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Discreteness of nanostructures and critical dimensions of nanoclusters
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Abstract. Theoretical models and experimental data related to the
formulation of the discreteness concept for nanoclusters and
nanostructures are analysed. The discreteness is shown to be due
to the existence of critical sizes of nanoclusters determined by the
magic numbers of atoms and thermodynamic parameters. Such
nanoclusters exhibit the highest stability in the formation of
nanostructures and specific properties. The bibliography includes
116 references.

1. Introduction

There are a few types of discreteness of matter, e.g., discreteness
on the atomic level, the elementary particle level and the atomic-
molecular level. For instance, the atomic-molecular structure is
discrete on the atomic level (of the order of 10~! nm). This
manifests itself in individual electronic, optical, magnetic proper-
ties of matter on this level of discreteness and in, e.g., the form of
X-ray diffraction, electron diffraction and in the onset of co-
operative mechanical, thermal, optical, electronic and magnetic
properties in the formation of condensed state. The structure and
properties of matter on various levels of discreteness have been a
subject of atomic physics and quantum chemistry, physics and
chemistry of condensed state and physical chemistry. Discreteness
of matter on a lower, elementary particle level (of the order of
10—% nm) has been studied by nuclear physicists and chemists.

There is yet another level of discreteness of matter. Some
features of the supramolecular structures and nanoclusters of size
1-100 nm also indicate the formation of the most stable clusters
(nanoparticles) of particular sizes, which can be treated as
manifestation of specific discreteness level.

In addition to the spatial discreteness level in heterogeneous
nanostructures involving nanopores, nanotemplates, nanoclus-
ters, etc., discreteness governed by the physicochemical properties
of matter emerges. On the one hand, this is a consequence of the
microscopic approach and the effect of the atomic or electronic
structure of matter on the formation and properties of nano-
clusters of size 1 — 10 nm on going from the local energy levels to
the band structure. On the other hand, the laws of thermody-
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namics and the effect of the surface dictate the formation of stable
nanoclusters of the most probable sizes from 1 to 50 nm and thus
the appearance of nanostructures with discrete nanocluster size
distributions. (Of course, the case in point are the most probable
cluster sizes against the background of overall continuous nano-
cluster size distribution in nanostructures.) Nanostructures built
of the critical-size nanoclusters possess novel co-operative proper-
ties.1—¢

The aim of this review is to elucidate the discreteness and
conditions for formation of critical-size nanoclusters and to
consider the properties of such nanoclusters as well as nano-
structures, nanomaterials and nanodevices based on them. It
should be noted that the functions characterising the state of
clusters are determined by not only the cluster size, but also the
presence of defects, by the electronic, magnetic and other factors
which were ignored in our models.

The review consists of two main parts. The first part is devoted
to the formation of critical-size nanoclusters and nanostructures
based on them in various media. In the second part we will
consider the properties of such nanostructures and nanomaterials.

The first part concerns the mechanisms of nanocluster for-
mation in the gas, liquid and solid phases. The formation of
critical-size nanoclusters in the gas phase is considered using the
thermodynamic (pressure and temperature dependences) and
microscopic (with inclusion of triatomic collisions and the effect
of the magic number of atoms in filling the electron shells)
approaches and the close packing principle. For the liquid phase
(solutions and colloidal systems) we consider the formation of
molecular clusters, colloidal clusters and critical-size nanoclusters
in a nanopore or a reverse micelle based on the thermodynamic
approach and the principle of close packing of atoms.

The formation of mesoporous silica and alumina is also
associated with the existence of nanoparticles of characteristic
discrete sizes. Solid-phase reaction studies revealed not only the
formation of critical-size nanoclusters with the primary structure,
but also the existence of aggregates of the critical-size clusters,
namely, superclusters that form hierarchical secondary or ternary
structures. Using the thermodynamic approach, it is possible to
determine the critical cluster sizes corresponding to the onset of
sintering and the formation of a nanostructure.

The second part is devoted to those properties of nano-
structures that are due to discreteness. We will consider the
thermal properties related to the existence of critical cluster sizes
at which melting begins and transition to the solid —liquid state
occurs. Then, we will discuss the mechanical properties. At certain
critical value of the defect concentration, nanoclusters can behave
as superhard of superplastic materials. These properties can be
controlled by varying the cluster surface area. The conducting and
optical properties of nanoclusters and nanostructures are due to
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the existence of the critical cluster size for one-electron transfer
and the critical sizes governed by the occurrence of a plasmon (in
the case of optical absorption in metals) or a polaron (in the case
of semiconductor luminescence). Laser emission is also related to
the maximum and minimum sizes of semiconductor clusters. The
electromagnetic properties including the giant magnetoresistance
are determined by the critical size of superparamagnetic clusters,
the magnetic field magnitude and the ratio of the cluster size to the
mean free path of an electron (in the case of electron conduction).
Tunnelling magnetisation parameters are characterised by the
critical values of external magnetic field. Finally, magnetic phase
transitions in clusters can be governed by the critical cluster sizes.

With allowance for specific properties of nanoclusters, nano-
structures can be considered as a specific form of matter that is
discrete on the cluster (or supramolecular) level.

I1. Critical dimensions of nanoclusters and
nanostructures

1. Critical sizes of nanoclusters in the gas phase

a. Critical cluster size and nucleation

The metal, oxide, carbon, noble gas and small-molecule (e.g.,
water) clusters are formed by condensation in atomic beams or
vapours. Clustering studies are carried out using the dynamic
approach with account of triatomis collisions (in particular, the
molecular dynamics or Monte Carlo methods) or the thermo-
dynamic approach.

The formation of a cluster can take a time exceeding 10~ 13 s;
the process depends mainly on the kinetic energy of the cluster;
however, even the times of the order of 10~? s (i.e., characteristic
of a single computer operation) are too short to study the whole
history of cluster formation.” The finite size of a stable cluster can
be estimated using the thermodynamic approach by minimising
the changes in the Gibbs free energy depending on the size of the
cluster formed upon the gas—liquid phase transition

nA(gas, P) = A, (liquid cluster).
In this case one has®
AG = 4nr?o — gnﬁnRT In :r , (1)

o0

where r is the radius of the cluster, o is the surface tension of the
cluster, R is the gas constant, n is the number of atoms in the
cluster, P, is the gas pressure above the cluster surface and P, is
the pressure above the flat surface. Supersaturation in the system
is given by the ratio

Clustering occurs at
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The smallest critical size (a smaller cluster is unstable due to
thermal fluctuations) can be determined from the equation
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where m is the atomic or molecular mass, p is the cluster density
and k is the Boltzmann constant.

The critical characteristic size (diameter) of a water cluster d,
equals 1.6 nm at @ = 4, which corresponds to about 90 mole-
cules.® The thermodynamic approach gives larger sizes of, e.g.,
stable alkali metal or aluminium clusters comprising the magic
numbers of atoms or noble gas clusters. The size of thermody-
namically stable alkali metal clusters can be estimated from
Eqn (2). With allowance for the molecular mass, density and
surface tension (it is ten times higher than the surface tension for
water) differences, an alkali metal cluster should be an order of

magnitude larger than the water cluster and comprise thousands
of atoms. However, the most stable clusters with the magic-
number-determined sizes only comprise about tens of atoms (see
below).

b. Critical nanocluster sizes governed by the electronic and atomic
structure

Isolated (ligand-free) clusters are studied using atomic beam
methods with supersonic sources. Here, atoms are produced by
evaporation of substances on raising the temperature of the
environment or by laser ablation from the surface of a solid.
A cluster is formed due to the pressure drop and sharp cooling of
the environment. Clusters are separated by sizes (masses) in, e.g.,
time-of-flight mass spectrometers.

Alkali metal nanoclusters. The alkali metal clusters have a
simple electronic structure, namely, each atom has one s-electron
in addition to the filled electron shells. Such s'-clusters are formed
in atomic and molecular beams in high vacuum. They are ligand-
free, being convenient objects for studying the electronic proper-
ties of nanoscale structures (size 1 —2 nm). As for molecules, here
the key measurable and interpretable parameters are the ionisa-
tion energy, electron affinity, dissociation energy and optical
absorption of clusters. By studying these characteristics it is
possible to construct models for description of the cluster proper-
ties.

Ionisation of s'-clusters. The ionisation energy (or potential),
Ei, of a cluster is minimum in the following process

X, +h — X7 +e . (3)

The E; value is determined by varying the energy of a laser or some
other ionisation source. The formation of charged clusters of
particular sizes can be detected using mass spectrometers. The
ionisation potential decreases with an increase in the cluster size.”
This correlation can be explained using the classical model of a
metal drop and the metallic shell (quantum) model. The latter
model gives the magic numbers of the metal atoms that form
clusters characterised by the higher ionisation potentials and
stability.

The classical model correctly predicts the trends in the change
in the cluster size, but it seems to be inaccurate in the case of small
clusters for which the quantum size effects were established. Here,
the shell model is more appropriate, which considers the motion of
an s'-electron in the effective potential produced by other elec-
trons and ions in the cluster.

In the shell model, which is also called the ‘jellium model’, the
cluster-forming ions produce an averaged positive background for
the motion of an electron. The shell model for a cluster is
constructed similarly to the shell model for an atom. Solving the
one-electron Schrodinger equation in the potential field gives the
energy levels (eigenvalues of the electron energy). As a result, the
energy levels of the clusters with one free electron should be
characterised by the principal quantum number N, the number of
radial wave functions (N — 1) and the angular momentum / with a
degeneration degree of 2(2/ + 1). This model '%!! predicts the
closed-shell electronic structure for 1s-, 1p-, 1d-, 2s-, 1f-, 2p-, 1g-,
etc., clusters comprising n = 2(2/ + 1) = 2, 8, 18, 20, 34, 40, 58,
etc., atoms (or having the same numbers of free electrons). These
numbers are called the magic numbers.

Tonisation energy measurements for clusters of various sizes
provide a method of direct investigation of the cluster shell
structure; the filled electron shells should correspond to the
highest stability and ionisation energy.

The ionisation energies of potassium, sodium and silver
clusters of various size are presented in Fig. 1. The E; show clearly
seen oscillations for the even (higher E; values) and odd (lower E;
values) atom numbers in the clusters and maxima atn = 8and 20,
which confirms the shell structure of these clusters. The shell
structure is most pronounced for silver clusters due to strong
electron coupling and, correspondingly, higher potential for the
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Figure 1. Ionisation energies of potassium (/), sodium (2) and silver (3)

nanoclusters.®

motion of electrons (deeper potential well), which leads to greater
separation of the energy levels.

Fragmentation of s'-clusters. Once excited by, e.g., laser
radiation, clusters can undergo fragmentation into either isolated
atoms or smaller clusters by the evaporation or fission mecha-
nisms (similarly to transformations in atomic nucleus); in this
case, the drop model is applicable. Additionally, the cluster
dissociation can proceed by the monomolecular mechanism or
be accompanied by cascade transformations. The stability of a
cluster composed of n atoms is governed by the redistribution of
the energy absorbed over a total of (3n— 6) vibrational degrees of
freedom followed by fixation of a particular cluster breakdown
channel and the excited-state lifetimes. The results of cluster
stability studies using both the metallic drop model and the shell
model indicate a common trend, namely, an increase in the
binding energy with an increase in the cluster size.

Monomolecular dissociation studies of singly charged clusters
also revealed discrete magic numbers of the atoms in the cluster.
For instance, the dissociation energy decreases for the Na, and
K, clusters comprising n = 9 and 21 atoms, which corresponds to
8 and 20 electrons in the filled electron shells, respectively. Clusters
containing an even number of electrons are highly stable, which is
indicative of electron pairing effects. These effects are more
characteristic of Na; rather than K/, because for sodium the
potential well in the electron field is deeper than for potassium
and, hence, the energy differences between the sodium energy
levels are larger (greater level —level separation).

Monomolecular dissociation of doubly charged cluster ions is
a more complex process compared to the dissociation of singly
charged nanoclusters, because it includes not only evaporation,
but also fission of clusters. Two possible dissociation mechanisms
involve retention of two charges on one fragment

++ ++
Xn Xn—p + X])’

or acquisition of one charge on each fragment

X X,,t,[ + X;r . 4)

If one cluster fragment remains doubly charged, the potential
energy surface has no potential barrier. If both fragments become
charged, repulsion between them produces a Coulomb barrier.
The fragments are separated upon formation of a transition state.
This process is often called the Coulomb fission.

Signals of small doubly charged clusters X" are often
indistinguishable in the mass spectra; signals of the critical-size
clusters (n¢) suitable for Coulomb fission are observed.!'? Usually,
itis assumed that small doubly charged clusters of size less than nc
are unstable because the repulsive energy of the positively charged
fragments exceeds the binding energy in the cluster. Therefore, the
critical cluster size is governed by the dynamics of monomolecular
dissociation. In the case of large neutral clusters (n > 30), evapo-
ration dominates the Coulomb fission. For clusters of intermedi-

ate sizes (26 < n < 30), evaporation and fission ‘coexist’. This
points that the height of the Coulomb barrier approximately
equals the binding energy. For small clusters (n < 24) the Cou-
lomb barrier becomes higher than the binding energy and the
doubly charged clusters can no longer exist. The critical sizes of
the doubly charged clusters of the first-row elements are as
follow:®

Element Na K Cs Au  Ag
ne 24 17 19 3 5

Aluminium clusters. Aluminium clusters are of interest as
models with free electron gas that consists of s>- and p'-electrons
and provides a metallic type of conductivity. Aluminium is widely
used as structural material; this makes corresponding reactivity
studies topical. Similarly to the alkali metal clusters, the state of
aluminium clusters is characterised by the ionisation energy,
dissociation energy, polarisation and reactivity that is determined
in the reactions with other molecules. Answering the question of
applicability of the electron shell model (‘jellium model’) to
aluminium clusters requires analysis of all these characteristics.

Ionisation energy of aluminium clusters. Figure 2 presents the
results of ionisation energy calculations for Al, (n from 2 to 70)
clusters from the following equation

2

E(r,2) = Eip + (z + %) el— (5)

where Ei(r,z) and Eis, are the ionisation energies of the cluster of
radius r and charge z and the flat metallic surface, respectively,
and e is the electron charge. The open circles denote experimental
data and the dashed line shows the prediction of the metallic
spherical drop model.
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Figure 2.
tion.!3

Tonisation energies of Al, clusters obtained after photoionisa-

The clusters withn = 7, 14,23, 36 and 67 are characterised by
abrupt changes in Ej. According to the electron shell model,
closed shells are formed at the electron numbers equal to 20, 40,
58,70,92, 138 and 198. A decrease in E; should be expected for the
clusters with one or two extra electrons (in addition to the filled
shell), i.e., at the electron numbers 21, 42, etc. Taking account of
the fact that the aluminium atom has s?p! valence electrons leads
to agreement between the experimental data and the predictions of
the shell model, because the number of free electrons for alumi-
nium clusters is 3n. However, no agreement is obtained for larger
clusters (n > 20).

Yet another feature of aluminium clusters compared to the
alkali metal clusters consists in considerable deviation of the
calculated ionisation energy (work function of an electron in a
metallic sphere) from the experimental values for small clusters
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(see Fig. 2). This can be explained by different effect of the
conduction band in the alkali metal and aluminium clusters with
an increase in the cluster size. The ionisation energies of alkali
metal clusters with half-filled s-bands decrease as the cluster size
increases. For the s?p'-clusters, the p-band top initially decreases
with an increase in the cluster size (ionisation energy increases)
and then increases similarly to the situation for the alkali metal
clusters. Agreement with the predictions of the classical drop
model approximately begins with a 25-atom cluster.

Dissociation of aluminium clusters. Aluminium clusters mainly
dissociate by evaporation rather than fission, namely, monomo-
lecular dissociation with evaporation of aluminium atoms or ions
occurs. In this case one can expect an increase in the binding
energy per atom with an increase in the cluster size.

A dissociation study ' showed that the Al, clusters withn = 7
and 14 are more stable than clusters with neighbouring n values.
The mass spectra exhibit clearly seen signals of the stable clusters
Alf and Al{, . The magic numbers n = 7 and 14 differ from those
found for the alkali metal clusters, but agree with the shell model.
Indeed, depending on the type of the potential for the motion of
electrons, at n = 8, 18, 20, 34, 40, 58, 68 and 92 the set of closed
shells includes 1p, 1d, 2s, 1f, 2p, 1g, 2d and 3s for the ‘rectangular
well” potential or n = 8, 20, 40, 70 for the harmonic oscillator
potential. The aluminium atom has a valence of three and there-
fore the Al7+ cluster has twenty valence electrons, namely, 7 x 3 —1
(with allowance for the cluster charge). This gives the first magic
number, 7. Analogously, the closed shell of Alj, cluster has forty-
one valence electrons. Of course, the aluminium cluster has a more
complex configuration compared to alkali metals because the
interaction of the s- and p-valence electrons occurs.

The electron shell scheme also describes the oxidised alumi-
nium clusters with O—=0 or O—=Al bonds that reduce the number
of valence electrons in the cluster by two. For instance, the cluster
Al;507% is more stable than other oxidised aluminium clusters.
Here, the number of valence electrons in the closed electron shell is
3 x 15—1 (with allowance for the cluster charge) —4 (two electrons
per oxygen atom) = 40. The dissociation energy increases as the
cluster size increases

Reactivity of aluminium clusters. The interaction of aluminium
clusters with hydrogen or oxygen molecules is an important
cluster characteristic. Studies of these reactions can be useful in
order to relate the shape of a cluster to its reactivity. The majority
of experimental data point that the activation barriers to the
reactions involving clusters are higher than the corresponding
parameters for bulk material.'4

Now we will consider the best studied reactions of aluminium
clusters with oxygen as examples. Reactions of neutral clusters
result in Al,O,. Aluminium atoms or dimers react rapidly; the
reactivity initially decreases with an increase in the cluster size and
then increases. Reactions of positively charged clusters comprised
of at most seven ALO™ particles with oxygen produce AL,O™"
cations as the major product. Possible reactions of larger clusters
are shown below:

ALl + 0, —> AL, + 2ALO, (©)
Al + 0y —> ALl 5 +2ALO + AL 0]

Here, the activation barriers are of the order of a few tenths of an
electronvolt atn = 3-25.

Bulk aluminium is readily (almost barrierlessly) oxidised, i.e.,
clusters are less reactive than bulk material. Reactions of neg-
atively charged clusters with an excess of oxygen lead to stable
products in the form of 13-, 23- and 37-atom clusters. This
indicates that the shell structure of clusters affects their reactiv-
ities, namely, Alj;, Aly; and Als; have 40, 70 and 112 valence
electrons respectively that form closed electron shells in the
harmonic oscillator potential. The shape of a cluster is also related
to its reactivity. For instance, calculations of AlT cluster predict a
distorted octahedral configuration in which all atoms are equi-
distant from the centre of mass in such a fashion that they

seemingly are on the surface of a sphere. This cluster is charac-
terised by a closed spherical electron shell with 20 valence elec-
trons. The next closed-shell structure is an icosahedral cluster
Aljz . A feature of this stable structure is a large energy difference
between the filled and unfilled orbitals, which ensures a low
reactivity of this system.

Mercury clusters. Mercury clusters provide a unique possibil-
ity of studying an insulator—conductor transition. The mercury
atom has a closed electron shell ([Xe]4f145d'%6s2) and can be
considered as a building block for forming the van der Waals
bonds. At the same time, bulk mercury is a metal. Transition from
the van der Waals to the metal bonds is accompanied by an
increase in the cluster size and in the latter case the metal atom has
a [Xe]4f145d1%6s! 46p°-¢ configuration.

Similarly to alkali metals, silver and aluminium, the ionisation
energy serves the key indicator of the properties of mercury. In
Fig. 3 the results of ionisation energy measurements for Hg,
clusters (n from 1 to 43) are plotted vs. 1/r.

Ei /CV
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Figure 3.
radius.!®
Dashed line corresponds to the relation for bulk material
[En — ) x ¢+ (¢*/r)].

Tonisation energies of clusters Hg,, plotted vs. inverse cluster

Mercury clusters with n < 13 are characterised by a decrease
in Ej with increasing the cluster size. But in this case the Ej energies
are appreciably different from the values predicted by the spher-
ical metallic drop model. Moreover, extrapolation of the ionisa-
tion energy to n — oo gives a value of 6.5 eV, which much exceeds
the work function of an electron in bulk material (4.49 eV). At
n > 13, the Ei, sharply decreases and the experimental data
approach the results obtained by the spherical metallic drop
model.

The ionisation energy was determined from the results of
Hartree — Fock MO energy calculations, !¢

Ei, = En(Vt - 1)_ E,,(V[), (8)

where E,(v) is the total electronic energy of an n-atom cluster with
v valence electrons. It was found that
o2

Ei = 78]—[()5(}1) + 5 N (9)
where ¢gos(n) is the energy of the highest occupied shell. The
existence of a critical cluster size (n) is assumed, e.g., nc = 13; at
n < 13, the electron is localised on the atom, whereas at n. > 13, it
is delocalised. Thus, an increase in the cluster size is accompanied
by an abrupt transition from insulator to conductor. The first
term in Eqn (9) describes the changes in the ionisation energy due
to the changes in the electronic structure for different cluster sizes
and the second term describes the electrostatic contribution after
shift of the energy levels upon ionisation vy —» (vi—1). At n < ng,
the atom emits electrons (Fig. 4) and thus the energy of the highest
occupied level approaches the energy of the atom, whereas at
n > nc electrons are delocalised and the enos(n) value should be
treated as the energy of the highest occupied MO (HOMO).1¢
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Figure 4. Scheme describing ionisation for localised (n < n) and delo-
calised n > n electronic states of Hg, clusters.

Carbon clusters. A distinctive feature of carbon clusters
consists in strong atom—atom interactions. Clustering of carbon
atoms occurs much easier compared to all other elements, which is
substantiated by, e.g., the formation of carbon black in thermol-
ysis of any carbon-containing structures. Carbon is one of the
most abundant elements in the Universe (it ranks fourth after
hydrogen, helium and oxygen). Additionally, this is the first stable
element produced by thermonuclear fusion. Red giant stars emit a
huge amount of carbon to interstellar space, and interstellar dust
probably consists of carbon clusters. The clusters in question are
also of interest as objects for basic research. In laboratories, they
are produced by laser vaporisation or arc evaporation of carbon
followed by mass separation using mass spectrometers. The mass
spectrum obtained has a bimodal character, namely, one mode
corresponds to small clusters (number of atoms n < 24) and the
other mode (n > 24) corresponds to fullerenes.

Small carbon clusters. The mass spectra of small carbon
clusters show a period of four carbon atoms, which manifests
itself in the even—odd oscillations of the line intensities of the
clusters synthesised.!” 20 The magic numbers of the carbon atoms
can be readily determined from the spectra (C,, n = 7, 15, 19 and
23). Such mass spectra are obtained after ionisation of the neutral
clusters synthesised by the laser vaporisation method by exposure
to UV light. Photoinduced fragmentation studies showed that the
process mainly results in neutral clusters Cs. Larger particles can
undergo fragmentation into Cs clusters.

According to quantum-chemical calculations, neutral carbon
clusters should have a chain structure up to nine atoms long,
which then transforms into a ring. Taking into account the fact
that a covalently bonded cluster tends to reduce the number of free
bonds, the cluster shape is governed by the following factors: an
increase in the number of carbon—carbon bonds in the cluster
(although each succeeding bond is weaker then the preceding one),
a change in the number of free bonds and production of strain
upon formation of the ring-type structure. The C; cluster is
considered linear.?! The formation of a carbon ring structure is
accompanied by disappearance of free carbon bonds and produc-
tion of additional strain in the cluster.

Ring-type structures are characteristic of larger clusters. The
chain-to-ring transition should occur at n = 10; the even-num-
bered clusters tend to form rings at low temperatures.??

The predicted (calculated) stabilities of particular forms of
carbon clusters and transitions from chain to ring-type structures
were also observed in the experiments involving the photoelectron
spectra of negatively charged clusters.??

Signals of Cs clusters were detected in the optical spectra of
comets. The signals of C3 and Cs clusters were observed in the
spectra of interstellar space in the vicinity of some stars; vibra-
tional spectroscopy data confirm the chain structure of the
clusters.

The shapes of larger carbon clusters are calculated based on a
certain quantum-mechanical model, e.g., the Hartree—Fock
model or the density of states approximation.?* According to
calculations, three isomers of Cyg cluster can exist, namely, a ring-
type, a bowl-shaped and a fullerene-like structure (Fig. 5).

Figure 5. Ring-type (@), bowl-shaped (b) and fullerene-like (c) isomers of

Cy.

In principle, the smallest fullerene is a dodecahedron compris-
ing twenty carbon atoms that form twelve pentagonal faces. The
laser ablation experiments result only in ring-type clusters.
Besides, calculations predict the existence of a bowl-shaped cluster
with a graphite-like structure and a minimum number of free
bonds. Yet another stable structure is a tetrahedral structure Cpg .
According to calculations, the Cag cluster behaves as a superatom
with an efective valence of four and high reactivity to both
encapsulation of metal atoms and exo-attachment of other
atoms. Experiments with this cluster revealed the possibility of
encapsulating an uranium atom; this structure is denoted by
U@Cs,s.2* Additionally, the scandium, titanium, zirconium, and
hafnium atoms can be encapsulated inside the Cag . The existence
of exohedral polymers of the CosHy type was predicted.?

Fullerenes. The first representatives of large carbon clusters,
namely, fullerenes were discovered by Kroto, Smalley and Curl in
1985. Investigations were initiated by Kroto who used laser
vaporisation and mass spectroscopy for production and study of
small carbon clusters. He paid attention to a single spectral peak,
which appeared under particular conditions for production of
carbon clusters. This peak corresponded to the Cgg cluster, which
was called fullerene.?6-27

In the structure of Ceo (Fig. 6), pentagons are embedded into
hexagonal graphite sheets for which sp?-hybridisation is allowed.
As a result, a hollow structure is formed, which has no free bonds
and is stabilised through n-bonds. Equivalence of all atoms,
unstrained character and the possibility of isolating all pentagons
make the 5/6-ring structure of the Cg cluster unique. The next (in
size) stable fullerene is C7g .

Figure 6. Structure of Cg cluster.

Formation of fullerenes. The first question that should be
answered is as to how stable ordered structures are formed under
high-temperature laser vaporisation and chaotic plasma condi-
tions? Probably, graphite species removed by laser form hollow
structures, but it is also not impossible that the fullerene formation
mechanism is similar to the mechanism of carbon black forma-
tion. The kinetic models for growth of clusters from carbon atoms
and cluster radicals present in plasma were elaborated.?®

The most energetically favourable shape of small cluster
radicals is a linear chain. Such chains interact with one another,
grow in plasma up to 20-30 atoms long and then undergo
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spontaneous transformations to polycyclic aromatic rings or
graphite sheets. These structures are preferred because the average
coordination number of the carbon atom increases, but they also
contain numerous free bonds. It is the decrease in the number of
free bonds that makes the growth of such structures energetically
favourable. If the density of carbon atoms is high, clusters will
have reactive termini whose curvature is appropriate the most
energetically favourable arrangement of transient states including
matching of the edges of rolled sheets and formation of fullerenes
of size up to the size of macroscopic carbon black particles. Such a
random plasma process also permits formation of larger fuller-
enes, e.g., Cis0, Caao or Csao, which can theoretically be stable.

Effective studies of the structure and properties of Cgo and
heavier fullerenes became possible after the elaboration and
improvement of the method for production of sufficient amounts
of fullerenes by Kratschmer et al?® An arc discharge using
graphite electrodes in helium atmosphere produces carbon
black, which is then dissolved in benzene or toluene. Crystallisa-
tion of the solution gives gramme amounts of Cgo/C7o mixture in a
3: 1 ratio and heavier fullerenes (2%).3°

Fagmentation of fullerenes. As mentioned above, fragmenta-
tion of small carbon clusters involves detachment of Cjs clusters.
Fragmentation of fullerenes occurs by detachment of C, frag-
ments owing to stability of the even-numbered clusters.3!-32

Based on the kinetic energies of products, the following
estimates of the binding energy of C, with C&, C¢, and Cf,
were obtained: 4.6 eV for Cd, Ci; and only 3 eV for Cf; (see
Ref. 33).

The C; shell comprising five-membered rings loses a C; unit
and transforms to the C,,_» shell. The fused five-membered rings
transform to six-membered ones and two six-membered rings
above and below these five-membered rings transform to five-
membered rings. As a result, the total number of five-membered
rings remains unchanged, as required for a closed shell upon the
loss of a six-membered ring. This mechanism implies a fast surface
reorganisation in order to join two five-membered rings.

The ionisation energies and the electron affinity energies of
fullerenes (starting with Cgp) do not show large-amplitude oscil-
lations as in the case of metal clusters. This is probably due to
rather large sizes of the former (n = 60).34

Generally, the experimental data are in agreement with the
spherical metal model, that is, an increase in the fullerene size
causes a decrease in the ionisation energies and an increase in the
electron affinity energies (Ea) that approach the calculated value
of 5.37eV. The average electronegativity (E; + Ea)/2 =
5.240.2 eV obtained from experimental data agrees with the
results of calculations. The slopes of the plots of Ei and Ea vs.
cluster size decrease on going to heavier fullerenes. One should
expect deviations from the spherical drop model for those full-
erenes (especially, heavy ones) whose shape differs from a sphere.

Taking account of symmetrical closed structure of fullerenes,
an impression may be formed of these compounds as low-reactive
species. However, this is not the case. Fullerenes react with, e.g.,
metals and fluorine to form a variety of derivatives that can be
classified into different structural types. These are endohedral
fullerenes containing one or a few metal atoms inside the fullerene
cage, exohedral fullerenes with functional groups attached from
the outside of the fullerene cage and substitution fullerenes in
which one or several carbon atoms of the fullerene cage are
replaced by some metal atom(s).¢

Noble gas clusters. Noble gas atoms have spherically symmet-
ric electron shells. This is the reason for specific properties of the
noble gas clusters. Here, clustering is due to the van der Waals
forces that are responsible for the formation of molecular crystals
at low temperatures (except helium atoms).

The interaction between two noble gas atoms separated by a
distance R can be described by the Lennard-Jones potential

Vii(R) = ¢ , (10)

-12 -6
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where ¢ is the depth of the potential well in the field in which atoms
move, with a minimum at the distance Ry . This interaction can be
treated as a contact of soft, weakly attracting spheres. The first
term in Eqn (10) corresponds to repulsion between the filled
orbitals and can be described by the Morse exponential potential.
The second term corresponds to attraction of induced dipoles. The
first excited electron state lies between 10 (for Xe) and 20 eV (for
He); therefore, crystals formed from noble gas atoms are colour-
less and transparent.

The ground state of neutral noble gas clusters was simulated
using the potential of pair interactions.??

Figure 7 presents the most stable configurations of clusters of
various size obtained from calculations. The cluster structures
correspond to an isosceles triangle (n = 3), a tetrahedron (n = 4)
and a trigonal bipyramid (n = 5). Atn = 7, five-fold (pentagonal)
symmetry arises, which is not observed for infinite crystal lattices.
The most stable icosahedral structures begin with n = 13. Further
increase in the cluster size leads to stable structures with n = 55,
147, 309, 561, .... The number of the nearest neighbours of an
atom in icosahedron is larger than for all other crystal lattice
symmetries. This is the reason for enhanced stability of icosahe-
dral structures. Thus, the noble gas clusters obey the principle of
close packing of atoms. As a consequence, the most stable clusters
are formed and the magic numbers of atoms arise, namely, n = 13,
55,147,561, ....

Transition metal clusters. In contrast to the clusters considered
above, transition metal clusters have a more complex electronic
structure because it is formed by d- or f-electrons. The stability
and reactivity of such clusters are governed by two series of magic
numbers. One of them is related to the electron shell (as for alkali
metal clusters) and the other is associated with the geometric
factor (close packing), as for the noble gas clusters. Additionally,
the ability of atoms to be in different oxidation states is of

Figure 7.

Model structures of noble gas clusters of different sizes.
Shown are the numbers of atoms in the structures.
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particular value for the transition metals clusters. This factor is
responsible for large deviations of the cluster structure from the
shell model and difficulties in prediction of the critical sizes of
stable clusters using the microscopic approach.

2. Critical sizes of liquid-phase clusters

The formation of liquid-phase nanoclusters (from liquid phase,
solutions or melts) can be considered using the thermodynamic or
microscopic approach. Both approachs give the critical nucleation
and stabilisation sizes for clusters with sizes of a few nanometres.
Additionally, by applying the microscopic approach in studies of
clustering from solutions and cluster stabilisation by ligands, it is
possible to find the most stable clusters comprising the magic
numbers of atoms that manifest themselves to the greatest extent
in the formation of molecular clusters.

a. Thermodynamics of cluster nucleation

Clusters nucleated from the liquid phase (in, e.g., formation of
micellar colloids) have a minimum critical size that is determined
by the reagent concentrations, presence of stabilising ligands,
surfactants, ezc. In contrast to nucleation in an infinite volume,
cluster nucleation in the closed volume of a nanopore or reverse
micelle (see, e.g., Ref. 36) leads to formation of clusters of
minimum and maximum critical sizes. Such processes proceed
faster than in the macroscopic space and the cluster size is
controlled by the size of the closed volume. The minimum size of
a nanocluster formed in a closed pore as a result of nucleation
from solution or melt can be determined from the equation

324°

3p2Au3°
where « is the density of the surface energy of the cluster, p is the
density of the cluster and Ap is the change in the chemical potential
in the cluster formation. The maximum size can be determined
from the relation

(1

Nmin =

noA[J,
2+ Au’

where no is the number of atoms in the nanopore, involved in
clustering (i.e., the nanocluster size should increase with an
increase in the nanopore size). At the same time the minimum
critical size of a nucleus in the pore is governed by the thermo-
dynamics of nucleation and by the initial concentration of the
cluster-forming atoms in the pore space. As the pore size increases,
a number of smaller clusters are formed. The rate of nucleation in
the nanopore increases owing to a decrease in the potential barrier
to nucleation (AG) caused by the effect of the pore wall (hetero-
geneity factor K < 1)

16mo’ K
3p2Au?

Thus, isolated nanoclusters of the critical sizes from one to a
few nanometres3® depending on the nanopore size and initial

reagent concentration can form in porous materials with pore
sizes of up to 10 nm.

(12)

~
Nmax X

AG = (13)

b. Colloidal clusters and nanosystems
Colloidal nanosystems comprise metal and metal oxide sols,
conventional and reverse micelles, microemulsions, nanoclusters
in micelles and colloidal crystals.

Sols and sol formation. Metal sols are prepared in solutions
after reduction reactions. In 1857 (see Ref. 37), Faraday obtained
a red gold sol with cluster sizes from 2 to 50 nm by the reaction

AuCl; + 3H,0 + P —> Au + P(OH); + 3HCL (14)

Later on, Zsigmondy (see Ref. 37) synthesised monodisperse
gold sols with variable cluster sizes by reducing gold salts with
hydrogen peroxide and formaldehyde

2HAuCly + 3H,02 —> 2Au + 8HCl + 30,, (15)

2HAuCl4 + 3HCHO + 11KOH —> (16)
—> 2Au + 3HCOOK + 8 KCl + 8 H,O.

The reduction involves two stages, (i) nucleation and
(ii) growth of the new phase. By controlling the second stage it is
possible to form a yellow (size 20 nm), red (40 nm) and blue
(100 nm) gold sols.

Oxide sols are formed in the condensation reactions. An
example is provided by the widely used hydrolysis of inorganic
metal salts

FeCl3 + 3 H,0 === Fe(OH); + 3 HCL a7

Such sols can exist in the liquid phase for long without
precipitation or coagulation due to involvement in Brownian
motion of molecules in the solution, weak cluster —cluster inter-
actions, charge repulsion and passivation of the surface. The size
of sols formed is determined by the reaction conditions, the nature
of the solvent and stabiliser, reaction duration and temperature
and to a great extent by the supersaturation of solutions.3”-38

The formation of nanoclusters is related to nucleation (homo-
geneous or heterogeneous) from solution. An increase in the
nanocluster sizes to the maximum critical values [see Eqns (11)
and (12)] and the prevention of coagulation are controlled by the
surface tension that can be varied by passivating the surface. The
range of possible passivators includes thiols, triphenylphosphine
and its derivatives, phenanthroline, efc., and various surfactants.
In particular, the gold nanoclusters in the sol, prepared by
reactions (14)—(16) and passivated by alkanethiols represented
metal nanoclusters coated with a dense thiol monolayer. The
monolayer self-assembles, which is accompanied by a change in
the alkyl chain length in alkanethiols and in the thiol/metal ratio
and affects the size of the metal nanocluster.

Colloidal gold clusters thus formed are octahedral or icosa-
hedral single crystals with the face-centered cubic lattice.?® This
substantiates the fact that the formation and stabilisation of
nanoclusters of the critical sizes obey the close packing principle
(similarly to noble gases and molecular clusters). Silver, palladium
and platinum sols were also obtained.

Drying silicon hydroxide sols and metal hydroxides or alko-
holates causes the formation of gel structures, e.g., the known
silica gel nSiO>-mH,O or alkoxides Zr(OPri),, Ti(OBul),
Al(OPr); . The sol - gel technique is employed for the preparation
of nanomaterials and nanoceramics used in optical, electronic and
magnetic devices and for the synthesis of catalysts. Gels are then
used as matrices for preparation of nanomaterials, e.g., catalysts
coated with metal oxide clusters.

Micelles. Micelles are formed using surfactants that can
adsorb on the interface thus reducing the interfacial tension.
A surfactant molecule consists of a hydrophobic part and a
polar group. The hydrophobic part includes hydrocarbon radicals
C.Hz, 11, C,Hau— 1, CHa, + 1CsHa, etc., containing at least eight
carbon atoms. Depending on the nature of the hydrophilic group,
surfactants are classified into cationic (containing primary, sec-
ondary, tertiary amines and quaternary ammonium bases),
anionic (containing carboxyl, sulfoester, sulfonic acid groups,
etc.) and non-ionogenic. The action of surfactants in aqueous
solutions is based on structuring of the water molecules surround-
ing the nonpolar hydrocarbon radicals of the surfactants, which
should cause a decrease in the entropy of the system. Since any
system tends to a maximum entropy, at a certain critical micelle
concentration (CMC) the water molecules and surfactant ions
form associates that are called micelles (according to McBen’s
definition 37). Thus, micelles are also characterised by a critical
size governed by the structuring of water and the surface tension.

Micelle formation causes a portion of structured water to
release; this is accompanied by an increase in the entropy and a
decrease in the free energy of the system. The presence of micelles
in solution can be determined from the dependences of the surface
tension, conductivity, density, viscosity, light scattering and other
characteristics on the surfactant concentration. The CMC value
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Figure 8. Structures organised as a result of the action of surfactants.
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depends on the nature of the surfactant, the length of the hydro-
carbon radical, the electrolyte and the pH value of the solution.
The longer the hydrocarbon radical and the lower the polarity of
the polar group the lower the CMC.

At the surfactant concentrations close to CMC, micelles
represent spherical particles in which the polar groups contact
water and the hydrophobic radicals form a nonpolar nucleus
inside the micelles. There are various types of micelles, such as
spherical, cylindrical, hexagonally packed and lamellar ones
(Fig. 8).

Thus, micellar systems can exist in the form of one-, two- and
three-dimensional nanostructures comprising tens to hundreds of
molecules.

The molecules of the same surfactant can form different types
of micelles in polar (e.g., water) and in nonpolar solvents. Here,
micelle formation at the surfactant concentrations higher than the
CMC is due to the interaction between the polar groups of the
surfactant. Hydrophobic (fatty) fragments of the surfactant
molecules are directed outside the micelle and the polar groups
are inside. As a result, a nanoreservoir is formed within the
micelle, which can be filled with, e.g., water. Such micelles are
termed reverse micelles (see Fig. 8). Conventional and reverse
micelles can be treated as oil nanodroplets in water and water
nanodroplets in oil, respectively.

A valuable property of micelles is the ability to solubilise (i.e.,
considerably enhance the solubility) hydrocarbons in aqueous
micellar solutions or in solutions of reverse micelles in polar
liquids. Solubilisation causes the formation of stable isotropic
systems called microemulsions. The properties of substances
significantly change upon solubilisation in micelles; as a conse-
quence, the rates of chemical reactions also change. This phenom-
enon is called micellar catalysis. It is widely used in chemistry,
biology, medicine and various technological processes.

The properties of microemulsions are to a great extent
determined by the size and shape of the components of the
dispersed phase and by the properties of the interfacial adsorption
layers formed by the surfactant molecules. Microemulsions are
characterised by high mobility and large interface surface area and
can serve a medium for carrying out many chemical syntheses,
e.g., the syntheses of metal, oxide and metal chalcogenide nano-
clusters.

Clusterisation in microemulsions. In a microemulsion system
the dispersed droplets constantly collide, coalesce and split again,
which results in the continuous exchange of their contents. The
exchange occurring by collisions of nanodroplets or micelles is
controlled by diffusion. It is governed by the interaction between
the surfactant adsorption layers and by the flexibility of the
interface. Reverse micelles and reverse emulsions are widely used
for the synthesis of nanoclusters; here, the inner volume of the
reverse micelle serves as a nanoreactor. This is achieved by mixing
two identical reverse microemulsion systems, aqueous phases
containing, e.g., substances A and B that can react to give a

poorly soluble compound C. Coalescence of micelles is accom-
panied by exchange of A and B and thus formation of the new
compound C (Fig. 9).

Figure 9. Scheme of reactions in reverse micelles.

Metal clusters can also be prepared by introducing a reducing
agent (hydrogen or hydrazine) into a microemulsion containing a
metal salt or by passing CO, or H,S through emulsion. This
procedure was used to obtain platinum, palladium, rhodium and
iridium nanoclusters with the nanoparticle size 3—5 nm and
bimetallic platinum/palladium clusters. Metal and semiconductor
nanoclusters (e.g., CdS, CdSe, CdTe, SnO;, TiO,, Fe,O3, MoS,,
HgS, InAs, GaP, GaAs, Bils, SiO», high-temperature ceramics,
etc.) were prepared by the synthesis in reverse micelles.3%37

The course of the nanocluster formation in microemulsions is
affected by various factors. First of all, this is the aqueous phase/
surfactant ratio in the nanosystem

__ [H0]

w [Surfactant] * (18)
This is followed by the structure and properties of the solibulised
aqueous phase, the microemulsion dynamics, the average reactant
concentration in the aqueous phase and the nature of the
surfactant. The sizes of the clusters formed in the cavity of a
reverse micelle can be controlled by varying the size of the micelle.
A linear dependence of the cluster size on W in the formation of
CdS clusters was established.*® A similar dependence was
obtained in a study of the nucleation of metal oxides in nano-
pores.3®

The size of a cluster synthesised in reverse micelle depends on
the nature of the surfactant. For instance, the nanosystem
stabilised with sodium di(2-ethylhexyl)sulfosuccinate (AOT) was
characterised by a smaller cluster size compared to the system
stabilised with polyethylene glycol p-(tert-octyl)phenyl ether with
n = 10 (Triton X-100).

Synthesis in reverse micelles offers considerable prospects for
the preparation of nanoclusters of various chemical composition
and shape. In particular, copper clusters of various shape can be
obtained using water micelles stabilised with Cu(AOT), and
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Na(AOT) in isooctane. They are mixed with a microemulsion of
Na(AOT)-stabilised sodium borohydride. Mixing of the micro-
emulsions leads to reduction of copper, the size of the copper
cluster being dependent on W.4!

At W < 4, the system contains only spherical droplets whose
size is proportional to . In the range from 1 to 12 nm the cluster
diameter (d) obeys a linear relation d ~ al¥. As the water content
increases (4 < W < 5.5), micelles lose their spherical shape. As a
result, spherical nanoclusters (4 = 8, 2 and 12 nm) and cylindrical
clusters 12 and 18.5 nm long are formed in the microemulsion
system. Further increase in W (5.5 < W < 11) is accompanied by
the formation of a continuous phase containing spherical nano-
clusters (d = 6.7—9.5 nm) and rod-like nanoclusters of diameter
9.5 nm and length 22.6 nm. At W > 11, a lamellar structure built
of rods of diameter 10—30 nm and length 300-1500 nm is
formed. The synthesis of asymmetrical (rod-like, disk-shaped
and ellipsoidal) clusters is of great scientific and practical interest.
Using reverse micelles and emulsions, it is possible to prepare
nanocomposites of the core—shell type.*?

Formation of micelles based on block copolymers. A block
copolymer includes blocks characterised by strongly different
solubilities. In particular, a diblock copolymer containing a
hydrophilic and a hydrophobic component can form both simple
spherical micelles and complex lamellar or two-phase structures in
water. However, the block-copolymer-based micelles differ from
the micelles prepared using simple surfactants by greater critical
radii (from 7 to 15 nm) and higher stability.*> A general scheme of
preparation of such micelles is shown in Fig. 10.

Spherical micelles formed in a block-selective solvent consist
of a core including an insoluble segment and a shell formed from
the soluble block. Structural stabilisation of micelles occurs
through polymerisation or cross-linking of the molecular frag-
ments of the core or the shell and formation of the core- or shell-
linked micelles, respectively. If the nanosystem is formed in the
solid phase, the nature and size of aggregates depends on the
relative size of each block and the molecular mass of the block
copolymer. If a diblock copolymer has a short soluble block and a
long insoluble block, twisted truncated micelles, vesicles, cylin-
drical elongated or flattened aggregates are formed; otherwise,
spherical aggregates called star-like micelles are formed. In
lyotropic systems it is possible to vary the solvent. For instance,
an increase in the concentration of the block-selective solvent with
respect to the concentration of the solvent affecting both blocks
causes the formation of vesicles and cylinders.

Thus, the lyotropic system provides additional opportunities
for controlling the formation of nanoscale objects.

Figure 10. Scheme of micelle formation involving block copolymers.
Dissolution of monomeric block copolymers in block selective sorbent (7),
formation of micellar aggregate (2), formation of cross-links in the block
copolymer core (3) and formation of cross-links in the block copolymer
shell (4).

Organisation and self-organisation of colloidal structures. Self-
organisation and evolution of a colloidal nanosystem is due to the
presence of a well-developed surface and thermodynamic insta-
bility of colloidal clusters. The excess free energy resulting from
the existence of an interface between the dispersed phase and the
dispersive medium stimulates various processes resulting in a
decrease in the Helmholtz free energy (F). Ignoring the chemical
potential, one can write

dF = — TdS + d(as), (19)

where o is the surface tension and s is the surface area of the phase
boundary. The thermodynamic condition dF < 0 can be met by
reducing the interface surface area ads < 0 or the interface energy
sda < 0; this is accompanied by a change in the entropy of the
system. As the interface surface area decreases, the average cluster
size increases and the colloid can undergo phase separation into
two phases, solid and liquid. Coalescence of clusters is precluded
by the energy barrier originating from electrostatic repulsion (Ey).
For instance, if E¢) >> kT, the system is stable against aggregation
and no larger particles are formed. At E.] << kT, each intercluster
collision will lead to aggregation with the rate limited by the
diffusion rate in the dispersive medium.

As the concentration of the electrolyte decreases, the coagu-
lation rate decreases (slow coagulation). Coagulation of sols
produces aggregates the fractal dimension of which depends on
the type of coagulation. The fractal dimension of the aggregates
obtained under slow coagulation exceeds that of the aggregates
obtained under fast coagulation conditions, which indicates a
better organisation in the former case. Long-range cluster — cluster
interaction causes the formation of macroscopic ensembles that
exhibit the phase stability. Such ordered objects were called
periodic colloidal structures.**

Surfactant solutions are appropriate for not only self-organ-
isation of molecules in micelles, but also organisation of ordered
nanostructures built of the metal and metal oxide clusters pre-
pared by micellar technique. In particular, chemical reactions
involving conventional and reverse micelles are widely used for the
synthesis of colloidal clusters of 1 to 10 nm size. For instance,
Ag>S clusters are prepared using microemulsions containing two
types of reverse micelles, with Na,S and Ag—surfactant. Colli-
sions, coalescence and exchange of the contents of the aqueous
phases lead to formation of Ag,S clusters whose size is controlled
by the micelle size. The cluster size increases from 3 to 5.8 nm in
the range mentioned above as the size of the reverse micelle
increases,*> which is consistent with the model of nucleation in a
closed pore.

To release the nanoclusters from the micelle, the latter is
destroyed by thiols, the resulting clusters are dissolved in appro-
priate solvents (e.g., benzene), the solution is filtered and then the
solvent is evaporated. This procedure allows one to prepare
monodisperse nanoclusters of size up to 10 nm passivated by
thiols (e.g., dodecanethiol). Then, ordered nanostructures (colloi-
dal crystals) are formed from these clusters immobilised on certain
supports. Two- and three-dimensional colloidal crystals were
synthesised from metallic gold, cobalt and silver clusters as well
as from the metal oxide and metal chalcogenide clusters.3°
Alkanethiols, alkylphosphines and dithiols are used as nano-
cluster surface passivators.

Figure 11 presents photomicrographs of the Ag,S nanostruc-
ture formed from passivated nanoclusters of size 5.8 nm. Like a
conventional crystal, it can contain dislocations and defects. Two-
dimensional nanostructures are close-packed monolayers and
three-dimensional structures have a face-centred cubic lattice.
The clusters assemble into crystals under the action of weak van
der Waals interactions similarly to crystallisation of molecular
clusters or noble gas clusters. Apparently, weak intercluster
interactions are necessary for the formation of ordered nano-
structures.

Yet another important condition for organisation of ordered
cluster crystals is undoubtedly the monodisperse character of
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Figure 11. Ag,S nanostructure micrographs obtained at different magni-
fication.*
White arrow points to a defect in the crystal structure of colloidal crystal.

clusters. Colloidal clusters are used as key elements in nano-
electronics and nanooptics, as well as nanomagnets; because of
this, requirements for the strength and stability of such structures
become more stringent. Here, it would be more appropriate to
work with covalent bonds and covalent crystals. However, the
latter cannot be obtained by the methods employed in the
crystallisation of colloidal nanocrystals (namely, by coating a
substrate followed by evaporation). Ordered nanostructures with
monodisperse nanopore or nanofibre size are prepared by tem-
plate methods using micelles (templates) that set the size of the
nanosystem. In this connection the formation of mesoporous
silica and alumina is a characteristic manifestation of discrete
critical sizes.

Mesoporous silica. Mesoporous silica is prepared by polycon-
densation of silicon compounds, e.g., tetramethoxysilane or
tetraethoxysilane (TEOS) in the presence of surfactant molecules
that form a micelle and play the role of a template.*® In particular,
this procedure is used for fabrication of the family of molecular
sieves M41S.47 Hydrolysis of TEOS causes the formation of silicas
on the surface of surfactant micelles. An example of the material
for the micelle and template is provided by cetyltrimethyl-
ammonium bromide C;¢H33NMe;Br. The phase diagram of the
water — C1gH33NMes;Br system is shown in Fig. 12.

Bifunctional C;cH33NMe;Br molecules are amphiphilic, i.e.,
they contain hydrophilic groups and hydrophobic tails that are
directed to the centre of the micelle. The shape of micelles and the
degree of micelle formation depend on the surfactant concentra-
tion. At high concentrations, the surfactant molecules aggregate
to form liquid-crystalline (LC) phases with temperature-depend-
ent structures. Removal of organic micelle template results in
mesoporous silica with monodisperse pore size. The pore size can
be varied by varying the hydrocarbon chain length in the surfac-
tant molecule. For instance, the pore size in the nanosystem
synthesised using C,H», + INMe;Br (where n = 8, 10, 12, 14, 18)
as template increases by 0.45 nm as the n value changes by 2.

Silica-based nanostructures also include critical-size particles
determined by the principles of close (hexagonal or cubic) pack-
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Figure 12. Phase diagram for the H,O — Ci6H33NMe;Br system with two
critical micelle concentrations (CMCI1 and CMC2).

ing. With block copolymers as templates, the pore size increases;
using triblock copolymers, one can prepare pores 5—30 nm in
diameter and nanostructures with hexagonal packing.

Mesoporous silicon films deposited from the mesophase
(prepared similarly) to bulk material are of the greatest interest.
In such films, mesopores represent channels aligned with the
substrate surface due to minimisation of the film—substrate
interaction energy. For instance, the widely used MCM-41 films
have the (100) orientation; they can be prepared on the (110)-
oriented silicon substrates.

Porous alumina. Anodic oxidation of high-purity alumina foil
produces monodisperse alumina that self-assembles into a nano-
structure with nanopores of size from 15 to 100 nm depending on
the voltage applied (30 to 150 V).#® Alumina membranes thus
obtained serve as templates for fabricating, e.g., nanowires. The
fact that porous alumina is formed in various electrolytes has long
been known,*® however fabrication of material with controllable
monodisperse nanopore size distribution and assembling tem-
plates began only recently. Electrolytic anodic oxidation of
alumina surface followed by etching leads to the formation of an
ordered hexagonal system of nanopores (channels).

Electrolytic anodisation is schematically shown in Fig. 13.
The first stage of oxidation proceeds in an acidic medium and
results in the formation of Al,O3 nanoclusters that form a discrete
ordered structure on polished aluminium surface. The ‘bottom’
clusters merge with organised pore network of the same size in
metallic aluminium. After etching of the oxide clusters the
aluminium surface is covered with a hexagonally patterned net-
work of pores with monodisperse size distribution. In the second
stage of electrolytic oxidation the hexagonal pattern of the surface
acts as a template for the growth of an oxide nanostructure that
includes cylindrical nanopores with walls 10—30 nm thick and
nanopores of size ranging from > 10 to 20 nm the surface of which
is coated with alumina. The next stage involves removal of
aluminium by, e.g., mercury chloride. This results in an Al,O3
membrane with a honeycomb structure and closed channels that
can be opened chemically or by using an ion beam. SEM images of
such a membrane are presented in Fig. 14. The images show a
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Figure 13. Scheme of fabrication of porous aluminium.*’

Purification of aluminium (7), first stage of anodic oxidation (2), etching
(3), hexagonal organisation of surface pores (4), second stage of anodic
oxidation involving formation of Al,Os (5), surface etching (6) and pore
opening by ion beam and chemical treatment (7).

Figure 14. SEM images of Al,O3 coplanar (¢) and normal to (b) the
membrane surface.

patterned structure with monodisperse pores (channels). Devia-
tions of geometric parameters from specified values can be due to
structural defects.

¢. Molecular clusters
Initially, ligand-stabilised molecular clusters have been the subject
of studies in the fields of coordination and structural chemistry. At
the same time unusual structure and properties of these species,
originating from the presence of a core of metal atoms, gave an
impetus to the development of a separate field of science, cluster
chemistry, possessing its own computational, synthetic and other
methods of investigation. Interest in this type of clusters increased
in connection with the development of nanochemistry and nano-
technology, which permit preparation of nanomaterials and
fabrication of nanodevices based on molecular clusters. In this
Section we will consider the structure and properties of molecular
clusters of size 1 -3 nm. Molecular clusters with metal cores and
clusters based on metal oxides will be described separately.

Molecular metal clusters. The core of a molecular cluster is
formed in accordance with the packing pattern of metal complexes
and the principle of closest packing of atoms.>°

The largest molecular clusters are synthesised based on noble
metals, palladium and platinum. The formation of their cores
obeys the principle of closest packing of atoms.>!-32

The number of atoms in a nanocluster constructed in the form
of regular 12-vertex polyhedron (cuboctahedron, icosahedron or
anticuboctahedron) can be calculated from the expression

n=%(10N3+15N2+11N+ 3), (20)
where N is the number of layers around the central atom. Thus, the
smallest close-packed core contains 13 atoms, that is, one central
atom and 12 atoms in the first layer. Relation (20) gives a set of
‘magic’ numbers of atoms n = 13, 55, 147, 309, 561, 923, 1415,

2057, 2869, etc. corresponding to the most stable cores of metal
clusters (similarly to the noble gas clusters). Indeed, the following
clusters are known: 13-atom  (single-layer) clusters
[Au13(diphos)(,](NO3)4 (diphOS is thPCHzCHzPth) and
[Rh;3(CO)24H31?~ with icosahedral and cuboctahedral cores,
respectively (see, e.g., Ref. 36); 55-atom (two-layer) clusters
AU55(PP1’13)12C16 5 Rh55(PPh3)12C16 5 Pt55(ASBU3)12 5 RU55.
.(PBu3)12Clyo with cuboctahedral cores; a 309-atom (four-layer)
cluster Pt3go(phen’)O3¢ + 10 [phen’ is the sodium salt of 4,7-bis(phe-
nylsulfate)-1,10-phenanthroline] with a cuboctahedral core; a
561-atom (five-layer) cluster Pdseipheneo(OAc)iso (phen is
phenanthroline) with an icosahedral core; a 1415-atom (seven-
layer) cluster Pd;4;5(phen)soO ~ 1100 and a 2057-atom (eight-layer)
Pd,0s7(phen)ssO - 1600 cluster. The structure of the Pdse;(phen)so.
.(OAc) 30 cluster is schematically shown in Fig. 15.53

Figure 15. Structure of giant cluster Pdse;(phen)so(OAC) 80 .23
(1) Surface palladium atoms bonded to bidentate phen ligands; (2) surface
palladium atoms nonbonded to phen ligands; (3) phen ligands.

Molecular clusters based on metal oxides. The cores of molec-
ular clusters based on metal oxides are built of {MO,} polyhedral
units, where M stands for the metal in high oxidation state.
Polyhedra can interact with one another and thus form clusters
comprising tens and hundreds of metal atoms. Large clusters are
known for tungsten, vanadium and molybdenum oxides, the last-
named being the largest.> 3> Most molybdates possess a mixed
valence and form basic units, {Mog} and {Mo7}, which are then
used for constructing larger clusters. An important feature of such
clusters is the presence of the large fragments {Mo;7}. By linking
them through various electrophilic groups, e.g., {Mo00O,}?>", one
can obtain very large clusters. Using other electrophilic ions, such
as Fe' or VIV it is possible to form giant-size cluster fragments
with the {Mos7M¢} metal core (M is iron or vanadium in different
oxidation states), which can act as giant building blocks. In
particular, a compound {(NHa)i12[Mogs Moy (MoNO)sFe'Fells.
.(OH)3(H20)30] - 64 H,O},, was obtained. It contains the cluster
fragment {Mos;Fe{'}, which is similar to the structures consid-
ered above.

Using the basic cluster blocks, one can continue the cluster
buildup.>* For instance, cluster anions [Mojs4(NO);4O4ss.
H14(H>0)70]?®~ were obtained. This giant ring-type anion con-
sists of 140 octahedral bipyramids {MoO¢} and 14 pentagonal
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Figure 16. Structure of supramolecular system {Mozs@Mo4s} in poly-
hedral representation.>®

Light and dark octahedra denote {Mos} and {Mog} units, and pairs of
{Mo>} units are given in gray.

bipyramids {Mo(NO)Og}. The equatorial diameter of the central
cavity is ~2 nm. This anion can be treated as an assembly
composed of 14 subunits. Each subunit is a {Mog} fragment
with the {Mo(NO)O¢} pentagonal pyramid at the centre. The
{Mo(NO)Ogs} unit shares vertices and edges with seven {MoOs}
octahedra. Chains built of ring-type clusters can serve as ‘hosts’
for smaller ‘guest’ clusters, e.g., a {Mos3¢} cluster (Fig. 16). In this
supramolecular nanocluster system {Moss@Mo4s} the ‘host’
and the ‘guest’ are linked through 16 hydrogen bonds and four
Na* cations arranged between the ‘host’ and the ‘guest’.

Giant ring-type clusters based on metal oxides possess some
features differing them from the metal clusters. First of all, this is
the presence of nanometre-sized cavities and the possibility of
varying the nanoscale supramolecular organisation, well-devel-
oped hydrophilic surface suitable for sorption of various sub-
stances, e.g., activated charcoal, and replacement of the H,O
ligands by other molecules, which is accompanied by changes in
the properties of the nanostructure. Finally, such systems are
appropriate for modelling many catalytic reactions, because the
composition of the surface of the cluster involved in the reaction is
known with certainty.

Another group of molecular clusters based on metal oxides
includes highly symmetric clusters (keplerates) with one central
point>® and layered structure. For example, giant spherical
molecular clusters are built of 12-vertex icosahedra and penta-
gonal fragments.

The pentagonal fragments {(Mo)Mos} consist of the central
pyramid MoO7 which shares edges with five MoOg octahedra. In
the presence of binuclear linkers {Mo) O4}2*, an icosahedral
molecular system is formed, which comprises 12 pentagons and
30 linkers. If the {Mo) O4}2* groups have acetate ions as bridging
ligands, a spherical cluster of composition [MoyleoX()Ogn.
.(AcO)30(H20)7,]**~ is formed. Here, the central molybdenum
atoms in the {(Mo)Mos} fragments occupy 12 vertices of an
icosahedron and the {Moy O4}2* groups form 30 edges of this
polyhedron. Such clusters form polymer networks and serve as
building blocks for constructing even larger aggregates. These
blocks are sufficiently flexible and can change the shape upon
minor changes of corresponding boundary conditions during the

synthesis; they can adjust the size and shape to one another.
A giant oxomolybdate cluster composed of 386 metal atoms
{Mo3zes} and 1880 non-metal atoms (ignoring hydrogen atoms)
was synthesised.’” The cluster similar in size to haemoglobin
molecule was obtained by linking 64 {Mo,} fragments, 32 {Mo,}
fragments and 40 {Mo(Mos)} fragments. The formation of this
cluster is accompanied by symmetry violation. The cluster struc-
ture includes a giant mixed-valence cluster anion (Fig. 17)
[H.{Mo(Mos)s {Mo(Mos)}5,{Mo2}s{Mo2}§ {Moa}g (Mo} 16a]** ~,
where  {Mo(Mos)s} = {Mo0sO21(H20)s}, {Mo(Mos)” ={Mos.
.021(H20)3(SO4)}, {MOz}, = {M0203(H20)2}, {MOQ}” =
{M02(01)2(Obr)3(SO4)}, {Mo2}" = {M02(00)4(Obr)(SO4)},
{Mo;} ={MoO(H,0)}, x ~ 16.

Compound Na48[HXM036801032(H20)240(SO4)48] +¢a.1000 H2O
crystallises in the I4mm space group. Its unit cell contains two
giant lemon-like cluster anions having an approximate symmetry
D4 with almost spherical central fragment {Mo023sO784(H20)195.
.(SO4)32} (fragment B) and two ‘caps’ {Mo0400124(H20)24(SO4)s}
(fragments C). The B and C fragments have different local
symmetry, Dss and Ca, respectively. The transition between two
types of symmetry is shown in Fig. 17a. The anion consists of
6 building blocks mentioned above that form a cavity of size
2.5x 4.0 nm, which can contain up to 400 water molecules. The
use of giant ring-type and spherical molecular nanoclusters allows
one to go to larger clusters possessing different properties on the
one hand and to ‘tune’ the chemical reaction to proceed at the
specified centres on the other hand. The use of such systems is also
quite promising for carrying out the reaction inside the giant
cluster cavity.

3. Critical dimensions of clusters formed in solid-phase
reactions
Solid-phase nanoclusters are main structural units of any nano-
structures. Processes resulting in the formation of solid-phase
nanoclusters are not rare to occur. For instance, this can be melt or
solution crystallisation, sintering, various martensite transforma-
tions, crystallisation from amorphous systems, formation of
magnetic and ferroelectric domains and spinodal decomposition.
All these processes obey the laws of thermodynamics and are
accompanied by the ordering and self-organisation phenom-
ena. 5859

The fashion of assembling a condensed nanosystem from
clusters strongly depends on the procedure for cluster formation.
A nanostructure can be formed from individual clusters by
compaction or nanostructuring of a bulk solid. These techniques
are of great importance for the design of nanomaterials based on
metals, alloys, oxides, ceramics, etc. In addition to the nano-
structure formation studies, an important research aspect involves
investigation of the mechanical, thermal, electronic and magnetic
properties that are responsible for the quality and field of
application of many structural materials.

a. Cluster nucleation in solids
Thermal decomposition of a metal compound at temperatures
above certain critical (threshold) temperature is accompanied by
the formation of a mobile reactive medium in which metal oxide
(e.g., iron oxide) nanoclusters nucleate. The formation of clusters
can be treated as nucleation from individual atoms in solution or
melt within a confined volume (e.g., in a pore volume). The
volume can be controlled by diffusion, which prevents the
concentration fluctuation of the bulk medium (due to the change
in the cluster size) from travelling a distance longer than
L ~ (D12 (D is the diffusion coefficient) during the nucleation
time (). Here, it is this distance that can be considered as the size of
the cell in which the cluster is confined; the components of the bulk
medium cannot escape this cell.

For a system of non-contacting clusters the dependence of the
Gibbs free energy (AGy.) on the cluster radius (r) for one cluster in
the course of atomic nucleation is given by
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Figure 17. Structure of the {Mo3es} anion in crystals in polyhedral (4, ¢) and ball-and-stick (b, d) representation.>’
Shown are different building blocks and regions with different symmetry; the building blocks include {Mo;}, {Mo,} and {Mo(Mos)}.
2 4 3 0 ny—n
AGg. = 4mr ac—gnr DA, 21) AGye = aSre— | Ay + In ¥ Vie - (23)

where o is the density of the free surface energy of the cluster, p. is
the density of iron atoms in the cluster and Ay, is the change in the
chemical potential of iron upon transfer of one atom from the bulk
medium to the cluster structure. It should be noted that in this
representation the surface energy is independent of the cluster size
and fulfilment of relation (21) implies that the laws of thermody-
namics are applicable up to a cluster size of 1 nm.

Let the mixture contain N atoms per cluster, let np out of N
atoms be the iron atoms and let n. = (4/3)nr3p iron atoms be in the
cluster structure. Then, at N >> ng one has

Ape = A + 0"

22

Here Ayl is the change in the standard chemical potential of iron
upon transition of one iron atom to the cluster structure, meas-
ured in units of k7.

Initially, clusters do not contact one another. Denoting the
volume and the surface area of the non-contacting cluster by
Ve = (4/3)mr? and Sy, = 4mr?, respectively, expression (21) can be
rewritten in the form

The function AGy has a maximum at r = re, and a minimum at
I = rmax (Fig. 18).

Relation (23) characterises the stages of cluster nucleation
and growth in a weakly interacting system of non-contacting

AG

0.8

0.4

0 0.4 0.8 1.2 F[rer

Figure 18. Change in the Gibbs free energy plotted vs. increase in cluster
size upon nucleation and subsequent sintering for re = 1.75r¢.
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clusters. As the cluster size increases, clusters contact one another,
thus initiating the sintering. The onset of sintering indicates a
strong interaction between clusters. If the distance, 2r, between
the centres of clusters is constant, the surface area Ss. and the
volume V. of a cluster contacting k neighbours are quite correctly
given by

Sse = 4mr? + K2nr(ri—r), (24)

4 1
Ve = gnr3 + kgnr(f2r3 + 32 —17).

The change in the Gibbs free energy in the sintering stage (at
r>r)is

AGy = 0Se— (Auo 4+ - ”) PV 25)

Thus, the profile of the change in the free energy of the system
per cluster in the whole range of changes in this parameter is
described by relation (23) at r < r, and by expression (25) at
r>r.

Figure 18 presents the dependence AG(r/rer) for ri = 1.75r¢,
shown as an example. The curve has three minima separated by
two maxima. The minimum at r = 0 corresponds to the initial
state of the bulk medium. After passing the point r., the system
goes to the first stable state r = rmax and corresponds to the
equilibrium state of non-contacting clusters (this is possible at
Fmax < I't). The third minimum corresponds to the system where
clusters are sintered and each cluster has k contacts. Correspond-
ingly, the first maximum at r = r¢, describes the potential barrier
to nucleation and the second maximum corresponds to the
potential barrier to sintering. The shape of the potential barrier
to sintering for k = 6 at different r, values is shown in Fig. 19. At
re = 1.7 re, sintering occurs barrierlessly; at ri = 1.75r, i.e., at
lower proportion of clusters in the system, transition to sintering
involves the overcome of a potential barrier; if the proportion of
clusters is even lower (ri = 1.8r¢), sintering does not occur
because it requires an increase in the free energy.

—-0.4

—0.8

1.68 1.72 1.76 F/rer

Figure 19. Change in the Gibbs free energy plotted vs. increase in cluster
size during sintering at different r, values.
re = 1Tree (1); 1.73 1 (2); 1.75r¢r (3); 177 rer (4); 1.78 rer (5).

Thus, the formation of a nanosystem involves two main
stages. The first stage is characterised by weak interaction between
clusters (from nucleation to the onset of sintering), while the
second stage is characterised by strong interaction between
clusters (after the onset of sintering). A change in the character
of intercluster interaction causes many properties of the nano-
system to change; in particular, strong intercluster interaction and
sintering produce considerable interfacial stresses. They are gen-
erated in the formation of an intermediate neck due to the surface
tension ® and obey the dependence P = o/x, where « is the surface
tension and x is the neck radius in the sintering of clusters.
Assuming that for iron oxide « ~1 Nm~! and x ~ 1 nm, we
get P~ 10° Pa. The excess pressure is also produced in the
presence of defects and dislocations at the interface and reaches

a value of the order of 10° Pa for clusters of size ~10 nm. The
stress and pressure in the system of strongly interacting nano-
clusters are the key parameters responsible for the formation and
properties of the nanostructure. Probably, solid-phase metal,
oxide and chalcogenide nanoclusters can be prepared by low-
temperature solid-phase reactions carried out at particular r¢ and
Imax values.

Atomic nucleation and subsequent sintering can be accom-
panied by cluster nucleation (aggregation of clusters). Indeed,
analysis of the changes in the free energy of individual clusters
nucleation (AGg,) into an aggregate of radius R performed as
above for atoms [see Eqn (21)] gives

AGr, = 47TR205&\_§75R3P&A/1& 5 (26)
where a, is the surface tension of the aggregate, Au, is the chemical
potential of aggregate formation and p, is the density of the
aggregate.

Let the mixture contain N atoms per aggregate, let no out of N
atoms be iron atoms and let n, = (4/3)nR>p, iron atoms be in the
aggregate structure. Then, at N >> ng one has

ny—n

Apa = A +In "N .

Here Ay is the change in the standard chemical potential of iron
upon transition of one iron atom to the aggregate structure,
measured in units of k7. Assuming that, similarly to individual
clusters, the cluster aggregates do not contact one another in the
initial stage and denoting the volume and the surface area of the
non-contacting aggregate by Vi, = (4/3)R? and Sp, = 4nR?,
respectively, expression (27) can be rewritten in the form

@7

AGfu = O(ana* (Aﬂg + In no]; n) Vfa . (28)

The function AGy, has a maximum at R = R, and a minimum
at R = Rmax like the corresponding function for the atomic
nucleation of isolated cluster (see Fig. 18). However, the r; and
R.: values should be significantly different. Indeed, for a solid with
strong covalent bond between iron and oxygen atoms the surface
tension of the iron oxide cluster should be much higher than the
surface tension of cluster aggregates due to weak van der Waals
forces. The surface tension for such aggregates is unknown, but we
can assume that the surface tension of the iron oxide nanocluster is
of the order of 1 N m~! (see Refs 61 and 62) and the surface
tension of the cluster aggregate lies between 0.073 N m—! (water)
and 0.02 N m~! (see Ref. 63) typical of large saturated hydro-
carbon molecules; these boundary values are due to the hydrogen
and van der Waals bonds, respectively. Then, comparing
Eqns (23) and (28), one can expect an increase in R, by a factor
of 15 to 50 compared to re,. A similar conclusion can also be
drawn from comparing the energy of the bond between iron and
oxygen atoms in iron oxide cluster (~2 eV for the covalent bond)
and the energy of the bond between noble gas atoms (~0.1 eV for
the van der Waals interaction). The bond between the noble gas
atoms can be treated as an approximation to the bond between
cluster aggregates. Cluster aggregation can occur not only by
nucleation. The existence of superaggregates comprising a few
aggregates formed in accordance with Eqn (28) and characterised
by even lower surface tension and, correspondingly, larger critical
radii seems not to be impossible.

b. Design of nanoclusters and nanostructures based on iron oxide
complexes

The AFM images of the nanostructures formed from iron oxide
clusters, obtained at the decomposition temperature of iron
oxalate (Tg = 210 °C) are shown in Fig. 20.

The section profiles of the AFM image of a surface area of
600 x 600 nm along the lines / and 2 revealed the formation of
two types of nanostructures in the course of thermal decomposi-
tion. These are large aggregates of size ~300 nm and smaller
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Figure 20. AFM image (@) of a nanostructure comprised of oxide iron
nanoclusters, formed at iron oxalate decomposition temperature of
210 °C and profiles of the sections / and 2 (b).

aggregates of size 70— 80 nm. Only one type of aggregates (of size
70—80 nm) was observed in a study of the region 300 x 300 nm.
On both scales (especially, on the 300 x 300 nm scale) the AFM
images show modulation of the aggregate profiles (roughness),
which manifests itself as peaks (a total of 25— 35 peaks) indicating
that aggregates are composed of smaller particles, i.e., nano-
clusters whose limiting size was estimated at 2—3 nm. However,
the AFM technique cannot look inside the cluster aggregate and
determine its structure. To this end, >’Fe Mssbauer spectroscopy
was employed.

The Mossbauer spectra of the same nanostructure are shown
in Fig. 21. At 4.2 K, the spectrum exhibits a magnetic hyperfine
structure (HFS) characteristic of y-Fe,Os. This structure was
obtained using the simplest model involving two systems of
magnetic HFS corresponding to the surface atoms and to the
atoms in the cluster interior. Raising the temperature results in the
spectrum diffusion, broadening of the lines of the magnetic HFS
and a decrease in the magnetic induction at the nuclear site (Bin).
Similar spectra are characteristic of superparamagnetic nano-
clusters. This makes it possible to estimate the nanocluster size,
from, e.g., the simplest equation of superparamagnetism

KV

T = ToeXp T (29)
where 7 is relaxation time of the magnetic moment of the cluster, K
is the magnetic anisotropy constant, ¥ is the cluster volume and
79 = 1072-10'9 5. The relaxation time t was estimated using the
slow relaxation model from the broadening of the components of
the magnetic HFS.%* 5 The spectra of nanoclusters measured at
Ta = 210 °C were processed with the parameters I' = 0.62 and
512mm s~ ! (I' is the linewidth of the Md&ssbauer spectrum)
determined from the spectra taken at 7 = 4.2 and 25 K, respec-
tively. The value AI' = 4.5 mm s~ ! at T = 25 K corresponds to
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Figure 21. M§ssbauer spectra of a nanostructure comprised of oxide iron
nanoclusters, formed at iron oxalate decomposition temperature of
210 °C, obtained at 4.2 (a), 25 (b) and 80 K (¢).

t1x222x10"?s. Then for 1o =10"° at T=25K and K =
(1-2)x10° J m—3 (see Ref. 66) the average cluster size is 1.4 to
1.7 nm. At 78 K, the t value decreases and the Mossbauer
spectrum exhibits only a quadrupole doublet.

An AFM study of larger clusters obtained at T4 = 235 °C
revealed no formation of superaggregates including cluster aggre-
gates. The size of the cluster aggregates was found to be nearly the
same (~80 nm) as that of the nanoclusters obtained at
Ta = 210 °C. The interior of these aggregates is difficult to see,
but according to Mdssbauer spectroscopy data, the nanostructure
obtained at Ty = 235 °C is characterised by a higher superpara-
magnetic transition temperature (100 K); the nanocluster size was
estimated at ~4—7 nm.

The AFM images become radically different for sintering of
nanoclusters. The AFM images and profiles of nanoclusters in the
initial stage of sintering (74 = 265 °C) are shown in Fig. 22. The
cluster size estimated in a study of a surface area of 500 x 500 nm
in the system of strongly interacting clusters was 30 to 50 nm. A
study on a larger scale (150 x 150 nm) and analysis of the profile of
two contacting nanoclusters gave the half-width (14 nm) and
height (6.4 nm) of a protrusion of the cluster. The Mdssbauer
spectra of this nanocluster structure (Fig. 23) are strongly differ-
ent from similar spectra of two nanostructures considered above.
Despite the absence of superparamagnetic relaxation, calculations
for these large clusters using expression (29) lead to T > 108 s
and the spectra show a doublet characteristic of the paramagnetic
or superparamagnetic state of the substance up to 100 K. Process-
ing of the Mdssbauer spectra obtained at 7= 78 K revealed two
magnetic hyperfine structures corresponding to o-Fe,Os and
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Figure 22. AFM image of a nanostructure comprised of iron oxide nano-
clusters.

Scan area 500 x 500 nm (a); scan area 150 x 150 nm (b) and surface profile
along the dashed line shown in Fig. 225 (c¢).

v-Fe2Os. At 120 K and higher temperatures (up to room temper-
ature), the Mdssbauer spectra can exhibit one system of magnetic
HFS and a quadrupole doublet. A characteristic feature of the
series of the Mdssbauer spectra with the magnetic HFS (see
Fig. 23) is transformation of the magnetic HFS to the quadrupole
doublet corresponding to the paramagnetic state of the substance
at temperatures much below the Curie or Néel points
(Tc =965 K, Tn = 865 K) of bulk a-Fe,O3 and y-Fe»Os, respec-
tively. Interpretation of this result will be given below.

The AFM images of larger nanoclusters obtained at
T4 = 500 °C showed the formation of a nanostructure comprising
strongly interacting nanoclusters of size ~300 nm in the sintering
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Figure 23. M{ssbauer spectra of a nanostructure comprised of oxide iron
nanoclusters, formed at iron oxalate decomposition temperature of
265 °C, recordeded at 77 (a), 120 (b), 160 (¢) and 300 K (d).

stage. The room-temperature Mdssbauer spectra of this system
correspond to bulk a-Fe,Os.

III. Critical characteristics and properties of
nanoclusters and nanostructures

1. Thermal properties

a. Thermodynamics of cluster melting

The state of a cluster can be considered using a simple thermody-
namic model, which makes it possible to predict a number of
unusual properties.3% 67-%8 The free energy difference between the
liquid and solid states of the cluster is given by

4
AG = 4nr?Aa + gnr3pA,u, (30)

where Ao = oy—o is the surface energy difference and Ay =
11— s 1s the chemical potential difference between the liquid and
solid state of the cluster. Clearly, at melting Ao < 0 and Au > 0.
The dependence AG = f(r) is shown in Fig. 24.

The critical cluster size corresponding to the solid—liquid
transition (AG = 0) is determined using the expression

Ao

For = 3——. 1

or 3p Au (E2))

At r < rer, the cluster is in the liquid state. From Eqn (31) it
follows that the solid—liquid transition state cannot occur for
certain matrix atoms (at Ax = 0), where the cluster does not yet
form. At the same time a free cluster should be characterised by
the maximum Ao value. Any intercluster interactions will cause a
reduction of this value and, hence, the critical cluster size, which
determines the region of possible fluctuations of the solid and
liquid states.

The stability of a cluster can be characterised by the changes in
the pressure 6P = Po— P or temperature 87 = To— T, which
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Figure 24. Change in the Gibbs free energy of an ensemble of atoms in a
solid (7), isolated cluster (2) and a system of interacting clusters in the solid
(3) and liquid (4) state plotted vs. cluster size.

Interacting clusters (3) and clusters treated with surfactants (4).

correspond to a given Ay = f(p,T) value. Due to these changes the
phases equilibrate at a specified cluster size (Py and T, are
respectively the pressure in the medium and the melting temper-
ature of bulk material).

Replacing the function Ap = f(P,T) by its expansion in
powers of dp at the point Py with allowance for

o
2=y
oP 1,
Ot _
e

(V1 and Vs are the molecular volumes of the cluster in the liquid
and solid state, respectively), one gets

Ap =~ —(Vi—Vs)oP. 32)
Using the Clapeyron — Clausius relation

oP ¢

— ===V, 33

=7V (33)
where ¢ is the latent heat of phase transition, one can write

qT
Au~ ——— 34
1 T, (34

Substituting Eqn (34) into expression (31), one gets a hyperbolic
dependence of the changes in the phase transition temperature on
the cluster radius

6T~ Ao

Ty pqr’ 33)

The relation (35) shows a decrease in the melting temperature
with a decrease in the cluster size. Taking into account the plots
presented in Fig. 24, we can suggest that at the specified temper-
ature and pressure in the medium the initially stable cluster
structure (Au > 0) goes to a metastable state at r <re,.

A decrease in the melting temperature (down to room temper-
ature) with a decrease in the cluster size was observed for gold, tin,
CdS, etc. nanoclusters.%®~7! Additionally, an electron microscopy
study 7° of tin films revealed separation of the melting and freezing
points of the cluster and the existence of a specific solid —liquid
state characterised by enhanced mobility of clusters in the
intermediate temperature range.

Specific features of the melting of clusters were studied taking
iron oxide nanoclusters as an example. Figure 25 presents the
results of a Mdssbauer spectroscopy study of iron oxide nano-
clusters obtained by solid-phase thermal decomposition of iron
oxalate. The temperature dependence of the spectral area
obtained for the y-iron oxide nanocluster system shows a mini-
mum at Tg ~ 488 K. The T4 value is related to the average size of
the iron oxide cluster, namely, an increase in the cluster size from
1-2to 68 nm causes T4 to increase from 488 to 508 K.

A (%)
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Figure 25. Mossbauer spectral area (4) for a nanosystem comprising iron
oxide clusters formed upon decomposition of iron oxalate plotted vs.
decomposition temperature Ty .

Open circles denote experimental data obtained in the absence, and closed
circles, in the presence of surfactants: ethanol (1), isopropyl alcohol (2),
Twin-65 (3), butanol (4) and sodium dodecylsulfate (5).

The right branch of the spectrum shown in Fig. 25 is associ-
ated with a decrease in the spectral area (on lowering Ty) and
enhancement of atomic mobility in the cluster. It should be noted
that the iron oxide spectra show no ‘broad component’ corre-
sponding to the motion of the whole cluster as a result of, e.g.,
diffusion. The left branch of the 4 = f(T4) curve in Fig. 25 is
associated with further reduction of 74 and, correspondingly, with
a decrease in the cluster size up to breakdown of clusters into
individual iron (Fe3*) atoms, dimers and trimers (see Fig. 24,
curve [). Therefore, the minimum in the dependence curve
A = f(Tq) at Tq = 488 K is probably due to the onset of for-
mation of the iron oxide clusters with reduced melting temper-
ature.

As mentioned above, the state of the cluster surface is
governed by the surface energy, and intercluster interactions
should cause this parameter to decrease. Intercluster interactions
also affect the intercluster atomic dynamics; however, they can
weaken under the action of surfactants and the spectral area also
considerably decreases upon the action of surfactants. Thus,
weakening of intercluster interactions leads to enhancement of
the cluster mobility and to a decrease in the melting temperature.
Using relation (31), one can estimate the r¢, value corresponding
to the onset of melting of y-iron oxide clusters and compare it with
the value found from the experimental Mdssbauer spectra. With
the following values for y-iron oxide: p = 5.18 x 10¢ g m—3 (see
Ref. 63), Ao ~ 1 J m~2 (see Ref. 62) and ¢ ~ 10~ 1° F m—! (see
Ref. 63) one gets

) aT()

"TRT
wherea = 0.1-1.0 nm. At T, = 300 K, onehasr = 0.1-1.2 nm,
which is in good agreement with the values 1 -2 nm determined
from the M&ssbauer spectra.

Note also that the effect of adsorption-induced decrease in the
strength of substances (Rehbinder effect), which manifests itself
on the atom-molecular level owing to wetting and deformation of
the surface under the action of surfactants, can be explained by the
appearance of a specific solid—liquid transition state character-
ised by enhanced mobility of atoms.

(36)

b. Quantum-statistical model for cluster melting
The thermodynamic model for cluster melting is simple, but it
provides no information concerning (i) the behaviour of the
material the cluster is made of during transition from the solid to
the liquid state, (ii) the predicted new solid —liquid state and (iii)
the critical cluster size corresponding to the formation of this
state.

Now we will consider some characteristics of the solid and
liquid states. Unlike a solid, a liquid has a variable shape. The
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liquid is inelastic and changes its shape under the action of weak
forces. A solid exhibits an elastic response to the action of rather
strong forces, but breaks down after an overload. The flow
behaviour of the liquid implies the appearance of soft modes of
atomic motions; most atomic vibration frequencies are much
lower than the characteristic vibration frequencies of the atoms
in the crystal lattice of a solid (10'2—10'3 s—1!). Applying this
concept to clusters, one can expect that for a liquid cluster the
density of states corresponds to lower frequencies and to lower
frequencies of transitions between the states and shallow potential
wells that limit such states. This allows the low-energy modes to
execute slow motions that induce rearrangement and isomer-
isation of the liquid cluster. Yet another group of structural
characteristics that differ for solids and liquids includes the
angular and radial correlation functions. For solids, these func-
tions show clearly seen peaks corresponding to the nearest and
next-nearest neighbours. Liquids are characterised by a diffuse
peak corresponding to the nearest neighbours and very weak
peaks corresponding to more distant atoms. These criteria are also
applicable to clusters when identifying the solid or liquid state.
The difference between the solid and liquid states of a cluster can
also be characterised by the ease of exchange in an atom or
molecule with an identical species at another position of the
cluster and, correspondingly, by the time taken for the process.
For most materials, clusters are in the solid state at low temper-
atures and energies or in the liquid state at high temperatures and
energies. Clusters can exist in some intermediate state (‘slush’) that
differs from both the solid and liquid states and can be detected
and studied in, e.g., computer experiments.

The phase equilibrium in clusters can be studied using the
thermodynamic and dynamic approaches, which depends on the
characteristic times of computational procedures. In the case of
static equilibrium one can employ the thermodynamic approach,
namely, consider the change in the Helmholtz free energy (AF) of
an ensemble of clusters comprising n atoms each,

AF = AE—TAS, 37N

where AE is the change in the internal energy upon the change in
the state of the cluster material and the entropy S is calculated as
follows:

S =kTInZ, (38)
where
E
Z= eXp — 39
> giexp (39)

is the partial function which sets the distribution over the states of
the system and g; describes the degeneracy of the energy level E;.
Quantum-statistical calculations of the function Z = f(7') have
been a subject of numerous studies. Knowing the partial function,
one can determine almost all parameters of the equilibrium system
with N states at a given temperature 7. Since a cluster is
characterised by a much smaller number » compared to a bulk
solid, it is quite natural to expect that Z is calculable. For instance,
knowing the vibrational and rotational energy levels of the cluster
and the corresponding degeneracies, one can calculate the free
energy of the cluster.

The energy distributions over the states of a solid and a liquid
are significantly different. At low temperatures, the density of
states for the solid is higher than for the liquid, but the situation
reverses at high temperatures. The equilibrium transition from the
solid to the liquid state occurs at the temperature Teq. Therefore,
at low temperatures the energy change AE is governed by the
vibrational and rotational energy levels of the solid. As the
temperature increases, the entropy factor (disordered motions
characteristic of liquids) dominates. The T¢q value (or the melting
point of the cluster) depends on the model for calculation of the
states of the solid and liquid and on the number of states, i.e., on
the cluster size. At T = Teq, both phases (solid and liquid) coexist
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Figure 26. Partial functions (Z) of a solid (/) and liquid (2) cluster plotted
vs. temperature.

in the system. The temperature dependence of InZ for this model is
shown in Fig. 26.

In fact, if we have a model for calculating the energy level and
degeneracies, the energy and other thermodynamic parameters
can be calculated as certain averaged thermodynamic character-
istics that can be more reliable than those determined for
individual energy levels and degeneracies.

In addition to the studies of the solid and liquid states of
clusters it is of great interest to investigate the transient region and
the conditions for stability of these two forms. Here, one should
calculate their free energies and find minima corresponding to
stable states. The free energy minimum is determined using the
non-rigidity parameter of the cluster. The non-rigidity parameter
(y) can be determined, e.g., phenomenologically by comparing
two specified spectroscopic frequencies or on the microscopic level
by establishing the degree of disorder and the density of defects.
Both methods should give correct y values for the limiting cases of
rigid solid (y = 0) and non-rigid liquid-like (y = 1) states.” After
introduction of this new parameter of the energy of state the
partial functions and the free energies become some functions of .

Calculations for the solid state can be carried out using the
Einstein or Debye models or the harmonic oscillator model, which
lead to qualitatively correct description of the equilibrium state of
the cluster. Liquid state calculations are performed in the frame-
work of the Gartenhaus—Schwartz model,”> which was initially
proposed for the atomic nucleus. This pair interaction model
applied to an n-atom cluster gives equidistant energy levels with a
degree of degeneracy of (3n—3). Analysis of the results obtained
using this model showed that the density of cluster states changes
differently as the temperature and energy increase; namely, the
density of the liquid cluster states increases. Changes in the free
energy F(T,y) with an increase in temperature should be studied
taking into account the following: only low-lying levels of the solid
cluster are populated at low temperatures; the free energy should
be a monotonically increasing function of y; and the free energy of
the solid state is lower than that of the liquid state. However, if the
temperature increases, the free energy near the non-rigid limit of
variation of the parameter y decreases due to a greater contribu-
tion of the TAS term in the expression for the free energy (37)
owing to a large number of the available non-rigid cluster forms.
In this case near the non-rigid limit the changes in y at certain
temperature are given by

OF(T.,y) _

Oy
This temperature was termed the freezing temperature (77). The
solid state is stable only at temperatures below Tr. At temper-
atures above the freezing point, the function F(7,y) has two
minima, one near y = 0 and the other near y = 1. Each minimum
corresponds to a locally stable form, which can be compared with,

e.g., a stereoisomer. The system will contain two forms in the
equilibrium, a solid and a liquid, with a ratio of

0.
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[solid form] —r = ( AF>’ (40)

[liquid form]

where AF = Fiq— Fsol -

These two forms exist in a dynamic equilibrium at which the
cluster spends some time in the solid or in the liquid state. At the
equilibrium temperature Teq, one has AF = 0 and the ratio (40)
equals unity. At temperatures between 7rand T¢q the solid phase
dominates and at temperatures above Teq, the liquid state is
preferred. As the temperature increases, the energy of the system
decreases until the temperature reaches Th,. Above Thy, there exists
only the liquid state of the cluster and the dependence F(7,y) is a
monotonic function which decreases as y increases.

The free energy is plotted vs. y at different temperatures
including Trand Tr, in Fig. 27. With these plots, one can imagine
the cases where a cluster has a particular freezing temperature
(only solid forms are stable below it) and a particular melting
temperature (only liquid forms are stable above it). It should be
noted that the melting and freezing temperatures of the cluster are
different.

F(Ts,y)

Ts
F(T4y)

Ts=Tm
F(Tsy /P\ T
F(Tay) T=T:
F(Tv.y) Ty

Figure 27. Free energy plotted vs. non-rigidity parameter y for several
temperatures.

In principle, the description given above is suitable for those
clusters which can have well-distinguishable solid and liquid
forms and spend in both states a considerable time sufficient to
detect them. Actually, only a few clusters meet these conditions.”?
This was shown to be true for the simplest noble gas clusters Ary,
Ary3, Arys and Arye. Other clusters, namely, Arg and Arj4 are
characterised by the potential energy surfaces having the shape of
a potential well with large ‘clapped-out’ stair-steps which preclude
the formation of stable solid or liquid states. Yet another type of
clusters, Ar;7, rapidly fluctuates between the solid and the liquid
states. Here, it is impossible to discuss the existence of the solid
and liquid phases because only the ‘slush’ state is observed.

It is also interesting to consider the temporal aspect of the
existence of the solid and liquid phases in clusters and transitions
between them. How much time does it take to detect a phase? Of
course, the question cannot be answered within the framework of
the thermodynamic approach; one has to re-consider the dynam-
ics of the process. All characteristics should be determined by the
time necessary for equilibration of the process (relaxation time)
and the measurement time. If the observation times are longer
than the relaxation time, it is possible to obtain a time-averaged
picture of individual phases; otherwise, pictures characteristic of a
given temperature with variable phase ratio are obtained. Exper-
imental data on the melting of clusters and existence of the

solid—liquid state corresponded to long observation times
(>10-7 s). Similar data were obtained by measuring the spectral
linewidths in the optical range. The lines of the probe molecules
(e.g., carbazole) attached to argon clusters broadened and shifted
to lower frequencies, which was interpreted as melting of argon
clusters.”

2. Defects and stresses in nanostructures

The appearance of numerous dislocations, defects and intercluster
stresses in nanostructures is due to the presence of well-developed
interfaces. The density of the interface boundaries (and disloca-
tions associated with them) can be rather high, e.g., ~10'” cm—3
for a nanostructure comprised of 7 nm-clusters. Intercluster
interactions or contacts between the cluster and its neighbours
produce stresses and an excess pressure at the cluster boundaries.
Additionally, assuming 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 (g4) is 3¢

Gb* R 1

=2 2l
. 41t(l—v)nR0r’

(4D

where G is the shear modulus; b is the Burgers vector character-
ising the magnitude of the shift of the atoms of an edge disloca-
tions (b = a/v2, a 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; Ry is the minimum
dislocation size; and r is the cluster size.

Thus, in this approximation the excess energy density
decreases as the cluster size increases and approaches zero for
bulk material. It should be noted that the applicability of this
approach to small-size nanoclusters is limited by the thickness of
the surface layer of the cluster (which is equal to, e.g., the lattice
constant a), i.e., Eqn (41) can be used only for calculating the
excess energy of clusters at r > a.

When studying the influence of defects and dislocations on the
properties of nanostructures, it is interesting to consider the
relation between the size of the nanosystem and the density of
defects in it. Here, it is convenient to use the thermodynamic
approach, which takes into account the chemical potential and the
excess energy of the cluster surface. The excess energy gives rise to
excess pressure, which equals 1 GPa for 1 nm-clusters. The nano-
cluster is considered as being surrounded by atoms from the
atomic structure and defects (impurity atoms, vacancies, disloca-
tions). It is assumed that the key source of defects is the cluster
surface and that defects can be redistributed between atoms inside
the cluster, at interfaces and in the intercluster medium. The
chemical potential of defects confined within the cluster can be
written as

uy = u(P) + kTlney, (42)

where P and ¢, are respectively the pressure and the defect
concentration inside the cluster and 4 is the standard chemical
potential. The chemical potential of the intercluster medium is
given by

s = pd(Po) + kTlnes, (43)

where Py, ¢s are respectively the pressure and the defect concen-
tration in the intercluster medium and 1 is the standard chemical
potential. At equilibrium

By = Us, (44)
it is assumed that the total number of defects in the nanostructure
(co) 1s constant; therefore, the concentrations ¢s and ¢, are related
to each other as follows:

s = Cco——Cy, (45)
where g(r) = (1 + R/r)>—1 (R is the thickness of a layer of the
intercluster medium).
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The pressure drop between the inside and outside of the cluster
shifts the equilibrium in the nanosystem and one has

w26P) = 12(0) + SPv, (46)

where v is the defect volume, 6P = P— Py = 2a/r (« is the average
surface tension); then one gets

oo [ 1 AU’ (Py) + 20w /r ) "
a = {m + exp [7kT } } . 47)

The dependence of ¢y/co on the cluster size in the r/a units (a is
the lattice constant) is shown in Fig. 28. Calculations were carried
out assuming @ = 2 x 10~ 1% m for the metal and 5x 10~ m for
the oxide, « = 1 N m, the defect volume v ~ @ and Au® = 0. The
maximum defect concentrations were found for the cluster sizes
ranging from 10 to 50 nm; therefore, such clusters have the highest
excess energy. The model considered can be explained with ease as
follows. In ~ 100 nm-clusters, the defect concentration is low due
to the small specific surface area of these species. If the cluster size
is < 10 nm, the specific surface area is large enough, but the
surface pressure displaces defects from cluster volume; therefore,
small clusters are defect-free objects, which was confirmed exper-
imentally.
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Figure 28. Defect concentration in cluster plotted vs. relative cluster
radius for oxide (/) and metal (2) clusters.”

The presence of defects in nanostructures and their relation to
structural transformations in nanosystems can be determined by
both macroscopic methods (by, e.g., measuring the diffusion rate
of a tracer through a macrolayer of a chemical substance or the
total magnetic susceptibility of the nanosystem) and microscopic
techniques (by, e.g., positron annihilation or Mdssbauer spectro-
scopy).76-77

3. Mechanical properties of nanoclusters and nanostructures
Among the mechanical properties of nanoclusters and nano-
structures, high hardness and superplasticity should be pointed
out. The hardness of a material characterises the resistance to
plastic deformation and is measured by indenting with a harder
material. The Vickers hardness (Hvy), which is used in the text
below for characterisation of nanomaterials, is measured from the
depth of an indentation on the surface after unloading, being
mainly determined by the yield point of the material . The grain
size of a material is an important characteristic of the microhard-
ness, which obeys the Hall - Petch law,”- 7%

0 =00+ kd 12, (48)

where op is the internal stress, which precludes the motion of a
dislocation in bulk material and k is a constant. At temperatures
much lower than the melting point of the material, the Vickers
hardness is proportional to the yield point. Then one has

Hy ~ Hy + kd— 172, (49)

where Hy and k are constants.

If deformation occurs by diffusive slip, at temperatures that
are much lower than the melting temperature the equation for the
deformation rate has the form

% _ bovRD ’ (50)
d¢ kB Td3

where b is the coefficient of proportionality, ¢ is the stress applied,
v is the atomic volume, R is the grain boundary thickness and D is
the grain boundary diffusion coefficient.3°

By extending the action range of Eqns (48)—(50) to nano-
clusters acting as grains, one case assume that the mechanical
properties of nanostructures should be strongly different from
those of bulk materials. A decrease in the cluster size should first
of all affect the hardness of the nanostructure, which should also
increase. At the same time of great importance for nanosized
systems is the diffusive slip of nanocrystallites; intensification of
this type of motion causes a considerable increase in the deforma-
tion rate. The stress—strain properties of a nanomaterial are
determined by the relation between the yield point and the
deformation rate; therefore, there should exist a critical cluster
size corresponding to the maximum hardness of the nanomaterial.
Yet another factor favouring an increase in the deformation rate is
an increase in the diffusion coefficient with a decrease in the
cluster size.

A nanostructure can be several times harder than coarse-grain
materials. For instance, the hardness of metallic Ag, Cu, Pd, Se,
Fe and Ni increased as the cluster size decreased to 4—6 nm
according to the Hall - Petch law. However, if the nanocluster size
is increased by annealing the same sample, the Hall—Petch law
holds only for d > 12-20 nm.8!

Superplasticity studies of metal oxides and ceramics are of
great interest. Using the property of superplasticity, one can
fabricate ceramic items of complex shape (e.g., with internal
cavities and variable curvature) with high accuracy. The super-
plasticity arises upon nanostructuring of materials; additionally, it
increases if nanoparticles are dispersed within amorphous phase
and the nanocrystalline grain boundaries are disoriented.
Ceramics becomes superplastic at a grain size of less than 1 um,
and the grain size being retained with an increase in the temper-
ature.®?

High strength and superplasticity can be explained using the
‘extremal’ dependence of the defect concentration and, hence, the
excess energy on the cluster size (see Fig. 28). Indeed, nanosystems
composed of small clusters (size less than 10 nm, ignoring
diffusion mobility) contain a low proportion of defects and
dislocations and exhibit record hardness. At the same time,
nanosystems  built of clusters of intermediate size
(10 < d < 100 nm) have the maximum defect concentrations,
which predetermines the record plasticities. Summing up, super-
hard materials should be fabricated using nanosystems containing
nanoclusters with ¢ < 10 nm, whereas superplastic materials
should be prepared involving nanosystems comprising nanoclus-
ters with 10 < d < 100 nm.

4. Electronic-optical properties

a. The conductivity of nanostructures

Transition from a bulk material to a nanomaterial involves
separation of electron energy bands into subbands and individual
electron energy levels. Transition from individual atoms and
molecules to nanoclusters is accompanied by broadening of
energy levels and formation of energy band structure. The
appearance of discrete electron energy levels is due to limitation
of the mean free path of electrons and characterises the quantum
confinement effects in nanoclusters. As the cluster size decreases,
the quantum confinement effects cause a decrease in the conduc-
tivity and the appearance of a Coulomb barrier to one-electron
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transitions between the energy levels separated by k7 and higher
energies. This barrier is determined by the energy of electrostatic
interaction of the tip of a tunnelling microscope used for studying
the one-electron conductivity of clusters,

(’2

2C°
where C ~ r is capacitance of the cluster—tip system. This
technique was employed to obtain stepwise /—J curves for
clusters of size of a few nanometres. Here, the number and height
of steps increase as the cluster size and temperature decrease.
Starting from certain critical size, reduction of the cluster size is
accompanied by the loss of metallic properties and transition to
dielectric molecular state.

One-clectron transitions between clusters can be induced by,
e.g., thermal excitation. Using parameters of such transitions, it is
possible to estimate the critical cluster size. Namely, assuming that
C = dy in relation (51) and the electronic transition energy
E. > kT, the critical cluster size equals ~2-3 nm at 300 K and
~200 nm at 4.2 K. The estimate of the critical cluster size at low
temperatures (17 nm) is nearly an order of magnitude larger than
the size of a colloidal cluster. This is due to the appearance of
electron energy bands in these clusters and inapplicability of the
one-electron transition model. This estimate also much exceeds
the results obtained at high temperatures for mercury.

Weakening of the conducting properties is also due to the
scattering of conduction electrons by the cluster surface, which is
enhanced with a decrease in the cluster size and thus hampers
separation of the contribution of one-electron conductivity and
determination of the corresponding critical cluster size. The
formation of nanostructures from nanoclusters is accompanied
by retention of the factors favouring a decrease in the number of
charge carriers and their scattering by the intercluster boundaries.
Additionally, new factors appear, which can induce the tunnelling
electron transitions between adjacent nanoclusters, appearance of
charges, efc. Nanomaterials prepared by compaction of metal
nanoclusters exhibit a noticeable decrease in conductivity com-
pared to that of bulk materials. However, this method of fabrica-
tion of nanostructured conducting materials offers no prospects
for the design of nanomaterials with controllable electrophysical
properties. This requires the use of solid state chemistry and
cluster chemistry methods.

The conductivity of three-, two- and one-dimensional nano-
structures. Promising methods of application of nanocluster
structures as conducting materials involve the assembly of differ-
ent-dimension nanostructures with molecularly controlled con-
ductivities.

Organised conducting or semiconducting structures of atomic
or molecular crystals are well known. However, it is difficult to
force nanoclusters to form nanocrystals under normal conditions.
In the text above we have considered the possibility of organisa-
tion of (i) silver, silver sulfide, efc. nanocrystals obtained by
reverse micellar technique or (ii) ordered nanostructures based
on semiconductor nano-islands or (iii) nanowires on epitaxial
surface. An efficient method of fabrication of organised three-
dimensional conducting cluster structures is provided by the
crystallisation of ligand-stabilised semiconductor chalcogenide
clusters of particular size. An array of clusters separated by the
ligand shells can be schematically represented by a sequence of
potential wells containing ground-state and excited-state electron
energy levels. In the ground state the valence electrons are
localised. In the excited state, tunnelling through dielectric
medium is possible. This shows that the conductivity can be
controlled by varying the intercluster distance using different
ligands (such ligands are called spacers).

As an example, we will consider the change in the conductivity
(the Coulomb barrier) for Auss-based molecular cluster crystals
with spacers of different length (Fig. 29).83 The crystals studied
showed a noticeable decrease in the conductivity (increase in the
Coulomb barrier) with elongation of the spacer. These data

E= (51)
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Figure 29. Correlation between cluster distance and Coulomb gap.8?
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confirm the efficiency of the concept of directed change in the
conductivity of a molecular cluster crystal by varying the spacer.

One-dimensional cluster nanostructures can play the role of
quantum wires; a feasible example is provided by carbon nano-
tubes. A method of fabrication of quantum wires based on
nanoporous anodised alumina (the preparation of the material
was considered above) also seems to be quite promising. Techno-
logically, both the pore size and the pore length can be controlled
on the nanometre length scale.®* Filling pores with clusters
provides a nanowire distribution density of 10°—-10'° per cm?
and separation by dielectric alumina matrix. The main problem in
fabricating such nanowires, that is, breakdown during the growth,
can be solved by soaking the membrane with clusters in vacuo or
using electrophoresis. A drawback of the vacuum technique
consists in evaporation of the solution containing clusters, which
produces voids in the membrane channels. In the case of electro-
phoresis one side of the membrane contacts a metal, e.g., gold or
aluminium, thus acting as a cathode to which clusters move. This
allows the whole channel to be filled, but breaks are also possible
due to large membrane thickness. For instance, a membrane
10 pm thick with channels 10 pm long should contain at most
~4000 clusters of diameter 2.5 nm per channel, but this is difficult
to reach. At the same time a membrane a few micrometres thick is
too brittle. Exposure of a thick membrane to ion irradiation
makes it thinner (up to 100 nm) and enables fabrication of
continuous nanowires.®3

b. Optical properties
Metallic nanoclusters and nanostructures. The optical properties of
metal nanoclusters are due to plasmon vibrations of electrons in
metals. The absorption spectra of small clusters exhibit an intense
broad band that is absent in the spectra of bulk metals. This band
is due to co-operative excitation of conduction electrons. Absorp-
tion in the visible region is responsible for, e.g., unique colour
grade of dilute colloidal sols of noble, alkali and rare-earth metals.
The nature of the plasmon peak is as follows. The electric field
of incident radiation displaces the conduction electrons in the
cluster relative to the charged core. The displacement is co-
operative in character and all electrons move with the same
phase. As a result of electron displacement, a force arises, which
tends to return electrons to the equilibrium positions. As for
typical oscillator, this force is proportional to the displacement;
therefore, one can consider the eigenfrequency of collective
electronic vibrations in the cluster. When the eigenfrequency of
electrons becomes equal to the frequency of the external field, a
resonance effect should be observed. Quantum mechanics treats
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the collective motion of electrons in terms of excitation quanta
called plasmons characterised by the energy 7w and the resonance
frequency wo corresponding to the eigenfrequency of collective
electronic vibrations (usually, 10'# s—1),

The optical properties of colloid clusters are correctly
described in the framework of the classical Mie theory,86-87
which considers the optical properties of spherical metallic par-
ticles in a dielectric matrix. Using this theory, one can describe the
optical resonance due to collective excitation of electron plasma.
If the cluster size is much less than the emission wavelength (1), the
absorption line in the vicinity of resonance has a Lorentzian shape
and is characterised by the position of the resonance maximum,
fiwg , the width I' and the absorption section

ne’ o? )
o mcls | — a2 + (oI, (52)
where n is the electron distribution density, ¢y is the dielectric
constant, me is the effective mass of the conduction electron and ¢
is the speed of light.
In case of spherical monovalent metal particles the equation
for the resonance frequency has the form

2
f = — (53)

B dmeyrd”’
where r, is the Wigner — Seitz radius.
The corresponding plasmon frequency for bulk metal is given
by
2
2 [§]
@p

= 54
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where v = (4/3)r. Then the resonance frequency of a metallic
sphere should be
2

)
w3 :\/—%. (55)
The resonance linewidth is

oe \2 (e, \ 2172
' :282(“’>K6_al)) *(a_ai) } . (56)

where &(w) and &x(w) are the real and imaginary parts of the
dielectric permittivity of the cluster, respectively.

It should be noted that the Mie theory predicts no size effect.
Nevertheless, the results of numerous measurements show that wg
and I' depend on the cluster size. For small clusters, an important
role should be played by collisions between electrons and the
cluster surface (mean free path of electrons is ~20 nm). In this
case one has

2 2 29-1/2

e ) )]
where vg is the velocity of an electron on the Fermi surface and 4 is
a constant. Clearly, this relation is invalid for small cluster sizes,
i.e., at r > 0. Indeed, the metallic state typical of bulk metal and
large clusters will disappear upon localisation of electrons on
particular atomic levels and upon transition from the conduction
and valence bands to individual localised energy levels. In this case
the concept of plasmon resonance should be replaced by the
resonant electron absorption between certain electron energy
levels. Following this (classical) treatment procedure, it is impos-
sible to obtain a critical cluster size, but this parameter can be
determined from experimental data.

Good agreement between the calculated and experimental
resonance frequencies and spectral linewidths was reported.®®
A relatively narrow line of silver clusters is due to a simpler
structure of the Ag conduction band compared to the Au and Cu
conduction bands characterised by a broad interband transition
above 2 eV for bulk metal. Narrow plasmon resonance lines of

(57)

silver clusters suggest that they can be used in optical materials for
characterisation of the interaction between the clusters and the
environment and for studying the surface chemistry effects. Note
that narrow spectral lines similar to the silver cluster lines were
observed for the plasmon resonances of alkali metals, which was
associated with the shell-type cluster structure (‘jellium model’)
and with the fact that only s-electrons are involved in resonance
(as in case of silver). However, the alkali metal clusters are
extremely reactive and seem to be inappropriate for fabricating
optical nanomaterials.

Figure 30 illustrates the size effects for silver clusters in argon
matrix. Here, it is possible to determine the critical size for the
onset of plasmon vibrations.
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Figure 30. Absorption spectra of surface plasmons in silver clusters in
argon matrix. The cluster size decreases upward.®?

As the cluster size decreases, the resonance frequency experi-
ences a clearly seen shift towards the short-wavelength region
(‘blue’ shift) up to the appearance of lines corresponding to
individual monomers, dimers, trimers, efc. and the spectral lines
are broadened. The following empirical dependences for the
resonance energy and the line half-width were obtained based on
the analysis of experimental data:

heo = 3.21 + 0.58%1, (58)
=004+ 0.59%1, (59)

where d is the average cluster diameter (in nanometres); here /i
and I' are given in electronvolts.

Comparison of experimental spectra showed that if the cluster
size is about 1 nm and the number of silver atoms in the cluster is
at most ten, a number of resonance lines is observed. The critical
size of silver clusters for plasmon resonance was estimated from
the characteristics of these lines at ~1 nm.

Semiconductor nanostructures and nanodevices. Semiconduc-
tor clusters also exhibit noticeable size effects, namely, a shift of
the absorption frequency of optical photons and an increase in the
oscillator strength, which are already used in various nanomate-
rials and nanodevices, e.g., light-emitting diodes or tunable lasers.
As the cluster size decreases, the electron excitation bands are
shifted to the high-energy region and the oscillator strength
(absorption intensity) is concentrated on a few transitions. These



Discreteness of nanostructures and critical dimensions of nanoclusters

changes associated with the change in the character of transitions
between the valence band and the conduction band for bulk
material give rise to a line spectrum of the cluster. The transition
energy is given by

1
Ex 3
where r is the cluster radius. According to this expression, the
transition energy increases as the cluster size decreases. This
expression can be derived from the uncertainty relation

ApAx = h

(p is the momentum and x is the coordinate) assuming Ax = r;, .

For semiconductors, the absorption and emission of energy
are related to the excitation of an electron and to the formation
and decomposition of an exciton (hydrogen-like bound state of a
conduction electron and a positively charged hole). The equation
for the energy of exciton excitation has the form

W

_ 60
3 "2 mcf 9 ( )

n

where n is an integer and mir is the effective mass of the exciton.

The dependence of the absorption coefficient of CdS colloid
clusters of size from 6.4 to 48 nm on the wavelength of incident
radiation is shown in Fig. 31. The change in the absorption or
luminescence wavelength can be due to the change in the inter-
cluster interactions,®” photochromic and electrochromic effects.
The dependence of the emission wavelength on the cluster size can
be employed in, e.g., light-emitting diodes or tunable lasers.
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Figure 31. Optical absorption coefficients of CdS clusters of different size
plotted vs. photon energy.®®

Cluster size/nm: 6.4 (1), 7.2 (2), 8.0 (3), 9.3 (4), 11.6 (5), 19.4 (6), 28.0 (7)
and 48.0 (8).

As an example, we will consider CdSe-based light-emitting
diodes with tunable colour of the emission.?® The light-emitting
cell has the following structure. CdSe nanoclusters were distrib-
uted within a thin surface layer of a luminescent polymer (poly-p-
phenylenevinylene), the polymer was synthesised on ITO sub-
strate (hole conductor). CdSe nanoclusters were coated with a
magnesium/aluminium film for injection of electrons into the
CdSe nanoclusters. Applying a voltage to this system causes
electroluminescence. The wavelength of emission can be varied
by changing the cluster size.
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Figure 32. Electrochromic effect in nanostructured WO; at different
voltage applied: 0 (1), —0.2 (2), —0.3 (3), —0.4 (4), —0.5 (5), —0.6 (6),
—0.7 (7)and —0.8 V (8).°!

Nanostructured tungsten oxide WO3 as well as TiO2/WOs3,
WO3/V,05 and WO3/MoO3 compositions also possess electro-
chromic properties.®! The light absorption in tungsten oxide films
at different voltages is shown in Fig. 32. At positive potentials
(0 V or higher), no absorption occurs, but an increase in the
negative potential causes an increase in the IR absorption. At
positive potentials, the films are blue, whereas at negative poten-
tials (starting with —1.2 V) they turn brown.®!

Yet another example is as follows. Using nanoclusters (quan-
tum dots), it is possible to fabricate tunable lasers in which the
wavelength of emission is varied by changing the nanocluster size.
This requires fabrication of ordered nanostructures from clusters
with narrow size distribution, dispersed in semiconductor solid
solutions. Semiconductors can initiate population of higher
electron energy states by injecting electrons and holes into nano-
clusters. Transition of nanoclusters to the lowest energy state as a
result of relaxation should cause emission of photons with the
same wavelength, which can be focussed to produce a coherent
laser beam. A scheme of a laser based on this principle is shown in
Fig. 33.

The use of nanoclusters in optical devices requires meeting
certain conditions related to the cluster size. The minimum critical
size of a nanocluster is determined by the condition for the
presence of at least one electron energy level and is characterised

a b
988 nm 1100 nm 1300 nm Electrode
A ; |
7 nm 12 nm 20 nm Electrode

Figure 33. Scheme of laser based on InAs nanoclusters.

Change in photon wavelength with a change in the nanocluster size (¢) and
scheme of a device including InAs nanoclusters (triangles), a medium
consisting of an electron injector n-AlGaAs/n-GaAs (—), hole injector
p-AlGaAs/p-GaAs (+) and electrodes (b); an arrow shows the output of
light emission.
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by an energy difference AE, in the conduction band, correspond-
ing to emission in the visible region. For a rectangular potential
well, the electron level exists if AE, exceeds the following value

r2 2
AE = 1*( T > =AE,
ch D min

where m, is the effective mass of electron and AE| is the energy of
the first level in the rectangular potential well of width D.
Assuming AE; = 0.3 eV for related semiconductors, the nano-
cluster diameter should be at least 4 nm.

The maximum critical size of a nanocluster is determined
taking into account the fact that the energy difference between the
cluster levels becomes comparable with the thermal energy, which
causes an increase in the population of higher levels

kT < E,—E\,

(61)

(62)

where E> and E; are the energies of the first and second energy
levels related to the size quantisation of the nanocluster. In
practice, it is sufficient that

kT< E. (63)

The maximum cluster sizes determined from this condition for
various GaAs and InAs compositions lie between 12 and 20 nm.

Porous silicon. The properties of porous silicon differ from
those of crystalline silicon. These are, e.g., unusual chemical
properties of the surface, biocompatibility and optical properties
related to the quantum confinement effects.®?

Porous silicon is obtained by etching the surface of crystalline
silicon. The material consists of bent silicon wires of nanometre
sizes. Formally, radiative transitions between the valence band
and the conduction band of crystalline silicon are symmetry
forbidden. Nevertheless, transitions do occur, but they are photon
assisted and therefore the rate of radiative transitions is low.
Because of this, silicon is not used for generation of optical signals.
Porous silicon exhibits intense photoluminescence, which was
initially associated with possible violation of selection rules in
the nanosystem without translational symmetry. The quantum
confinement effects do play the key role in the mechanism of onset
of photoluminescence upon a change in the intensity ratio of
radiative and nonradiative transitions. The intensity of radiative
transitions somewhat increases, but the intensity of nonradiative
transitions mainly decreases; in particular, the probability of
three-body Auger processes associated with electron emission
after absorption of light dramatically decreases compared to
crystalline silicon.

Specific optical properties of porous silicon can be used for
fabrication of optical sensors for, e.g., detecting changes in the
reflection coefficients upon adsorption of various molecules. For
instance, by measuring the changes in the wavelength with a
Fabry —Perot interferometer it is possible to detect small amounts
of substances in air at the porous silicon—bulk silicon interface
after diffusion of gas through a membrane (Fig. 34). The radia-
tion reflected from the surface of porous silicon and the porous
silicon—bulk silicon interface forms an interference spectrum.
Adsorption of various molecules on the silicon membrane causes
the interference fringes to shift. The magnitude of the shift can be
measured in some way. The results of a sorption study of air
containing 1.7% of ethanol at different thickness of porous silicon
layer are shown in Fig. 35.93

The lowest ethanol concentration that can be determined by
this sensor was 250 ppm. It is important that such devices
demonstrate good reproducibility of results and can be efficiently
reused and that the parameters of porous silicon can be varied
over a broad range by etching, thus allowing various gas compo-
nents to be detected and studied. Additionally, the interference
sensor permits temporal separation of binary mixtures (e.g.,
ethanol and acetone) in air, because the mixture components
have different reflection coefficients, which depend on the diffu-
sion and adsorption rates. This is to some extent similar to gas
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Figure 34. Scheme of a sensor involving an interferometer based porous
silicon.”3
Incident radiation (7), detector (2) and porous silicon (2).
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Figure 35. Reflectance spectra of porous silicon samples of different
thickness before (solid line) and after (dashed line) sorption of ethanol
(1.7%) —air mixture.”?

chromatography, however the interference sensor offers the
advantage consisting in combining separation and detection.

Yet another original field of application of porous silicon
consists in initiation of a local explosion in a pore.®* The effect is
probably due to the hydrogenated surface of porous silicon and to
the fact that the reaction was carried out in a nanoreactor, which
accelerates the process. For instance, detonation of freshly pre-
pared porous silicon soaked with aqueous Gd(INO3)3 solution can
be achieved by using a mechanical or chemical ignition system.
The colour temperature of the microexplosion was estimated at
2000 K, which makes it possible to carry out a microscopic
analysis of metals based on their emission spectra. It is possible
to initiate microexplosions of porous silicon after condensation of
oxygen in a pore. This is achieved by exposure to UV light or by
simply scratching.®> The power of a microexplosion is 12 kJ g—!
and the energy released is 4.2 kJ g—!. In addition to atomic
emission spectroscopy and elemental analysis the microexplosions
can be used in microelectromechanical systems, as energy sources
for electronic systems and in self-destroying computer security
networks.

Photonic crystals. Photonic crystals are formed from dielectric
or semiconductor particles of size comparable with the wave-
length of a photon (hundreds of nanometres for the visible
region). Therefore, in this case one deals with the diffraction
processes and conditions similar to those for scattering of X-rays
by the atomic crystal lattice. This in turn causes manifestation of
coherent effects in the scattering and absorption of emitted
radiation. These effects are rather sensitive to the energy and
direction of propagation of photons. For instance, photonic
crystals have a periodically varied reflection coefficient, which
makes it possible to change the optical properties of materials.
One-dimensional structures are used as interference filters; how-
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ever, two- and three-dimensional crystals are of greater interest.
The dispersion curves obtained for photon scattering by two-
dimensional phononic crystals assembled from nanocylindres are
similar to the electron dispersion curves. By analogy with such
notions as electron valence, forbidden and band conductivity, the
dielectric band, photonic gap and air gap were introduced.’®
Removal of a row of cylinders in the photon crystal causes the
appearance of an energy level in the photonic gap similar to a p- or
n-level in the electron energy gap. By removing a cylinder and thus
creating a void or by changing the cylinder size one can vary the
photon frequency via a change in the nanocluster size (Fig. 36).
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Figure 36. Frequency dependence of localised states within the photonic
band gap.
Air band (7), photonic band gap (2) and dielectric band (3).

The energy and dispersion spectra of three-dimensional pho-
tonic crystals are also characterised by the presence of photonic
gaps similar to the forbidden bands in the electron energy and
dispersion spectra in atomic crystals. Taking into account this
fact, one can suggest the existence of a photonic gap with the
frequencies at which the propagation of a photon inside the crystal
is impossible and the photon experiences elastic reflection from
the nanocrystaline layer. This offers prospects for the synthesis of
nanomaterials with variable optical properties for the use in light
guides and tunable lasers and for the design of devices for
integrated electronic networks based on optical integrated sys-
tems. Photons propagate in dielectrics at higher frequencies
compared to electrons moving in conductors and can be much
more informative. Fibre optical systems operate at THz frequen-
cies (cf., GHz frequency range for conventional electric current
systems).

Photonic crystals with the photonic gap are fabricated by
various methods. One of them involves self-organisation of
spherical particles of a critical submicron size (hundreds of nano-
metres) in a colloid solution to give a face-centred lattice obeying
the closest packing principle, which limits further growth of
particles. This procedure was used to obtain an artificial opal
with inclusions of monodisperse silica spheres. However, this
crystal is characterised by unstable photonic gap, which is easily
destroyed in the presence of various defects and imperfections.
The artificial opal is used as a template for the preparation of
semiconductor material. Namely, infiltration of the nanocrystal-
line opal with silicon followed by removal of the template results
in nanocrystalline inverted opal (c¢f. nanosized reverse micelle
structure) with an ordered void structure (Fig. 37).

According to calculations, a semiconductor with rather high
reflection coefficient (>2.85) should have a photonic gap. This
was experimentally found in a silicon photonic crystal.”® In this
connection it is of great interest to fabricate GaS-, InS- or GaP-

Figure 37. Cross-sectional view through an incompletely infiltrated opal
nanocrystal. After etching out the SiO; spheres, the incomplete infiltration
of silicon (shown in gray) results in additional triangular (or diamond-
shaped) pores.®’

based photonic crystals capable of emitting intense light or to
create ordered voids in a diamond structure that, according to
calculations, can have a wider photonic gap and be less dependent
on the defects and disorder.

5. Magnetoelectric and magnetic properties

a. Giant magnetoresistance effect

The giant magnetoresistance (GMR) effect represents a great
decrease (to 1000%) in the resistance of the nanocluster material
in a magnetic field. For comparison, the magnetoresistance of
bulk samples changes only slightly under identical conditions
(e.g., the resistance of permalloy, 80% Ni—20% Fe, increases
only by 3%). The GMR effects were observed in studies of the
magnetic properties of various metallic and oxide nanosystems.
The mechanisms of GMR origination for nanocrystalline metals
and metal oxides are different.

Nanocluster metallic materials exhibiting the GMR effect
(magnetic clusters) are prepared by dissolving nanoclusters of
one metal (e.g., iron or cobalt) in the matrix of another metal
possessing high conductivity (e.g., copper or silver); the two
components should be poorly soluble in each other. In a nano-
system comprising a conducting metallic matrix and magnetic
clusters, the conduction electrons of the matrix are scattered by
the magnetic moments of the clusters. The clusters are sufficiently
small and can possess superparamagnetic properties. However,
for the conduction electrons moving at the Fermi velocity, the
magnetic moments of the clusters are blocked, because the
magnetisation measuring times (~ 100 s) are much longer than
the characteristic time taken by an electron to pass through the
sample (~ 10~? s). The electronic structure of the metallic matrix
has marked effect on the magnetic properties of clusters.”®

If electrons in metals are scattered prior to changing the
directions of the spins, the relative orientation of the magnetic
moments of the clusters affects the rate of scattering and con-
ductivity. Once a magnetic field is applied to the sample, the
direction of the magnetic moments changes, this causes their
interaction with the conduction electron and, hence, a change in
the conductivity. The magnitude of the GMR effect (and the
GMR effect itself) is determined by the ratio of the electron free
path to the distance between the neighbouring magnetic clusters,
which depends on the concentration of the metal nanoclusters in
the matrix. When the concentration is low and, correspondingly,
the free path is long, an electron experiences numerous scattering
events before it enters into interaction with the magnetic cluster.
In this case the direction of the magnetic moment of the cluster has
no effect on the electron scattering and no GMR effect is
observed. At high concentration of the metal clusters, the mag-
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Figure 38. Change in magnetoresistance |[p(Hs)— p(0)]/p(0)| of Co—Ag
nanosystems with different cobalt concentrations at 5 (/) and 300 K (2).%°

netic clusters interact with one another and are involved in the
percolation processes, which eliminates the GMR effect.

An optimum situation is observed for the Co—Ag nano-
system.”® As the cobalt concentration changes from 15% to
40%, the GMR effect is observed. The change in the relative
GMR effect vs. the cobalt concentration in the sample at different
temperatures are shown in Fig. 38. The maximum GMR effect
was observed at a cobalt concentration of about 20%, which was
associated with the critical size of cobalt clusters in the silver
matrix.

The GMR effect increases as the temperature decreases. The
mechanism of the effect can be explained using the two-current
model, according to which electron scattering on the cluster
magnetic moment in a disordered nanosystem is possible in two
directions, (e.g., up or down). In a nanosystem ordered by an
external 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 by a value of Ap. The Ap value
correlates with the cluster size: Ap ~ 1/d. This indicates that the
GMR effect is determined by the ratio of the surface area of the
magnetic clusters to the volume of the clusters and that it is the
cluster —matrix interface where the spin-dependent electron scat-
tering occurs.

Small cobalt clusters possess the properties of superparamag-
netic materials and the direction of the magnetic moment of a
cluster can easily be changed in an external magnetic field or by the
interaction with conduction electrons. However, this interaction
can occur if the time of magnetic moment fluctuations exceeds the
travel time of the conduction electrons. The minimum cluster size
corresponding to the onset of the GMR effect can be evaluated
from Eqn (29) for the superparamagnetic relaxation time. The
cluster size estimates obtained assuming 7., = 7o and substituting
K = 10° J mol—3 for cobalt are ~4—8 nm at room temperature
and ~1 nm at 4.2 K.

In ceramic materials, the GMR effect is observed in a
narrower temperature range.'% The temperature dependences of
changes in the magnetoresistance [|p(Hs) — p(0)/p(0)| (%)],
resistance (p) and magnetisation (M) for Lag¢7Cao.33MnOy are
shown in Fig. 39.

The maximum value of the GMR effect is ~ 1300% at
T =200 K. In the region 100—200 K, a metal—semiconductor
transition occurs and the magnetisation increases. The appear-
ance of the GMR effect can also be explained by the influence of
superparamagnetism in this temperature range. In the temper-
ature interval where the GMR is observed, the Mdssbauer spectra
exhibit a superparamagnetic doublet which is due to the appear-
ance of nanosized regions of iron-doping induced fluctuations of
the magnetic moment of ceramics.!®! The characteristic time of
thermal fluctuations of the magnetic moment is also determined
using expression (29); the estimate of the critical nanocluster size
corresponding to the onset of the GMR effect in ceramics is
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Figure 39. Parameters |[p(Hs)—p(0)]/p(0)] (1), p (2) and M (3) of
Lag.67Cao.33MnO. ceramics plotted vs. temperature.'%°

~2—4nmat K=10°J m—3. A decrease in temperature leads to
reduction of the GMR effect, extension of the fluctuation regions
and disappearance of superparamagnetism. This effect can be
treated as the percolation effect for metallic matrix. The existence
of superparamagnetic fluctuations of the ceramic matrix was also
confirmed by inelastic neutron scattering data.!0?

Based on this, one can assume that the GMR effect in the
region of the semiconductor—metal transition of the ceramic
material is due to the appearance of fluctuating magnetically
ordered nanodomains. The nanodomain size increases as the
temperature decreases; this is accompanied by an increase in the
superparamagnetic relaxation time and in the time taken to attain
the magnetically ordered ferromagnetic state. The temperature
interval of the magnetic transition spans tens of degrees; the GMR
effect observed in the same temperature range is due to the change
in the scattering of conduction electrons caused by the change in
the relaxation time of the magnetic moment, in the distance
between fluctuating clusters and in the cluster size (no ferromag-
netic nanoblocks at temperatures below the phase transition
temperature and no metallic conductivity at high temperatures).

b. Quantum magnetic tunnelling

Quantum tunnelling transitions in cluster molecular crystals are
accompanied by discrete changes in the magnetisation of nano-
clusters and of the whole nanocrystal. This was observed for a
cluster single crystal [Mni2(AcO)16(H20)4012]- AcOH -4 H,O
built of identical Mnj, clusters with acetate ligands.'® This
nanostructure is characterised by a stepwise character of the
magnetisation curve (Fig. 40).

The hysteresis loop consists mainly of vertical and horizontal
portions. In horizontal portions, the relaxation time of the
magnetic moment exceeds the measurement time (¢, ~ 600 s); in
the slope portions, the relaxation time is similar to the measure-
ment time. This leads to a number of minima in the plot of the
superparamagnetic relaxation time t on external magnetic field,
which are associated with the steps in the hysteresis loop.
Experimentally found critical Hy values corresponding to the
steps in the hysteresis loop change from 0 to 2.64 T with an
increment of

AH=H,1—H,=044T.

Here, the relaxation time of the magnetic moment of the cluster
changes in a stepwise manner. These effects can be explained with
allowance for the electronic structure and tunnelling transitions
between the electron energy levels of molecular cluster Mnj,. The
cluster core has a tetragonal two-layer structure in which the
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Figure 40. Magnetisation curves of Mn, acetate cluster single crystal at
different temperatures.'3
Temperature /K: 1.77 (1), 2.10 (2), 2.64 (3).

Mn*" atoms form the inner cubane cage Mn4O4 with the spin
S = 3/2, and eight external Mn3" atoms with the spin S = 2 form
the outer layer. The ground ferrimagnetic state of the cluster with
the collective spin S = 10 is stabilised by internal exchange
interactions. The energy of axially symmetric crystallographic
anisotropy

AE = DS?

causes the ground spin state to split into two levels with S. = £ 10
and a crystal field constant D = 0.61 T. For a thermally activated
process at kT >> AE, off-resonance spin transitions occur with the
probability and transition times characteristic of larger clusters.
At low temperatures, quantum tunnelling of the projection of the
magnetic moment is possible if the energy levels of the clusters
with M = §,and M = — §,,in an external magnetic field coincide.
Calculations using the relation

AH = i =044 T,
gHB

where g is the gyromagnetic ratio and up is Bohr magneton give
D=06T.

Thus, the relaxation of the magnetic moment of the cluster
accelerates when tuning by the magnetic field results in coinci-
dence of the energy levels of all clusters in the nanostructure. This
effect corresponds to quantum tunneling in the whole nano-
structure. Such clusters are treated as molecular magnets with a
colossal writing density, which can be used for information
storage and retrieval. Owing to multilevel tunneling, such nano-
devices can be used in quantum computers in order to achieve a
considerable increase in the storage capacity and performance.

¢. Magnetic phase transitions

The magnetic phase transitions are classified depending on the
type of changes in the magnetisation or in the character of
magnetic ordering near the critical temperatures (Curie point for
ferromagnetics or the Néel points for anti- and ferrimagnetics).
Sharp (stepwise) and gradual changes in these characteristics
correspond to the first- and second-order transitions, respectively.
Changes in the unit cell volume or the thermal effect in the case of
a first-order phase transition can be either significant or not. Most
bulk magnets undergo second-order phase transitions, but a
number of substances undergo a first-order phase transition on
going from the magnetically ordered to the paramagnetic state
and upon change in the type of magnetic ordering. Examples are
provided by MnAs (ferromagnet — paramagnet), MnO, UO,,
Eu (antiferromagnet — paramagnet) and o-Fe,Os (antiferro-
magnet — weak ferromagnet).!04

When studying nanoclusters and nanostructures, the mag-
netic phase transitions become of particular importance due to
manifestation of versatile new (compared to the case of bulk
materials) factors affecting the character and mechanism of
transitions (size effects, surface effect, intercluster and nano-
clusters—matrix interactions, effect of magnetic fields, etc.).
Specific features of magnetic transitions can be used as a new
tool of studying the structure of nanosystems and design of novel
nanomaterials and nanodevices.

Nanoclusters and nanomaterials also undergo the first- and
second-order magnetic phase transitions. Similarly to most bulk
magnets, the second-order magnetic phase transitions of metal
and metal oxide clusters are characterised by the Langevin
dependences of the magnetisation and by gradual disappearance
of the magnetic order and spontaneous magnetisation near 7¢ or
Tn. Nanoclusters of size less than 10 nm possess the properties of
superparamagnets, which leads to efficient reduction of Tc or T .

Unlike bulk metal oxides characterised by second-order
magnetic phase transitions, the corresponding oxide nanoclusters
undergo the first-order transitions accompanied by abrupt loss of
spontaneous magnetisation at a particular temperature or by
transition to the paramagnetic rather than superparamagnetic
state as the cluster size becomes less than a critical size.3¢

When observing and studying the first-order magnetic phase
transitions of nanoclusters, the problem is first of all to distinguish
them from the superparamagnetic behaviour. In most cases, a
scatter of cluster size occurs. Additionally, nanosystems that do
not form cluster crystals are characterised by scatter of intercluster
interactions. These factors hamper the detection of the first-order
magnetic phase transitions of nanoclusters and nanostructures by
the magnetisation measurements that provide some averaged
magnetic characteristics. In this connection, one should expect a
high efficiency of spectroscopic methods (in particular, Mossba-
uer spectroscopy with characteristic times of 10=7—10~10 s) that
permit separate characterisation of the magnetic and non-mag-
netic fractions in the same sample.

Magnetic phase transitions manifest themselves differently in
systems including isolated clusters (or clusters with weak inter-
cluster interactions) and in nanostructures comprising clusters of
size at most 100 nm with strong intercluster interactions. The
reasons and mechanisms of the magnetic phase transitions in these
cases are different. In this connection, it is appropriate to consider
the first-order magnetic phase transitions in (i) nanosystems
including isolated small nanoclusters of size less than 10 nm and
(ii) nanostructures composed of larger clusters (up to 100 nm in
size) characterised by strong intercluster interactions, in which
magnetic transitions associated with co-operative change in the
nanostructure can occur.

Nanosystems with isolated clusters. The magnetic ordering of a
cluster is a co-operative phenomenon. For instance, iron atoms
have a magnetic moment and possess paramagnetic properties at
all temperatures. This holds for low concentrations of iron atoms
present in non-magnetic (e.g., polymer) matrices. A cluster
comprising a few (at most ten) iron atoms is characterised by
exchange interaction; however, no spontaneous magnetisation
appears in this case owing to thermal fluctuations and fast
spin—spin relaxation. The number of magnetic moments and,
correspondingly, the cluster size should be large enough that the
total exchange energy be higher than the energy of thermal
fluctuations, which is of the order of k7. Using quantum-
statistical methods, one can specify the energy level scheme for a
cluster, calculate the total exchange energy and compare it with
the energy of thermal fluctuations. This makes it possible to
determine the critical cluster size corresponding to the onset of
spontaneous magnetisation and magnetic ordering.

However, the character of exchange interactions and, hence,
the critical cluster size will be affected by various factors, e.g., the
state of the cluster surface, intercluster interactions, cluster shape,
etc. Therefore, carrying out accurate critical-size calculations is a
rather complicated task. Meanwhile, the estimates of the quantum
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confinement effects made in considering the electrical, optical,
thermal and other properties can also be applied for the determi-
nation of the critical size of a magnetic cluster. Indeed, assuming
that

ApAx = Apdes ~ 1,

where p is the momentum, x is the coordinate and d,, is the critical
size (diameter) of the cluster, one has
/]
Ap =,
dCl'
and the uncertainty of the electron energy, exchange interaction or
magnon due to quantum confinement effects is given by

(Ap)? h
Aex 2m . 2m

(der)™.

Assume now that this value equals the energy of exchange
interaction, which is mainly responsible for the onset of magnetic
ordering, i.e., Ae & kTc, where T¢ is the Curie temperature of
bulk material. Then, the critical size (in metres) can be determined
from a simple relation

dor ~ 2% 10-3T M. (64)

For Tc~500—-1000 K, one gets der & 1 nm. This is the critical
size of a magnetic cluster. Smaller clusters lose the magnetic
ordering and undergo a transition to a magnetically disordered
(e.g., paramagnetic) state at any temperature. This is also the
minimum size of a superparamagnetic cluster (the upper bound is
~10 nm and depends on many parameters, e.g., the energy of
magnetic anisotropy, temperature, measurement time, etc.). Thus,
all clusters of size d < d, should be in the magnetically disordered
state.

The critical cluster size can also be determined using the
thermodynamic theory of magnetic phase transitions in nano-
clusters.105:196 This theory predicts the first-order magnetic phase
transitions of nanoclusters and the change in the character of the
phase transition depending on the cluster size.

The first-order magnetic phase transitions can occur in bulk
samples characterised by a change in the unit cell volume on
transition from the magnetically ordered to a non-magnetic state,
i.e., in the materials, possessing magnetostriction and exhibiting
hysteresis-type temperature dependences of the specific volume
and magnetisation.!%’

The Curie (Néel) temperature depends on the change in the
volume as follows:

V-V
TC=T0<1+ﬁ % 0).

0

(65)

Here Ty is the Curie temperature of the substance with uncom-
pressed crystal lattice, f# is the magnetostriction constant of the
substance, V" and V| are the molar volumes of the substance in the
magnetically ordered (compressed) and in the non-magnetic
(paramagnetic) states, respectively.

The first-order magnetic transitions of nanoclusters are real-
ised using a dependence similar to expression (65).

The equation for the change in the Gibbs free energy density
upon transition of the cluster from the magnetically ordered to the
non-magnetic state is written with allowance for the change in the
cluster volume as a result of magnetostriction, compressibility
under pressure

due to the surface tension of the cluster of radius r

20V — ¥,
= +
r V()

2"\, (66)
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Here N is the number of atoms with the spin 1/2, m = M/Msis the
relative magnetisation, # is volume compressibility and « is the
surface tension. The equation includes four terms. The first term
corresponds to the exchange energy density, the second term
reflects the energy of cluster deformation, the third term corre-
sponds to the surface energy and the fourth one is the entropy term
responsible for the Langevin type of the temperature dependence
of magnetisation.

To obtain the parameters of a stable magnetic state of the
cluster, one should minimise the Gibbs free energy with respect to
the change in the volume and magnetisation on the magnetic
phase transition. Having solved the system of equations

2
AG = f%NkTmz +1n(V_ VO) +

1 +m
l1-m|

0AG

or 0,
OAG_y, ©7)
om

which determine the equilibrium state of the system, one gets

r =m lwm2+1 llnl+m B
Teo 37 2" —m

where y = (3/2) NkTonf?/(1—nBP) and the Curie temperature,
viz., Tco = To(1—npP), is lower than Ty due to the pressure
produced by the surface tension of the cluster.

The calculated changes in the relative magnetisation at differ-
ent y values are plotted vs. temperature in Fig. 41. The parameter y
determines the character of the magnetic phase transition. The
case y <1 corresponds to the second-order magnetic phase
transitions, whereas the case y > 1 corresponds to the first-order
magnetic phase transitions of clusters accompanied by abrupt loss
of magnetic ordering. The Z-shaped portion of the magnetisation
curve corresponds to an increase in the Gibbs free energy, i.e., to
unstable magnetic structures. The abrupt change in the magnet-
isation for an actually observed first-order magnetic phase tran-
sition is shown by dashed line.

(68)

m

08 I

0.6

0.4

02

0 | | |
0.4 0.8 T/Tco

Figure 41. Relative cluster magnetisation plotted vs.
different y values.
y<1(),y=1(2)andy > 1(3).

temperature at

The critical cluster size corresponding to stepwise transition
from the magnetically ordered to paramagnetic state can also be
estimated from the y value. For convenience, we will re-write the
expression for y as follows:
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TCc
Y= ) (69)
Tco
where
3
Tce = iNkTgnﬁ%

Aty > 1, clusters pass to the paramagnetic state upon a first-
order magnetic phase transition if

L = L
7 ~ ’LT 1 TCC/TO - (70)

Large clusters (r > r¢r) will lose their magnetisation with an
increase in temperature upon the second-order magnetic phase
transitions.

To realise the first-order magnetic phase transitions, one
should obtain clusters of substances that have a sufficiently high
compressibility 7. (Clusters with zero compressibility correspond
to rer = 0 and second-order magnetic phase transitions.) The
surface tension « is the key parameter that governs the occurrence
or lack of the first-order magnetic phase transitions and variation
of the critical cluster size [see Eqn (66)]. This model for phase
transitions treats an isolated cluster characterised by the surface
tension o at the cluster—vacuum interface. Any interaction
between the cluster and the stabilising matrix or the neighbouring
clusters leads to a decrease in « and r., and to disappearance of the
first-order magnetic phase transitions. Therefore, studies of this
type of phase transitions can serve as a tool for characterisation of
intercluster and cluster —interface interactions.

In order to observe the first-order magnetic phase transitions,
a nanosystem comprising ferrihydrite FesHOg-4 H>O nanoclus-
ters formed in polysorb pores 13 to 75 nm in diameter was
synthesised.3% 195 This matrix-type nanosystem permits formation
of isolated metal oxide clusters or accumulation of several clusters
in the same pore. Polysorbs used were styrene and divinylbenzene
copolymers without surface functional groups. The pore walls in
such polysorbs have hydrophobic properties, which significantly
weakens the interaction of ferrihydrite clusters with the matrix
and leads to an increase in r¢. Intercluster interactions and the
number of clusters in the pore were changed by varying the
concentration of iron atoms. To increase the sensitivity of
Mossbauer spectrometers, experiments were carried out using
STFe-enriched iron-containing clusters synthesised in pores
by soaking polysorbs with alcoholic solutions of >’FeCls -6 H,O
with the iron concentrations of 1.2x1072 and 1.2x 1073
mol litre~! and subsequent treatment with air/gaseous ammonia
mixture. An increase in the polysorb pore size from 13 to 75 nm
was followed by an increase in the size of the clusters formed in the
pores.

The Mossbauer spectra of ferrihydrite clusters in polysorb
pores (¢ = 1.2x 1073 mol litre ') at different temperatures are
shown in Fig. 42. At all temperatures, the spectra consist of a
narrow-line magnetic HFS and a central doublet. As the temper-
ature increases, the HFS is partially converted to the paramag-
netic doublet without passing through the forms corresponding to
superparamagnetic broadening and to line shift leading to a
considerable decrease in the magnetic field at the core. The results
obtained suggest that the first-order magnetic phase transitions
occur in ferrihydrite clusters in the temperature range 4.2—6 K.

Analysis of the Mdssbauer spectra 193 allows one to reveal the
effects of the interactions between clusters and the pore wall and
the intercluster interactions on the character of magnetic phase
transitions. First of all it should be noted that the Mdssbauer
spectra of (i) synthetic and natural ferrihydrites of cluster size
2—5 nm (this corresponds to magnetically ordered structures) and
(ii) ferrihydrite clusters formed in polysorb pores are different.
The former group of spectra exhibits a magnetic HFS at 4.2 K and
broad HFS components (~1.5-2 mm s~ !, see Ref. 108), while
the latter group of spectra is characterised by much narrower lines
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Figure 42. Mossbauer spectra of ferrihydrite clusters in polysorbs with
pore sizes of 13 (@, b) and 20 nm (c).!%
¢ =12x1073 mollitre— ' at 4.2 (a, ¢) and 10 K (b).

(~0.6 mm s~ ). This difference is due to isolation of ferrihydrite
clusters in copolymer pores and indicates weak intercluster and
cluster — pore walls interactions compared to similar interactions
in polycrystalline ferrihydrite. Indeed, the iron concentration of
1.2 x 10—3 mol litre ! corresponds to nearly one 1 —2-nm ferrihy-
drite cluster per pore of volume 107221023 m? and here the
magnetic properties of the cluster depend on the interaction
between the cluster and the matrix surface. Thus, a first-order
magnetic phase transition occurs at 4.2—-6.0 K; clusters that are
smaller than the critical cluster abruptly lose spontancous magnet-
isation and go to the paramagnetic state.

As the temperature increases to 10 K, the relative proportion
of the HFS in the Mdssbauer spectrum decreases due to super-
paramagnetic relaxation. At a constant concentration of iron
atoms (¢ = 1.2 x 102 mol litre 1), an increase in the pore size to
20 nm is accompanied by an increase in the cluster size, which
causes an increase in the proportion of the HFS (see Fig. 42¢), a
decrease in the probability of the first-order magnetic phase
transitions and strenthening of the interaction between clusters
and the pore surface. A tenfold increase in the >’Fe concentration
at the same pore size is followed by nucleation of several clusters in
the same pore (up to 5—8 clusters of size ~ 2 nm), strengthening
of intercluster interactions and, as a consequence, by the overall
decrease in rq values corresponding to the first-order magnetic
phase transitions.!% Here, this makes it possible to estimate the
size of ferrihydrite clusters involved in superparamagnetic relax-
ation. Using relation (29) and 1o = 1 x 1072 s, t¢r ~ 189 x 1077 s,
T=10K and K = 1.7x10° J m—3, the upper limit for clusters
with iron concentration of 1.2 x 10=2 mol litre~! was estimated
at ~ 2.2 nm.

Thus, these nanosystems permit observation of the first- and
second-order (superparamagnetism) magnetic phase transitions
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for clusters of size ~2 nm. The magnetic phase transitions were
detected in the temperature range 4.2—6 K.

An increase in the pore size to 75 nm at an iron concentration
of 1.2x 102 mol litre~! causes fundamental changes in the
spectral pattern. This nanosystem shows the second-order mag-
netic phase transitions and clusters behave as superparamagnets.
Calculations of superparamagnetic relaxation give an estimate
r ~ 2.5 nm for both iron concentrations, because the average
cluster size in the pore is determined by the average pore size. An
increase in the iron concentration in a pore leads to multiple
cluster formation, strengthening of intercluster interactions, a
decrease in the critical cluster size and suppression of the first-
order magnetic phase transitions.

It is interesting to compare the experimental estimates of re,
obtained using the Mdssbauer spectra, concentrations of the iron
atoms in pores and relationships (68) —(70). Calculations for small
clusters carried out assuming the critical first-order magnetic
phase transition temperatures of ~4.2—6 K, the second-order
magnetic phase transition temperature of ~20—30 K, the molar
volume of 14.4x10~2° m3 the inverse compressibility of
~1.5x 10" Pa, and the cluster surface tension of ~1J m—2 led
to rer ~ 1 nm, which is in agreement with the experimental
estimates r¢r ~ 1.5—2 nm. Indications of the first-order magnetic
phase transitions were observed for small clusters of other iron
oxides (see, e.g., Ref. 36), but this was not observed for metal
clusters (Fe, Co, Ni), probably due to lower compressibility of
these particles.

The pressure is an important factor determining the appear-
ance or disappearance of the first-order magnetic phase transi-
tions. According to the thermodynamic model for magnetic phase
transitions of nanoclusters [see Eqns (68)—(70)], the critical
transition temperature reduces as the external pressure increases:

Tco = To(1—pnP). (71)

A simple method of producing an excess pressure in a confined
volume is to freeze water. The volume of ice is 8% larger than the
volume of water and can produce a pressure of up to a few GPa in
pores of nanometre size. Investigations of the effects of hydration,
freezing of nanostructures and the action of pressure on clusters
upon freezing of water in nanopores involved two series of
experiments with the systems including iron oxyhydroxide nano-
clusters in pores of an ion-exchange resin (sulfo cation exchange
resin) and in iron-accumulating protein (ferritin) in the dry and
hydrated states.!?°

The major difference in the Mossbauer spectra of iron
hydroxide clusters in the hydrated and dry samples manifests
itself in the temperature range of 8.5—15 K. Comparison of the
spectra of the dry samples of sulfo cation exchange resin contain-
ing iron oxyhydroxide clusters at 13 K and the spectra of the
hydrated samples at 10 K showed that these spectra are identical,
which suggests the temperature shift of the magnetic phase
transition upon hydration. The transition is completely reversible.
The spectrum of hydrated ferritin containing iron oxide core
(similar to sulfo cation exchange resin) exhibits an increase in the
proportion of the paramagnetic doublet compared to the spec-
trum of the dry sample. By comparing the spectra, it is possible to
determine the magnitude of the temperature shift of the magnetic
phase transition under pressure AT = 3—4 K.

Nanostructures. The first-order magnetic phase transitions
induced by intercluster stresses and defects can occur in nano-
systems containing nanoclusters of size 20—50 nm. Such nano-
structures are formed in solid-phase chemical reactions, e.g.,
cluster sintering; they are characterised by rather strong interclus-
ter interactions. A nanostructure including «-Fe>O3 and y-Fe,Os
clusters exhibits not only the first- and second-order magnetic
phase transitions, but also a weak ferromagnetic —antiferromag-
netic phase transition and a novel type of magnetic phase
transition, accompanied by the formation of twin nanostruc-
tures.!10

The first-order magnetic phase transitions similar to the
transitions in the 1—3-nm ferrihydrite clusters (see Ref. 105)
were observed in the a-Fe>Os—y-Fe>O3 nanostructure formed in
the initial stage of cluster sintering by the solid-phase chemical
reaction.!!® The AFM images of this nanostructure are shown in
Fig. 22.

First-order magnetic phase transitions. As mentioned above,
Moéssbauer spectroscopy is the most efficient method of inves-
tigation of the first-order magnetic phase transitions in clusters.
The Mossbauer spectra of the a-Fe,Os —y-Feo,Os nanostructure at
different temperatures are shown in Fig. 23. As the temperature
increases, the magnetic phase transitions from the ordered mag-
netic state to the paramagnetic (superparamagnetic) state of the
nanostructure are observed, the former state being characterised
by a magnetic HFS. At 77 K, the spectra exhibit two magnetic
HFSs corresponding to o-Fe,O3 (AEg = —0.29 mm s~') and
v-Fe;03 (AEg = 0 mm s—!). Raising the temperature up to
T =120 K causes the appearance of a quadrupole doublet with
AEq = 0.78 mm s~ ! and the isomer shift = 0.42 mm s~! rela-
tive to the metallic iron HFS, but the overall spectral pattern
remains unchanged. Starting with 7'= 120 K, these spectra are
transformed into spectra with one magnetic HFS
(AEq = 0 mm s~ ).

The Mossbauer spectra in the temperature range 120—-300 K
are characterised by reversible transformations of the magnetic
HFS into a paramagnetic doublet without noticeable shift or
broadening of the lines characteristic of the second-order mag-
netic phase transitions (or superparamagnetism). This is an
indication of the first-order magnetic phase transitions (magnet-
isation of the nanomaterial disappears abruptly). These transi-
tions occur at the critical temperatures Tco = 120—300 K, which
are lower than T temperatures for bulk samples of a-Fe>O3 and
v-FeoOs (856 and 965 K, respectively). The lack of superpara-
magnetism for such large clusters becomes clear from the estimate
using relation (29). Taking the magnetic anisotropy constant to be
K~ 103 I m—3and 7o = 1072-10719 s, the relaxation time 7 is
several orders of magnitude longer than the measurement time
(period of Larmor precession for 3’Fe nucleus is ~ 10=8s).
Therefore, superparamagnetism has no effect on the magnetic
properties of these nanostructures and cannot cause a reduction of
Tco.

In the nanostructures of a-Fe,O3 and y-Fe>Os the magnet-
isation and magnetic ordering disappear due to the first-order
magnetic phase transition (abruptly), namely, the magnetic
induction decreases from ~ 50 T to 0. It should be noted that
the critical size, rer, of isolated ferrihydrite clusters is about
1.5 nm; smaller clusters undergo a stepwise transition to the
paramagnetic state. There is also a narrow temperature range
(4.2—10 K) characteristic of the first-order phase transitions.
These effects were associated with the effect of surface tension.

For clusters of size 2050 nm the pressure due to the surface
tension should be an order of magnitude lower; additionally, a
strong intercluster interaction causes o to decrease. Therefore,
there also should be some other reasons for the first-order
magnetic phase transitions and reduction of T in this nano-
structure (corresponding to y > 1, see Ref. 105). Clearly, these
reasons are associated with the influence of defects on the proper-
ties of the nanostructure [see Eqn (28)]. It is assumed that iron
oxide clusters of size 20—50 nm provide a maximum defect
density. For larger clusters, the effect of the surface as a source
of defects is insignificant, whereas for smaller clusters the surface
pressure is large enough to displace defects from the cluster. So,
small clusters are defect-free.!!!

Following this model, there should exist a maximum defect
density at which clusters of critical size (tens of nanometres) are
formed in the nanosystem. If the cluster sizes are less than the
critical size, first-order magnetic phase transitions occur in the
nanosystem; otherwise, the second-order magnetic phase transi-
tions characteristic of bulk materials occur.
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The extremal character of the dependence of defect concen-
tration on the cluster size [see Eqn (47)] also affects the temper-
ature dependences of the magnetisation of a nanocluster structure
comprising clusters of different size. One can assume a linear
dependence of the critical temperature on the defect concentration
in the cluster

TC = TC()(I + ﬁCv),

where f§ < 0, ¢, is the defect concentration in the cluster.

Taking into account the magnetic intercluster interaction, the
thermodynamic potential of the nanosystem ‘magnetic clusters—
medium —defects’ can be represented by the sum including the
surface energy and the change in the chemical potential upon the
change in the cluster size and in the defect density in the cluster,

(72)

G = Auny + osny—0.5 NokTco(1 + Bey)m? +

1. 1—m? 1
+NkT(—ln " +mln +m)’

(73)

2 4 1—m

where Au = po + kTIn(Ngny/Nyns) is the chemical potential dif-
ference between the defects inside the cluster and on the cluster
surface; Ny is number of atoms in the cluster; Ny is number of
atoms in the intercluster medium per cluster; n, is number of
defects in the cluster; ng is number of defects in the intercluster
medium per cluster; o is the surface tension of the cluster in the
intercluster medium; s is cluster surface area; m = M/My is the
relative magnetisation of the cluster and N is the number of spins
in the cluster. The temperature dependences of the relative
magnetisation calculated for iron oxide nanoclusters of different
size with energy minimisation are shown in Fig. 43.11!
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Figure 43. Relative magnetisation (m) of iron oxide plotted vs. T/T¢o at
different r/a: 6 (1), 12 (2),25(3), 50 (4), 100 (5), 200 (6), 300 (7), 400 (8) and
500 (9).11

The temperature dependence of the magnetisation is consis-
tent with the published data.!'! For the oxide clusters, it predicts
the existence of a critical size of 30—40 nm, which corresponds to
the maximum defect density in the cluster. If a cluster size is larger
(smaller) than the critical size range indicated, the character of the
magnetic phase transitions changes from the first-order to the
second-order magnetic transitions.

Collective magnetic phase transitions with the formation of twin
nanostructures. Now we will consider Fig. 23 in more detail. At
low temperatures (7 < 120 K), both phases, a-Fe,O3 and y-Fe>O3
exist in the nanostructure. At temperatures above 120 K, in
addition to a Morin transition (transition from antiferromagnetic
to a weakly ferromagnetic structure; in bulk iron oxides occurs at
256 K, see Refs 104, 112) the a-Fe,O3 and y-Fe,Os phases
undergo transformation into a common phase similar to the

a-Fe>O3 phase in AEq, the structural symmetry of the o-Fe,O3
and y-Fe,O3 phases being retained (according to X-ray analysis
data). The temperature dependences of the isomer shift show an
abrupt change 0 at 120 K. As a result, o for the a-phase decreases
while that for the y-phase increases jumpwise to an average value
of 0.45 mm s—!. These data also indicate collective transforma-
tions of the y- and a-phases into an a-like phase with retention of
cubic spinel symmetry. This transition can be explained by the
formation of a twin structure. Twinning is known to occur upon
crystallisation, mechanical deformation, seed sintering, fast ther-
mal expansion or compression, and heating of deformed crys-
tals 113.114

Nanostructures formed under shear stress and high pressure.
Exposure of bulk materials to shear stress under high pressure
leads to nanostructuring and a decrease in the nanocrystallite size
to 5—10 nm. Simultaneously, plastic deformation leads to gen-
eration of numerous defects that affect the magnetic properties of
nanostructures, in particular, the character and critical parame-
ters of magnetic phase transitions. When unloaded, nanocompo-
sites comprising o-Fe,O3 and y-Fe>Os nanoclusters retain the
stresses and defects; they are characterised by the first-order
magnetic phase transitions and a decrease in Tco due to an
increase in the defect density. Nanostructuring of bulk samples
should also induce shifts of the critical points and change the
character of magnetic phase transitions from the first-order to the
second order ones or vice versa.

Here we will consider magnetic phase transitions in two
nanosystems based on the a-Fe>O3 and y-Fe;Os (I) and metallic
europium (II) nanoclusters. The first nanosystem included
o-Fe,O3 and y-FexOs nanoclusters of size 20—50 nm (I.1) and
identical a-Fe;>O3 and y-Fe>O3 nanoclusters with addition of 50%
monomeric acrylamide (I.2). The second nanosystem included
metallic europium nanoparticles (II1.1), metallic europium with
addition of 1% of a-Fe>O3 and y-Fe>Os nanoclusters of size
20—-50 nm (I1.2) and metallic europium with addition of 10% of
adamantane (I1.3).!111.115

A high-pressure apparatus of Bridgeman anvil type allowed
one to produce pressures of up to 5 GPa with the simultaneous
accumulation of the total shear stress with an increment of 10°
during 5 s. A pressure of 2 GPa was applied and the turn angles of
the anvil varied from 120 to 240°.

Exposure of system (I.2) to shear stress under a pressure of up
to 2 GPa causes polymerisation of acrylamide. The shear defor-
mations in the unloaded polymer remain unchanged, which
precludes recrystallisation of a-Fe,O3 and y-Fe,O3 and recovery
of the initial phase equilibrium. The action of shear stress under
high pressure led to an increase in the proportion of the non-
magnetic component in this system, but the most remarkable
result was obtained for the nanosystem (I1.2). The 3"Fe Mssba-
uer spectrum of nanostructure (I1.2) at 300 K after shear stress
under pressure (Fig. 44) exhibits almost complete loss of magnetic
ordering in the a-Fe>O3 and y-Fe,Os5 clusters, which indicates a
decrease in the average nanocrystallite size and reduction of the
Curie or Néel temperatures below room temperature.

Mossbauer spectroscopy data for the nanosystems based on
metallic europium show the reverse, namely, an increase in the
transition temperature for europium.

The 'S'Eu Méssbauer spectra of nanostructures (I1.1), (11.2)
and (I1.3) at 90 K measured after exposure to shear stress under
high pressure are shown in Fig. 45.

The spectrum of nanostructure (II.1) includes not only the
metallic component corresponding to four lines in the HFS, but
also the europium dioxide and europium oxide lines (Fig. 45 a).
The spectrum of nanostructure (I1.2) consists of three compo-
nents, a broad line of metallic europium and the EuO and Eu,Os3
lines (Fig. 45b). The spectrum of nanostructure (I1.3) exhibits
three components corresponding to lines of the magnetic HFS of
metallic europium in the magnetically ordered state, a very broad
line of metallic europium and a line of EuO (Fig. 45 ¢).

Analysis of the experimental results suggests the following.
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Figure 44. ’Fe Mdssbauer spectrum of nanostructure 11.2 at room
temperature upon a pressure with the turn of anvils.
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Figure 45. '5'Eu Méssbauer spectra of nanostructures I1.1 (a), I1.2 (b),
and I1.3 (¢) at 90 K upon a pressure of 2 GPa with the turn angle of anvils
of 120°.

1. The first-order magnetic phase transitions (jumpwise dis-
appearance of the magnetisation of the nanostructure at certain
critical temperature) are observed in nanostructures (I.1), (1.2),
(I1.2) subjected to shear stress under high pressure. As the
measurement temperature increases from 77 to 300 K, the spectra
of the nanosystems studied show a transition of iron oxide nano-
clusters from the magnetic state characterised by a magnetic HFS
to the paramagnetic state without line broadening and shift due to
the existence of the critical cluster size.

2. The critical temperatures of magnetic phase transitions (7¢
or Tn) in nanostructures (I.1), (I.2) and (I1.2) are much lower than
the magnetic phase transition temperatures of bulk samples. The
critical temperatures decrease even more appreciably upon adding
acrylamide or metallic europium.

3. In contrast to nanosystem (I.1), a characteristic feature of
nanosystem (II.1) is the second-order magnetic phase transition.
This follows from the fact that above the critical transition
temperature (~80 K, see Ref. 116) the Mossbauer spectrum
exhibits a superposition of the narrow line of non-magnetic
europium and the broad line with unresolved magnetic HFS of

the magnetically ordered europium. Thus, the magnetic phase
transition temperature 7 of nanostructured europium is about
100 K higher than 7 of bulk metal.

4. Adding 1% of a-Fe,O3 and y-Fe>Os3 nanoclusters [nano-
system (I1.2)] or 10% of adamantane [nanosystem (II.3)] to
metallic europium causes further increase in 7T, especially
pronounced for nanosystem (II.3).

These features are characteristic of the nanostructures com-
prised of relatively large nanoclusters in which the high density of
defects formed upon exposure to shear stress under high pressure
should retain. The results obtained make it possible to employ the
defect density distribution in the nanostructure, which passes
through a maximum at cluster sizes of 30—50 nm, for character-
isation of the magnetic properties of these nanostructures. The
critical defect densities should correspond to the critical cluster
sizes upon the change in the character of the magnetic phase
transition from the first-order to the second-order transition and
vice versa.

A model for magnetic phase transitions in defect nanostruc-
tured systems!!> provides an explanation for all the effects
considered above for the oxide and metallic nanosystems.

First-order magnetic phase transitions (Z-shaped curves)
should be observed for iron oxide clusters of size 20— 50 nm. At
temperatures above Tc, the magnetisation of such clusters dis-
appears jumpwise. The T¢ value also depends on the size of the
clusters present in the system. If the cluster size exceeds the
maximum critical value (>r""), the second-order magnetic
phase transition characteristic of bulk samples occurs and T¢
increases. Reduction of the cluster size (<rg ") also causes the
second-order magnetic phase transitions to occur due to the
decrease in the defect concentration.

The character of magnetic phase transitions and the 7¢ value
are affected by the intercluster magnetic interactions. However,
the changes in the intercluster distance affect the temperature
dependence of magnetisation to a lesser extent compared to the
changes in the cluster size. For instance, a maximum increase in
Tc with a decrease in the intercluster distance from R to the lattice
constant a is ~6%.!15 This is accompanied by the change in the
character of the magnetic phase transition from the first-order to
the second-order one.

Nanostructuring of nanosystems (I.1) and (I.2) by exposure to
shear stress under pressure leads to reduction of the average
cluster size and the average interclster distance. For nanosystem
(I.1), the effect of the decrease in the cluster size on Tc¢ is
counterbalanced by the effect of compaction, which causes
strengthening of the magnetic intercluster interaction. Nanosys-
tems (I.2) or (I1.2) are characterised by reduction of 7¢ and an
increase in the contribution of the first-order magnetic phase
transition. This is particularly pronounced for nanostructure
(I1.2) in which the magnetic ordering in all iron oxide nanoclusters
is destroyed at room temperature. Therefore, an increase in the
intercluster distances leads to weakening of magnetic interactions,
extension of the jumpwise magnetic phase transitions and an
increase in the probability of the first-order magnetic phase
transitions.

Exposure of nanosystem (II.1) to shear stress under pressure
leads to nanostructuring of the material. At temperatures below
Tn, the starting metal has a domain structure with a domain size
of up to tens of nanometres.!** Above T (~ 80 K), bulk metallic
europium undergoes a first-order magnetic phase transition
accompanied by sharp loss of magnetic ordering. The structure
of metallic europium in the magnetically ordered state can be
considered as consisting of nanocluster ‘domains’ packed in the
crystal lattice of metallic europium. The size of these magnetic
nanocluster ‘domains’ close to 20 —30 nm provides the maximum
defect density and, hence, the maximum density of strain, which
induces the first-order magnetic phase transitions in metallic
europium.

The aforesaid can be substantiated by high magnetostriction
coefficients of rare-earth metals. The shear stress under pressure
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causes a decrease in the size of the cluster ‘domains’ and they
become smaller than the critical value. This leads to a decrease in
the defect concentration and elimination of strain in the nano-
system. As a result, the first-order magnetic phase transition is
destroyed and, as a consequence, the magnetically ordered state is
extended to the region of higher temperatures. This leads to an
increase in 7 of metallic europium. The addition of 1% of iron
oxide clusters makes this effect more pronounced due to higher
strain in the iron oxides (compared to metallic europium) respon-
sible for the decrease in the size of the nanoclusters composing the
nanostructure. The effect is more pronounced upon filling the
europium matrix with adamantane molecular clusters, which
retain the strain in the nanostructure after the pressure is removed.
Additionally, it seems likely that the introduction of iron oxide
clusters and adamantane molecules as additives favours uniform
nanostructuring on exposure to shear stress under pressure. Thus,
nanostructuring of substances can either decrease or increase the
Tc (TnN) temperatures of nanomaterials.

* * *

Summing up, nanoclusters and nanostructures exhibit specific
features related to their stability and structure, which can be
treated as the onset of discreteness of matter on the nanolevel. This
manifests itself in the formation of nanoclusters and nanostruc-
tures and in consideration of the mechanical, thermal, electrical,
optical and magnetic properties. The discreteness is characterised
by the ‘magic’ numbers of atoms and the critical sizes of nano-
clusters, which are related to the stability and preferred formation
of nanoparticles of particular sizes and to manifestation of certain
specific properties of nanomaterials, e.g., changes in the melting
temperature, heat capacity, one-electron conductivity, onset of
laser emission, appearance of the first-order magnetic phase
transitions, efc.
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