the relaxation time
t and the change in the superparamagnetic properties.

A cluster having the critical size Rcr occurs in a state of
uniform magnetisation, its magnetic moment being constant
over the whole volumem(r,y,j)=m0 (r is the radial coordinate,
y and j are the polar and azimuthal angles). When R>Rcr, the
uniform magnetisation state is no longer energetically the most
favourable, and rearrangement ofm over the whole particle bulk
takes place. It was found 244, 245 that

Rcr^ 2.085

������
3I

4p

r
,

where I is the exchange integral. The height of the potential barrier
was calculated 244 using the formula

U=
Ka

2

��
cos4o73cos2o sin2o+

3

8
sin4 o

�
dV, (35)

where o is the function o(R,y), characterising the deviation of the
magnetic moment of the cluster from the uniform magnetisation
state. For a nanosystem with a cubic symmetry (o55 1),

Ucub=
Ka

2

�
(175o2)dV. (36)

If one compares expressions (35) and (36) with the relation for
the calculation of the total moment of the cluster

m=m0

�
coso dV&m0

��
1ÿ o2

2

�
dV, (37)

it turns out that a minor deviation ofm fromm0 (by o2/2) gives
an order of magnitude higher change in the energy of the
anisotropy of the potential barrier. Note that for clusters with a
uniaxial symmetry, in which themagnetisation state deviates from
the uniform state, the U value does not decrease sharply with the
cluster size

Urel=
Ka

2

��
1ÿ 3

2
sin2 o

�
dV. (38)

The superparamagnetic behaviour of a nanocluster system
formed by Fe ±Ni and Fe clusters with a size of 10 ± 25 nm has
been studied.244, 245 To separate the clusters and to weaken the
magnetic dipole interaction between them, clusters with a filler
and with a content of iron clusters equal to 10%were studied. The
data of MoÈ ssbauer spectroscopy indicate that the superparamag-
netic relaxation time for 11.5-nm clusters is shorter than the
relaxation time of 10.5-nm clusters; subsequently, t increases in
proportion withKaV, which is consistent with the beginning of the
deviation from uniform magnetisation.

Magnetisation and quantum magnetic tunnelling. The state of
the cluster surface, cluster shape and intercluster interaction
influence substantially the magnetisation curves of a nanosystem
and the coercive force. Calculations of the relaxation time upon
transition of the system into the state with uniform magnetisation
show an increase in the energy of anisotropy and the related
coercive force following a decrease in the cluster size.244 The
magnetic hysteresis curves for nanocrystalline Ni and Co 246

indicate that the coercive force Hc in cluster nanosystems sub-
jected to plastic deformation is several times as great asHc for bulk
materials. Low-temperature annealing leads to a decrease in Hc

with the cluster size remaining invariant, due to the annealing of
defects, while high-temperature annealing results in lowerHc and
larger clusters. Thus, the increased coercive force of nanocrystal-
line metals and alloys is related to the stresses and defects at the
cluster boundaries and to the single-domain state of the clusters.

The influence of arrangement of Co nanoclusters on the
magnetisation curves has been investigated.22 The colloid Co
clusters with sizes of 5.8 ± 8.0 nm were arranged into a 2D
hexagonal lattice on a graphite substrate. Studies of the super-
paramagnetic properties of this system demonstrated shifting of
the blocking temperature } of the assembled structure (Tb=63K)
towards higher values with respect to Tb for the colloid solution
(Tb=58K). The increase in Tb is due to the increase in the energy
barrier KaV as a result of intercluster interactions. The total
saturation magnetisation of the nanocrystalline system was
found to decrease to Ms=80 emu g71 with respect to that of
bulk cobalt (Ms=162 emu g71). The decrease inMs is due to the
presence of the stabilising ligand layer around the Co clusters,
which decreases the total magnetic moment of the cluster due to
the exclusion of electrons of the Co atoms located on the surface.
Attention is drawn to the difference between the magnetisation
curves and hysteresis loops for colloid solutions of clusters and
organised nanosystems (Fig. 25). Magnetic saturation is achieved
for the fields H=*2 T only in the case of the organised nano-
system, which implies collective rotation of themagnetic moments
of nanoclusters.

The superparamagnetic behaviour of nanoclusters has been
considered so far as a thermally activated process with an energy
barrier of about KaV. However, in organised nanosystems,
quantum-tunnelling transitions accompanied by a discrete change
in the magnetisation of the whole nanocluster system are also
possible. These effects were observed for the [Mn12(CH3COO)16.
.(H2O)4O12] . 2CH3COOH . 4H2O single crystal, which is con-
structed from acetylacetonate manganese nanoclusters (Mn�12)
with identical sizes.45 This nanosystem exhibits unusual magnet-
isation and magnetic hysteresis curves (see Fig. 2). The hysteresis
loop is stepwise and consists of vertical and flat sections. In the flat
sections of the hysteresis loop, the relaxation time of the magnetic
moment is longer than the time of the measurement
(tmeas& 600 s). In the sloping sections, the relaxation time is
close to the time of measurement, which gives rise to several

}Blocking temperature is the temperature at which no thermal fluctua-

tions take place over the period of magnetisation measurement.
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minima in the curves for the dependence of t on the external
magnetic field (Fig. 26 a). The dependence of DM/DH on H
provides exact magnitudes of the fields at which the relaxation
times have a minimum. The relaxation time oscillates with respect
to the applied field with a minimum corresponding to the steps in
the hysteresis loop. Figure 26 b gives the experimental t values
obtained at different temperatures for the H0 values correspond-
ing to the minima in the t=f(H) curve (Fig. 26 a):H0 varies from
0 to 2.64 T with the step Hn+17Hn=DH=0.44 T. At these
points discontinuous change in t is observed. They correspond to
the sequence of intersection of electron levels with the spin S=10.
Calculation using the formula DH=D/gmB=0.44 T (D is split-
ting of the level in the crystal field, g is the gyromagnetic ratio)
gives D=0.60K, which coincides with the value D=0.61K,

reported in a study.247 Thus, relaxation of themagnetic moment is
accelerated when tuning by the magnetic field results in coinci-
dence of the electron levels. This is indicative of quantum tunnel-
ling in themagnetic cluster system, which is possible only when the
levels of all clusters contained in the molecular crystal strictly
coincide. The decrease in the relaxation time with an increase in
temperature (Fig. 26 b) is apparently due to the electron tunnel-
ling through excited levels with lower Boltzmann occupancy. The
probability of tunnelling depends on the width and the height of
the barrier. Each minimum of the relaxation time corresponds to
the resonance tunnelling from a given level with a time of the order
of the measurement time.

An attempt has been made 248 to find out whether quantum
tunnelling occurs in large clusters, for example in iron oxide
hydroxide clusters, which constitute the core of the protein
ferritin. The superparamagnetism phenomenon in such a large
cluster (maximum size 6 nm) is usually observed at temperatures
above 10K (depending on the size of the ferritin core). Never-
theless, at low temperatures (5 and 12K), the hysteresis curve for
magnetisation of this cluster in the field withH=0 also displays a
step. It is obvious that for this system, coincidence of levels upon
tuning by amagnetic field is impossible, which precludes quantum
tunnelling. However, at one point (H=0)with doubly degenerate
levels, tunnelling is still possible. In addition, the blocking temper-
ature of this system depends on the external magnetic field
according to a non-trivial pattern. The temperature increases for
low fields, passes through a maximum and decreases for high
fields with H>0.3 T. The increase in Tb for low fields is
attributed to the violation of the quantum tunnelling condition
at H= 0, while the decrease observed at high fields is ascribed to
the decrease in the activation barrier to thermal fluctuations. It
should be noted that in this experiment, the DM/DH=f(H )
curves have a standard shape, pointing to the absence of the
quantum character of transitions.

Giant magnetoresistance effects. The giant magnetoresistance
effect (GMR) in clusters is a great decrease in the resistance of the
cluster material (by 1000%) when it has been inserted in a
magnetic field, whereas the magnetoresistance of a bulk sample
changes slightly (for example, the resistance of permalloy,
80% Ni ± 20% Fe, increases by 3% in a magnetic field). The
GMR effects were observed in a study of the magnetic properties
of various metallic 249 ± 252 and oxide 253 ± 257 nanosystems, the
mechanisms of GMR origination for nanocrystalline metals and
metal oxides being different.

Magnetic nanoclusters are prepared by dissolving one metal
(for example, Fe or Co) in the matrix of another (conducting)
metal (for example, Cu or Ag); these two components should be
poorly soluble in each other. In a nanosystem consisting of a
conducting metallic matrix and magnetic clusters, the conduction
electrons of the matrix are scattered on the magnetic moments of
the clusters. When a magnetic field is applied, the direction of the
magnetic moments of the clusters changes; this changes their
interaction with the conduction electrons of the metallic matrix
and, hence, the conductivity. The magnitude of the GMR effect is
determined by the ratio of the electron free path (l ) to the distance
between the neighbouring magnetic clusters, which depends on
the concentration of the dissolved metal. When the free path is
long, an electron undergoes numerous scattering events before it
enters into interaction with the magnetic cluster (the direction of
the cluster magnetic moment does not influence the electron
scattering and no GMR is observed). If the free path is relatively
short, magnetic clusters can be involved in the percolation
processes of thematrix and can interact stronglywith one another,
which also eliminates GMR.

For a system consisting of Co clusters dissolved in an Ag
matrix,251 the change in the Co concentration from 10% to 50% is
accompanied by a substantial change in the electric resistance of
clusters in themagnetic field (Fig 27). Themost pronounced effect
is observed when the Co concentration is * 20%, which is
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attributed to the optimal size of the Co clusters in the Ag matrix.
The GMR effect increases with a decrease in temperature.

To interpret the appearance of GMR, the two-current model
is used. According to this model, electron scattering on the cluster
magnetic moment in a disordered system is equivalent in two
directions (for example, up and down). In a system ordered by a
magnetic field, one direction, namely, that along the field, has a
lower resistance than the other direction; this results in an overall
decrease in the resistance. The change in the resistance (Dr)
correlates with the change in the size of the magnetic cluster (d ):
Dr* 1/d.

Nanosystems that contain magnetic clusters are promising for
controlling the magnetic field of conduction valves. A model
system with epitaxially deposited Co(2.5 nm) ±Cu(2.2 nm) nano-
films and with a Pb monolayer as an interlayer 252 demonstrated
high sensitivity with respect to relatively weak fields (up to
0.05 T), which is of interest for practical purposes.

An even more pronounced effect (decrease of resistance by
several orders of magnitude) was observed for perovskite struc-
tures of manganites.253 These are ceramic samples, and, at first
sight, in is difficult to distinguish a nanostructure in them.
However, as will be shown below, the results ofmagnetic measure-
ments in this type of system are interpreted resorting to cluster
models. The results of studies of the La0.67Ca0.33MnOx films on
LaAlO3 substrates 253 are shown in Fig. 28. In the manganite,

unlike metals or alloys, GMR does not cover the whole range of
temperature measurement but occurs only in the vicinity of the
phase transition from the semiconductor to metallic state (at
T=220K). The most pronounced GMR effect induced by
switching on a magnetic field with H=4±6 T is achieved at
T& 190K, i.e., near the point of transition to the metallic state.
However, the temperature dependence of the magnetic moment of
the manganite indicates that no sharp magnetic phase transition
occurs at T=190 ± 220K, magnetisation decreasing from the
maximum value (saturation at T=100K) to M&
100 emu cm73 (at room temperature). This indicates that the
GMR is mainly influenced by the semiconductor ±metal phase
transition rather than the magnetic phase transition.

The GMR value is sensitive to the temperature of annealing
and to the concentration of oxygen. ThusGMRmeasurements for
a film prepared at 640 8C gave a smeared GMR peak with a
maximum Dr/r=500% at T=100K; for a film annealed at
700 8C in an O2 atmosphere for 0.5 h, the peak Dr/r=1400%
was observed at T& 200K; further increase in the annealing
temperature to 900 8C resulted in a shift of the Dr/rmaximum to
T=280K. The giant magnetoresistance observed in ceramics will
undoubtedly find practical application.

The mechanism of the formation of GMR in ceramics differs
apparently from that for metals. The spin dynamics in manganites
of the LaxCayMnzO3 type in which theMn atoms have been partly
replaced by Fe has been studied by MoÈ ssbauer spectro-
scopy.254 ± 257 A La0.75Ca0.25Mn0.98Fe0.02O3 sample prepared by
sintering of salts and oxides was employed.254 Figure 29 shows the
MoÈ ssbauer spectra of this compound at different temperatures.
Typically, in the region of GMR, the spectrum is separated into
the paramagnetic central doublet and the magnetic HFS.253

Broadening of the HFS lines points to a relaxation type of
behaviour of the magnetic moment in the compound
La0.75Ca0.25Mg0.98Fe0.02O3 , which is similar to the superpara-
magnetism observed for cluster nanosystems. However, ceramics
consist of coarse grains, whose size is beyond the nanometer
range.

Data on inelastic neutron scattering (INS) 258 attest that this
compound is a ferromagnet at low temperatures; however, when
the temperature rises, an inelastic component appears in the INS
spectra. As the point of transition of the ceramics from the
metallic to the paramagnetic state (Tc=250K) is approached,
this component starts to predominate. This result suggests that in
the region of transition of the ceramics from the semiconductor to
metallic state, the GMR arises due to the appearance of fluctuat-
ing nano-sized regions, which possess ferromagnetic ordering.
The size of these regions increases as the temperature decreases.
An increase in the size of the region in which the ceramic passes
from the paramagnetic to the metallic state is accompanied by an
increase in the superparamagnetic relaxation time and the ulti-
mate transition to the magnetically ordered, ferromagnetic state.
The temperature range in which this magnetic transition takes
place covers tens of degrees but it is in this region that the
scattering of conduction electrons changes and the GMR effect
arises due to the change in the relaxation time of the magnetic
moment, the distances between the fluctuating clusters, and the
cluster size (at temperatures below the phase transition temper-
ature, there are no ferromagnetic nano-sized regions, whereas at
high temperatures, there is no metallic electrical conductivity).

Magnetic phase transitions. In isolated nanoclusters and nano-
systems,magnetic phase transitions are observed; usually, they are
second-order phase transitions.} The magnetic phase transitions
are characterised by Langevin dependences of magnetisation,259

by disappearance of the magnetic order and spontaneous magnet-
isation at the Curie (TC) andNeel (TN) temperatures, respectively,
and by smooth curves for the variation of the magnetisation with
temperature. (Nanosystems can also possess superparamagnet-
ism, resulting in an effective lowering of TC and TN .)
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For several metal oxide clusters, in addition to second-order
magnetic phase transitions, first-order magnetic phase transitions
were also observed. In this case, a nanosystem lost abruptly the
spontaneous magnetisation at some temperature Tcc or at some
critical cluster size, below which the cluster passed into the
paramagnetic state (not the superparamagnetic state). It is diffi-
cult to observe the first-order magnetic phase transitions in
clusters by magnetisation measurements due to the scatter of
clusters over sizes (this scatter results inevitably in smooth
variations of the nanosystem magnetisation, and it is difficult to
distinguish it from the superparamagnetic behaviour). However,
MoÈ ssbauer spectroscopy can draw a distinction between the
paramagnetic and magnetically ordered states; therefore, it is
widely used to study the magnetic phase transitions.

The stepwise magnetic phase transitions were observed for
iron oxide-based nanoclusters and nanosystems.120, 260 ± 263 Note
that first-order magnetic phase transitions also take place in some
bulk transition metal and rare earth metal oxides and alloys.259

They are interpreted using a thermodynamic model.264

A thermodynamic model for magnetic phase transitions in
nanoclusters has been proposed.261 A cluster is assumed to exhibit
a pronounced magnetostriction effect, i.e., to change its volume
on passing from the magnetically ordered to the paramagnetic
state. Meanwhile, the Curie point of a substance depends on its
volume

TC=T0

�
1� b

Vÿ V0

V0

�
, (39)

where b is the magnetostriction constant of a substance, V and V0

are molecular volumes of a substance in the magnetically ordered
and paramagnetic states. The change in the Gibbs energy density
on passing from the magnetically ordered state to the para-
magnetic state is written in the form
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whereN is the number of atomswith the spin 1/2,m=M/Ms is the
relative magnetisation value (Ms is the saturation magnetisation),
Z is the volume compressibility, and a is the surface tension. The
first term in Eqn (40) corresponds to the exchange energy density
in the molecular field approximation, the second term reflects the
deformation energy, the third term corresponds to the surface
energy, and the fourth one matches the entropy term for the
temperature dependence of magnetisation.

Minimisation of the free energy and solution of the set of
equations dDGV/dV=0, dDGV/dm=0 gives
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where Tc0=T0(17bZp) shows the change in T0 due to pressure
(p=2a/R), g=(3/2)NkT0Zb2(17bZp)71.

Figure 30 presents the temperature dependence m=f(T/Tc0)
for different values of the parameter g, which determines the
character of the magnetic phase transition. For g<1, the phase
transition corresponds to a second-order magnetic transition and
when g5 1, it is a first-order magnetic transition. The g value can
be represented as g=Tcc/Tc0 , where Tcc= (3/2)NkT 2

0Zb2. If
the cluster size R4Rcr , then for g 5 1, the cluster passes from
the magnetically ordered to the paramagnetic state upon a first-
order phase transition.

Rcr=
2abZ

1ÿ Tcc=Tc0

. (42)
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For larger clusters, only the second-order phase transition can
take place. It can also manifest itself as superparamagnetism at
temperatures kT>KaV.

The first- and second-order magnetic transitions were
observed, for example, for the ferrihydrite Fe5HO8

. 4H2O clus-
ters formed in the polysorb pores.261 The matrix method allows
two cluster systems to be produced, namely, a systemwith isolated
clusters and that with clusters interacting with one another (if
several clusters occur in a pore). Figures 31 and 32 show the
MoÈ ssbauer spectra of the ferrihydrite clusters obtained in 13- and
20-nm polysorb pores. The spectrum recorded at 4.2K corre-
sponds to a quadrupole doublet and consists of two parts Ð the
central component and the magnetic hyperfine structure with
relatively narrow lines (with allowance for the disorder of the
cluster structure). As the temperature is raised, some of theHFSof
the spectrum is converted into a paramagnetic doublet, without
entering the intermediate states corresponding to the superpara-
magnetic behaviour. The results presented in Figs 31 and 32
suggest that a jumpwise first-order magnetic phase transition
occurs in ferrihydrite clusters in the temperature range of
4.2 ± 6K. An increase in the iron concentration results in an
increase in the cluster size; nevertheless, the spectral pattern at
4.2 and 6K does not change.

In the spectra recorded at 10K (Fig. 32 c) for large clusters
(c=1.261073 mol litre71) formed in a 13-nm pore, the absorp-
tion line is broadened, which corresponds to the intermediate
forms (between the quadrupole doublet and HFS), peculiar to
superparamagnetism. Thus, at 10K, a second-order magnetic
transition is observed for large clusters, in addition to the first-

order phase transition. For smaller clusters (c=1.261073

mol litre71, Fig. 31 b), line broadening is barely observed and
the second-order magnetic transitions (superparamagnetism) do
not show themselves. The appearance of superparamagnetism at
10K made it possible to estimate the critical cluster size from the
broadening of the HFS lines in the spectrum (Fig. 32 c), using
relation (34): Rcr& 2 nm.

Estimation of the size of the cluster formed in a pore from the
concentration of iron atoms (c=1.261073mol litre71) gives the
value R& 1 ± 2 nm (for an isolated cluster). Thus, these data and
the data obtained on the basis of superparamagnetic relaxation
can be used to estimate the Rcr value (Rcr& 1.5 ± 2 nm).

Further growth of clusters and enhancement of their inter-
actions is accompanied by appearance of second-order magnetic
transitions: the HFS lines are markedly broadened and the first-
order phase transition can no longer be distinguished against the
background of the second-order transitions. Estimation of theRcr

size using relation (42) gives Rcr& 1 nm, which coincides in order
of magnitude with the results obtained in experiments.

The effects similar to a first-order magnetic phase transition
were also observed in the a-Fe2O3 nanoclusters,265 in the
a-FeOOH± a-Fe2O3 system,266, 267 and in proteins, ferritin and
hemosiderin, which include the magnetic core (FeOOH)8 .

(FeOOPO3H).268

Yet another parameter determining the character of the
magnetic phase transition is the external excess pressure. It has
been noted above that the critical temperature of phase transition
decreases upon an increase in pressure due to the change in the
surface tension. A change in the external pressure by Dp entails a
change in the magnetic transition temperature for the cluster by
the value

0.94

0.96

0.98

1.00

b

0.94

0.96

0.98

1.00

0.94

0.96

0.98

1.00

710 75 0 5 n /mm s71

c

Absorbance (rel.u.) a

Figure 31. MoÈ ssbauer spectra of ferrihydrite clusters

(c=1.261073 mol litre71) in polysorb pores with sizes of 13 (a, b) and

20 nm (c). Here and in Figs 32 and 33, the thick lines show the results of

computer processing of the spectrum and the thin lines show its separation

into components.

Temperature /K: (a) 4.2, (b) 10, (c) 42.

1.00

0.95

0.90

b

1.00

0.95

0.90

c

1.00

0.95

0.90

0.85

0.80
710 75 0 5 n /mm s71

Absorbance (rel.u.) a

Figure 32. MoÈ ssbauer spectra of ferrihydrite clusters (c=1.2 1072

mol litre71) obtained in polysorb pores with a size of 13 nm at different

temperatures.

Temperature /K: (a) 4.2, (b) 6, (c) 10.

204 I P Suzdalev, P I Suzdalev



DTc0

T0

� Dp
2a=Rÿ 1=bm

. (43)

Thus, a decrease in Tc0 increases the probability of the first-
order magnetic phase transition. A study of two nanosystems,
namely, an ion exchange sulfo resin (sulfo cation exchange resin)
incorporating iron hydroxide clusters with a size of 3 nm and a
globular protein (ferritin) incorporating iron hydroxide clusters
with a size of 6 nm has been reported.262 In these systems, the
interaction of clusters with the polymeric and biopolymeric net-
works changed due to hydration. The excess pressure on the
cluster was determined from the deformation of the polymeric
matrix [from the increase in the water volume which accompanied
its crystallisation (freezing)]. This pressure is calculated from the
expression

Dp � 1

Zm

DV
V

. (44)

For DV/V=0.09 (for water) and 1/Zm=5±10 GPa,196 it was
found that Dp=0.45 ± 0.9 GPa, which is comparable in magni-
tude with the surface pressure in a 1.5-nm cluster (*1 GPa).
Using relation (43), one can estimate the decrease in Tc0 under the
action of pressure. Assuming that p=1 GPa, b=102,
m=10711 m2 J71 and 1/N* 10728 m3 (the data were taken
from publications 196, 261), we have DTc0= (0.1 ± 1.0)Tc0 . Thus,
DTc0 can reach a value of the order of Tc0 .

The DTc0 value was estimated from the MoÈ ssbauer spectra of
the sulfo cation exchange resin (in the range ofT=4.2 ± 30K) and
ferritin (in the range of 4.2 ± 78K).262 Hydration followed by
freezing was found to be accompanied by a decrease in Tc0 . This
value was determined from spectra in which the paramagnetic
state and the magnetic HFS of the spectra were equal. The
following values were obtained: Tc0 : 9 ± 10K for the hydrated
sulfo cation exchange resin, 13 ± 14K for the dry cation
exchanger, 30K for hydrated ferritin, and 30 ± 34K for dry
ferritin. Comparison of the Tc0 values for the dry and hydrated
samples provides the temperature shift DTc0& 3 ± 4K, which is in
line with thermodynamic estimates.

The first-order magnetic phase transitions induced by inter-
cluster stresses and defects can also arise in nanosystems contain-
ing larger nanoclusters (20 ± 50 nm). These systems are formed in
solid-phase chemical reactions (see Fig. 9),263 for example, in
cluster sintering, and are subject to substantial intercluster
interactions. The phase transitions observed in these systems are
similar to those in the ferrihydrite clusters (1 ± 3 nm) in a poly-
meric matrix. Figure 33 shows the MoÈ ssbauer spectra of the
a-Fe2O3 ± g-Fe2O3 nanosystem. The spectra indicate that jump-
wise magnetic transitions from the magnetically ordered state
(magnetic HFS) to the paramagnetic state (central doublet) can
take place in this system. These magnetic transitions take place at
distributed critical temperatures Tc0=120 ± 300K, which are
lower than the temperatures Tc0 for bulk samples of a- and
g-Fe2O3 (856 and 965K, respectively). The decrease in Tc0 cannot
be due to superparamagnetism because of the large cluster size (see
Fig. 9); therefore, the calculation using relation (34) affords
relaxation times several orders of magnitude longer than tmeas .
As a consequence, magnetisation disappears abruptly, which is
related to the transformation of themagneticHFS of g-Fe2O3 into
a paramagnetic doublet (Figs 33 and 34 a).

The presence of the first-order magnetic phase transition in
the a-Fe2O3 ± g-Fe2O3 nanosystem is related to the strong inter-
cluster interactions, which bring about substantial stress in the
nanosystem. This stress results in the generation of enormous
pressures (up to several Gigapascals). The pressures arise during
sintering 121 of the a- and g-Fe2O3 clusters, the unit cells of which
have different specific volumes,{ and under the action of defects

and dislocations. As has been shown above (see Fig. 21), the
density of defects has a maximum at a cluster size of exactly
20 ± 30 nm. Further increase in the cluster size is accompanied by a
decrease in the fraction of phase boundaries and defect density;
thus, the cluster properties approach the properties of a bulk
substance.

In addition to the first-order magnetic phase transition in this
nanosystem, two more phase transitions were observed in this
system, namely, a weak ferromagnetic ± antiferromagnetic tran-
sition and a collective magnetic phase transition to give twined
nanostructures.

Transitions from weak ferromagnetism (non-collinear anti-
ferromagnetism) to antiferromagnetism (collinear antiferromag-
netism) were observed for the a-Fe2O3 crystals. Weak ferromag-
netism is also typical of MnCO3 , CoCO3 , MnF2 and orthorhom-
bic MFeO3 crystals (M is a rare earth metal).259 Weak ferromag-
netism is found for antiferromagnetics with some small extent of
non-collinearity of sublattice magnetisation. The non-collinearity
of the magnetisation of sublattices in antiferromagnetic structures
arises upon an increase in the temperature as a consequence of the
instability of compensated antiferromagnetism.269

For bulk a-Fe2O3, a magnetic phase transition, known also as
theMorin transition, takes place atTM& 260K; in this transition,
the type of magnetic ordering changes jumpwise. When
TM<260K, collinear antiferromagnetism exists, while at
T>260K, non-collinear antiferromagnetism (weak ferromag-
netism) is observed. This transition is due to the internal symmetry
of the crystal, which allows distortions in the crystal lattice at
higher temperatures; this is accompanied by the rotation of spins
through 90 8. The collinearity ± non-collinearity phase transition
for the magnetic moments of sublattices can be traced in the
MoÈ ssbauer spectra as the change in the sign and the magnitude of
the quadrupole splitting of the spectrum (DEQ) possessing a
magnetic HFS
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{The a-Fe2O3 clusters have an rhombohedral structure of the corundum

type and g-Fe2O3 has a spinel type cubic structure.
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DEQ=
1

8
e 2qQ(3cos2y71),

where e is the electron charge, q is the crystal field gradient,Q is the
quadrupole moment of the 57Fe nucleus, y is the angle between the
directions of the atom spin and the electric field gradient on the
nucleus. The high-temperature a-Fe2O3 phase is responsible for
DEQ=0.2 mm s71, and for the low-temperature phase,
DEQ=70.3 mm s71.

Nowwe shall consider specific features of this phase transition
in the a-Fe2O3 ± g-Fe2O3 nanosystem (Fig. 34 b). The low-temper-
ature a-Fe2O3 phase (DEQ=70.3 mms71), exhibiting collinear

antiferromagnetism at T<120K, passes into a state of non-
collinear antiferromagnetism with DEQ=0±0.1 mms71 at
T=120K (high-temperature phase). Thus, in the nanosystem,
the temperature of the Morin transition decreases to 120K and
the high-temperature phase has a lower DEQ . The decrease in TM

is related to the magnetic dipole energy EM and the exchange
energy Eexc by a simple relation. As the cluster size decreases, the
Eexc value decreases (because the Tc0 value for Fe2O3 diminishes),
and the probability of existence of the non-collinear antiferro-
magnetism increases. Similar examples of decrease in TM follow-
ing a decrease in the cluster size have been reported in other
studies.270, 271

Yet another important circumstance should be mentioned.
Despite the broad size distribution of nanoclusters, the phase
transition in a nanosystem occurs at a fixed temperature
TM=120K. This attests to a collective transformation of the
whole nanosystem, where the phase transition in one cluster
initiates the phase transition in the whole sample. This type of
phase transition with instantaneous collective phase transforma-
tions of the whole sample was also observed for the transforma-
tion of austenite into martensite in carbon steels (martensite
transitions).272

Let us consider the temperature behaviour of the a-Fe2O3 ±
g-Fe2O3 nanosystem (from theMoÈ ssbauer spectroscopy data). At
low temperatures (T<120K), both phases, a-Fe2O3 and g-Fe2O3

exist in the system; at T>120K, the a-Fe2O3 and g-Fe2O3 phases
are converted into one common structure with theDEa parameter
corresponding to the a-phase, the crystal lattices of both phases
being retained (X-ray diffraction data). The temperature depend-
ence of the isomer shift d (Fig. 34 c) demonstrates a sharp change
in d at 120K: for the a-phase, d decreases, while for the g-phase, it
increases jumpwise to an average value of 0.45 mms71. These
data point to collective transformations of the g- and a-phases
into an a-like phase; the retention of the crystal lattices of both
phases can be explained by assuming the formation of a twinned
nanostructure. Twinned structures are often formed upon crys-
tallisation induced by mechanical deformations and during seed
sintering. Twinning also occurs upon fast thermal expansion or
compression and on heating of deformed crystals.273, 274

During the formation of the a-Fe2O3 ± g-Fe2O3 nanosystem,
sintering of iron oxide seeds takes place, resulting in the formation
of strongly interacting clusters. It is strong intercluster interaction
that appears to be responsible for the twin collective transitions in
a nanosystem. As a consequence, the two-phase heterogeneous
(a ± g)-iron oxide nanosystem undergoes a sort of a phase temper-
ature transition into a one-phase twinned nanostructure in which
the g-phase is attached to the a-phase. This transition is accom-
panied by the transfer of an electron from the g-phase to the
a-phase, which shows itself as an increase in the isomer shift.

This transition is a new feature of a heterogeneous nanosystem
inwhich the generator of the transition, a cluster possessing a first-
order collinear phase transition, induces the collective transition
of the system to a twinned nanostructure. Indeed, the temperature
of the twinning phase transition (Tt=120K) for this nanosystem
coincides with the temperature of the antiferromagnetic ±weak
ferromagnetic phase transition (TM=120K).

V. Conclusion

The unusual properties of nano-sized cluster systems have been
attracting the attention of researchers for many years, and the
interest in these systems has not abated. It is noteworthy that
substantial progress in the study of nanoclusters and nanocluster
systems has been achieved in recent years. This is due to the fact
that the modern level of experiment permits not only the prepa-
ration of separate nanocluster particles but also investigation of
their properties.

The main advances achieved in the design of new nanocluster
systems are listed below:
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Figure 34. Results of computer simulation of the MoÈ ssbauer spectra of

the a-Fe2O3 ± g-Fe2O3 nanosystem: temperature dependences of the

spectral surface areas (A) for various iron species (a), the quadrupole

shift DEQ of the magnetic HFS (b) and the isomer shift d (c).
(1) Paramagnetic component (quadrupole doublet), (2) the magnetic

component of g-Fe2O3 , (3) the magnetic component of a-Fe2O3 , (4) the

component corresponding to the twinning structure. The dashed line

designates the region of the Morin phase transition.
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Ð methods for the preparation of monodisperse nanoclusters
and ordered nanosystems have been developed;

Ð ways of controlling cluster size, intercluster interaction and
intercluster stress, permitting the formation and variation of the
properties of nanosystems have been found;

Ð methods of stabilisation of nanocluster systems via passi-
vation of isolated clusters have been proposed;

Ð methods for the production of ordered layers and super-
lattices using film and matrix relaxation and by the introduction
of spacers have been developed.

Further progress in nanocluster chemistry would involve the
synthesis of new nanostructures, creation and development of
theoretical and experimental approaches to the study of mechan-
ical, elastic, thermal, electronic, optical andmagnetic properties of
nanoclusters and nanosystems. The sequence nanocluster ± nano-
system ±nano-device should be adhered to.

The ordered systems and cluster nanocrystals manufactured
on the basis of molecular clusters, fullerenes and colloid clusters
can be used in nanotechnology for the design of single-electron
devices, optical switches and non-linear systems, lasers with
frequency tuned by changing the cluster size and quantum
magnetics.

Fullerenes can be employed to manufacture unidimensional
wires, rectifiers, diodes, electroluminescent light sources, field-
emission cathodes and flat displays.

There appeared the possibility to produce superplastic materi-
als by varying the mechanic properties.

The development of ordered nanolayers and superlattices
opens the way to the development of single-electron devices,
holographic images and superhigh-density magnetic recording.

The authors are grateful to Academician I I Moiseev, who
initiated writing of this reviews and to Academicians V I Gol'dan-
sky and L A Piruzyan, Doctors of Science V N Buravtsev and
YuMMaksimov for useful remarks.
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