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I. Introduction

In the last two decades, new terms with the prefix `nano' have
rushed into the scientific vocabulary Ð nanoparticle, nanostruc-
ture, nanotechnology, nanomaterial, nanocluster, nanochemistry,
nanocolloids, nanoreactor and so on. A series of new journals are
devoted particularly to this subject, monographs with the corre-
sponding names have appeared, `nano'-specialised institutes,
chairs and laboratories have been founded; and numerous confer-
ences are held. In most cases, new names were applied to long
known objects or phenomena; however, new objects inaccessible
for researchers some 20 years ago have also appeared. These
include fullerenes, quantum dots, nanotubes, nanofilms and
nanowires, i.e., the objects with at least one nanometer
(1077 ± 1079 m) dimension.

The enhanced interest of the researchers in nanoobjects is due
to the discovery of unusual physical and chemical properties of
these objects, which is related to manifestation of so-called
`quantum size effects.' These arise in the case where the size of

the system is commensurable with the de-Brogli wavelengths of
the electrons, phonons or excitons propagating in them.

A key reason for the change in the physical and chemical
properties of small particles as their size decreases is the increased
fraction of the `surface' atoms, which occur under conditions
(coordination number, symmetry of the local environment, etc.)
differing from those of the bulk atoms. From the energy stand-
point, a decrease in the particle size results in an increase in the
fraction of the surface energy in its chemical potential.

Currently, unique physical properties of nanoparticles are
under intensive research.1 A special place belongs to the magnetic
properties in which the difference between a massive (bulk)
material and a nanomaterial is especially pronounced. In partic-
ular, it was shown thatmagnetisation (per atom) and themagnetic
anisotropy of nanoparticles can be much greater than those of a
bulk specimen, while differences in the Curie (TC) or Neel (TN)
temperatures, i.e., the temperatures of spontaneous parallel or
antiparallel orientation of spins, between nanoparticle and the
corresponding microscopic phases reach hundreds of degrees. In
addition, magnetic nanomaterials were found to possess a number
of unusual properties Ð giant magnetoresistance, abnormally
high magnetocaloric effect, and so on.

The magnetic properties of nanoparticles are determined by
many factors, the key of these including the chemical composition,
the type and the degree of defectiveness of the crystal lattice, the
particle size and shape, the morphology (for structurally inhomo-
geneous particles { ), the interaction of the particle with the
surrounding matrix and the neighbouring particles. By changing
the nanoparticle size, shape, composition and structure, one can
control to an extent the magnetic characteristics of the material
based on them. However, these factors cannot always be con-
trolled during the synthesis of nanoparticles nearly equal in size
and chemical composition; therefore, the properties of nano-
materials of the same type can be markedly different.
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The last years have seen changes in the development of
magnetic nanomaterials, which can be called revolutionary, to
say the least. This is related both to the development of efficient
methods for the preparation and stabilsation of nano-sized
magnetic particles and to the progress in the physical methods
for the investigation of such particles. For example, it became
possible to prepare nanometre metal or oxide particles as not only
ferromagnetic fluids (the preparation process was developed back
in the 1960s) 2, 3 but also as particles included into `rigid' matrices
(polymers, zeolites, etc.).

The magnetic characteristics of a material consisting of a non-
magnetic solid dielectric matrix with magnetic nanoparticles
(3 ± 10 nm) distributed in the matrix were described in 1980.4

The presence of nanoparticles { in these materials and their
composition were established by small-angle X-ray scattering
and MoÈ ssbauer spectroscopy.5 More recently, these samples
were investigated once again by modern methods , which largely
confirmed the earlier results.6

Magnetic nanoparticles are abundant in nature and are found
in many biological objects.7 Magnetic nanomaterials are used in
information recording and storage systems, in new permanent
magnets, inmagnetic cooling systems, asmagnetic sensors, etc. All
this accounts for the interest of various specialists in these systems.

Extensive literature is devoted to the applied aspects of the
state-of-the-art technology of magnetic recording and its pros-
pects.8 Currently, powders with micron-size g-Fe2O3, Co ±
g-Fe2O3, Fe or Fe ±Co grains are used most often in magnetic
tapes or discs as media for magnetic recording. In this case,
recording of one bit requires about 109 atoms,9 whereas with the
use of nanomaterials (particles 10 nm in diameter), not more than
105 atoms. Thus, transition to magnetic nanomaterials increases
the information recording density by a factor of 103 ± 104.

Among the magnetic materials that have found broad prac-
tical application in technology, ferromagnets deserve attention.
An important characteristic of a ferromagnet is the coercive force
(Hc), i.e., the magnetic field strengthH corresponding to the point
with B=0 on the symmetric hysteresis loop B(H) of the ferro-
magnet. Here B is the magnetic field induction in a ferromagnetic
sample with zero demagnetising factor (for example, in a long
cylinder whose axis is directed along the field). One more
characteristic, apart from Hc, is the intrinsic coercive force (Hci),
defined as the magnetic field strength at the point M=0 on the
symmetric M(H) hysteresis loop of the ferromagnet, where M is
the magnetisation of a ferromagnetic sample with zero demagnet-
ising factor. The coercive force and the intrinsic coercive force
normally do not differ much in magnitude, but these are different
physical quantities. When designing new magnetic materials, it is
often a goal to attain the highestHc . Modern magnetic materials
haveHc=2 ± 3 kê (see Section IX).

In terms of the coercive force, ferromagnets are subdivided
into soft magnetic (Hc<12.6 ê) and hard magnetic
(Hc>126 ê) ones. The magnets with intermediate coercive
force values are referred to as semi-hard. Table 1 presents data
on the dependence of the magnetic properties of ferromagnets on
the dimensions of the constituent particles. Apart from the
dimensions, the magnetic properties of particles depend on the
external conditions: temperature, pressure and, in some cases, the
local environment, i.e., themedium inwhich the particle occurs, in
particular, the crystalline or amorphous bulk matrix (for a
particle), the local crystal environment (for a single atom) or the
substrate (for a film).

In addition to ferromagnets in which themagneticmoments of
the atoms are ordered, magnetic spin glasses Ð systems in which
the competition of random magnetic interactions between mag-
netic moments results in a magnetic disordered state Ð also find
application in technology.

The purpose of this review is to survey the state-of-the-art
views on the physics, the chemistry and the methods of prepara-
tion and stabilisation of magnetic nanoparticles used in nano-
technology for the design of new instruments and devices.

II. Nanoparticles and materials based on them
(classification, definitions)

First of all, it is necessary to consider the general concepts related
to the nano-sized objects.

A nano-object is a physical object differing appreciably in
properties from the corresponding bulk material and having at
least one nanometre dimension (not more than 100 nm).

Nanotechnology is the technology dealing with both single
nano-objects and materials and devices based on them and with
processes that take place in the nanometre range.

Nanomaterials are those materials whose key physical char-
acteristics are dictated by the nano-objects they contain. Nano-
materials are classified into compact materials and
nanodispersions. The first type includes so-called `nanostruc-
tured' materials,10 i.e., materials isotropic in the macroscopic
composition and consisting of contacting nanometre-sized units
as repeating structural elements.11 Unlike nanostructured materi-
als, nanodispersions include a homogeneous dispersion medium
(vacuum, gas, liquid or solid) and nano-sized inclusions dispersed
in this medium and isolated from each other. The distance
between the nano-objects in these dispersions can vary over
broad limits from tens of nanometres to fractions of a nanometre.
In the latter case, we are dealing with nanopowders whose grains
are separated by thin (often monoatomic) layers of light atoms,
which prevent them from agglomeration.

A nanoparticle is a quasi-zero-dimensional (0D) nano-object
in which all characteristic linear dimensions are of the same order
of magnitude (not more than 100 nm). Nanoparticles can basi-
cally differ in their properties from larger particles, for example,
from long- and well-known ultradispersed powders 12 with a grain
size above 0.5 mm. As a rule, nanoparticles are shaped like
spheroids. Nanoparticles with a clearly ordered arrangement of
atoms (or ions) are called nanocrystallites. Nanoparticles with a
clear-cut discontinuity of the system of electronic energy levels are
often referred to as `quantum dots' or `artificial atoms' (most
often, they have compositions of typical semiconductor materi-
als).13, 14

The term `cluster', which has been widely used in chemical
literature in former years, is currently used to designate small
nanoparticles with sizes less than 1 nm. Thus, the term `nano-
clusters'15 is excessive, because all known clusters have nanometre
dimensions.

Nanorods and nanowires are quasi-one-dimensional (1D)
nano-objects. In these systems, one dimension exceeds by an
order of magnitude the other two dimensions, which are in the
nano-range. This class includes, in particular, interesting nano-
structures such as `quantum wires'.16

The group of two-dimensional objects (2D) includes planar
structures Ð nanodiscs, thin-film magnetic structures, magnetic
nanoparticle layers, etc., in which two dimensions are an order of
magnitude greater than the third dimension, which is in the
nanometre range.

In this review we use the molecular approach outlined in a
previous publication,17 namely nanoparticles are considered as
giant pseudomolecules having a core and a shell and often also
external functional groups. The unique magnetic properties are
usually inherent in the particles with a core size of 2 ± 30 nm. For
magnetic nanoparticles, this value coincides in the order of
magnitude with the theoretical estimate for the smallest dimen-
sions of a magnetic domain in most magnetic materials (see
Table 1).

{ In those years, the term `nanoparticle' did not yet exist and these objects

were called `ligand-free metal clusters' or just `clusters.'
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III. Methods for the preparation of magnetic
nanoparticles and nanomaterials

If themethods used to prepare nanoparticles are classified in terms
of the type of the precursor and the features of its processing, the
following key approaches to the formation of nanoparticles can be
distinguished:

Ð preparation from macroscopic materials by dispersion;
Ð chemical synthesis, i.e., targeted change in the substance

composition with termination (in some way) of the nascent phase
growth at the nano-size stage;

Ð transformations of nanoparticles with the change in the
composition.

The last-mentioned route has found only a limited use as yet
and is represented by a few examples.

A series of general methods for the nanoparticle synthesis
have now been developed.18 Most of them can also be used for the
preparation of magnetic particles. An essential feature of their
synthesis is the preparation of particles of specified size and shape
(at least, the scatter of sizes should be small, 5%± 10%, and
controllable). The shape control and the possibility of synthesis of
anisotropic magnetic structures are especially important. In order
to eliminate (or substantially decrease) the interparticle interac-
tions, magnetic nanoparticles often need to be isolated from one
another by immobilisation on a substrate surface or in the bulk of
a stabilising inert matrix. It is important that the distance between
the particles in the matrix should be controllable. Finally, the
synthetic procedure should be relatively simple, inexpensive and
reproducible.

The development of magnetic materials is often faced with the
necessity of preparing nanoparticles of a complex composition,
namely, ferrites, complex NdFeB or SmCo5 alloys, etc. In these
cases, the range of synthetic approaches substantially narrows
down. For example, the thermal evaporation of compoundswith a
complex elemental composition is often accompanied by a viola-
tion of the stoichiometry in the vapour phase, resulting in the
formation of other substances, while the atomic beam synthesis
does not yield a homogeneous distribution of elements on the
substrate. The mechanochemical methods of powder dispersion
also violate (in some cases, substantially) the phase composition:
in particular, ferrites do not retain the oxygen stoichiometry.
Finally, the preparation of a target phase from heteroelement
precursors may be associated with the difficulty of synthesis of the
precursors. For example, no volatile compounds with a Sm atom
bonded to five Co atoms are known; the maximum chemically
attainable element ratio in Sm[Co(CO)4]3 is 1 : 3. It is even more
difficult to propose a volatile stoichiometric precursor for the
synthesis of NdFeB nanoparticles.

The physical characteristics of nanoparticles are known to be
substantially dependent on their dimensions. Unfortunately, most
of the currently known methods of synthesis afford nanoparticles
with rather broad size distributions (dispersion s>10%). The
thorough control of reaction parameters (time, temperature,
stirring velocity and concentrations of reactants and stabilising
additives) does not always allow one to narrow down this
distribution to the required range. Therefore, together with the
development of methods for synthesis of nanoparticles with a
narrow size distribution, the techniques of separation of nano-
particles into rather monodisperse fractions are perfected. This is
done using controlled precipitation of particles from surfactant-
stabilised solutions followed by centrifugation (the coarsest frac-
tion is the first to be precipitated). After decantation, the precip-
itate can again be dissolved and subjected to precipitation/
centrifugation. The process is repeated until nanoparticle frac-
tions with specified sizes and dispersion degrees are obtained.

The methods of nanoparticle preparation cannot be detached
from stabilisation methods. For 1 ± 10 nm particles with a high
surface energy, it is difficult to select a really inert medium,17

because the surface of each nanoparticle bears the products of its
chemical modification, which affect appreciably the nanomaterial
properties. This is especially important formagnetic nanoparticles
in which the modified surface layer may posses magnetic charac-
teristics markedly differing from those of the particle core. Never-
theless, the general methods for nanoparticle synthesis not related
directly to the stabilisation and the methods where the nano-
particle formation is accompanied by stabilisation (in matrices, by
encapsulation, etc.) will be considered separately.

The methods of generation of magnetic nanoparticles in the
gas or solid phase using high-energy treatment of the material are
usually called physical, while the nanoparticle syntheses, which
are often carried out in solutions at moderate temperatures are
chemical methods. The chemical methods for the preparation of
magnetic nanoparticles have developed most intensively in recent
years; however, physical methods should not yet be considered as
outworn.

1. Physical methods for the preparation of magnetic
nanoparticles
a. Condensation methods
The method of nanoparticle synthesis from supersaturated metal
vapours is based on the classical nucleation theory in which the
nascent phase clusters are described by the spherical liquid drop
model. Nanoparticles (clusters) are prepared using various ways
of metal evaporation: laser vaporisation,19, 20 thermal vaporisa-
tion,21, 22 arc discharge, plasma vaporisation,23 and solar energy-
induced evaporation.24 In each method, special installations are
employed differing in engineering solutions of particular units.25

Table 1. Type of the change of the magnetic properties of a ferromagnet with a decrease in the substance dimensions from macroscopic to atomic.

Object Characteristic size Specific magnetic properties

Macroscopic (bulk) 51 mm spontaneous magnetisation below TC. The appearance of a nonzero

sample magnetic moment is suppressed by the formation of a domain structure

Microscopic sample 50 ± 1000 nm magnetic characteristics strongly depend on the sample pre-history, preparation

and processing method

Single-domain magnetic particles 1 ± 30 nm the presence of a blocking temperature a Tb<TC below which the magnetic moment

(small magnetic particles) in of the particle retains orientation in space, while the particle ensemble demonstrates

a diamagnetic matrix a magnetic hysteresis. At a temperature higher than Tb, the particle transfers

into the superparamagnetic state. In the Tb<T<TC region, the particle

has a spontaneous magnetisation and a nonzero total magnetic moment, which

easily changes the orientation in the external field

Single atom (ion) *0.2 nm usual paramagnetic properties

a For isolated nanoparticles with sizes 1 ± 30 nm, the temperature scale has one more characteristic point apart from the Curie and Neel temperatures,

namely, the `blocking' point Tb < TC(TN).
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All the methods for metal evaporation listed above allow one to
study both the physicochemical characteristics of nanoparticles in
the gas phase (before the metal vapour deposition on the sub-
strate) and the properties of films and powders obtained upon
deposition. Since recently, the cryogenic method has been used to
prepare nanoparticles. In this case, the condensation of metal
atoms and metal compounds occurs at low temperatures in a
cryogenic matrix, most often, in a liquid inert gas. This method
allows the preparation of chemically highly pure nanoparticles
uniform in composition and structure and having no pores or
other morphological inhomogeneities.

In the classical thermal vaporisation method, a metal or alloy
sample is heated in a tungsten boat in an argon or helium stream.
The atoms of the vaporised metal lose kinetic energy upon
collisions with inert gas atoms, gather in clusters and condense
on a cooled substrate as a nanodispersed powder. By varying the
evaporation rate, the substrate temperature and gas pressure and
composition, one can control the particle size in the 3 ± 100 nm
range.Most often, prior to opening the installation and taking out
the sample, nanoparticles are passivated by passing an inert gas/
oxygenmixture for several minutes. In particular, this methodwas
used to prepare heterometallic nanoparticles (*30 nm) with the
composition Fe ±M (M=Ni, Mn, Pt, Cr).21 For the Fe ±Cr
system, it was shown that for a Cr content of 47.7 at.%, the
metastable s-phase with a tetragonal lattice detected in the
440 ± 830 8C temperature range in the state diagram of the
Fe ±Cr alloy predominates in nanoparticles.21, 22

Individual magnetic nanoparticles were first obtained by the
molecular beammethod.26, 27 In this case, metal evaporation takes
place in vacuum in a diaphragm chamber. The evaporated
particles pass through the diaphragm and form the molecular
beam. The beam intensity determines the rate of condensation of
the particles on the substrate. This method produces largely free
(i.e., ligand-free) clusters (nanoparticles); therefore, it can be used
to determine the intrinsic magnetic properties of these particles
without the distorting influence of the environment and to under-
stand the fundamental grounds of the physics ofmagnetic clusters.
Although unsurpassed in this respect, themolecular beammethod
has not found practical use for the preparation of magnetic
nanomaterials.

The synthesis of nanoparticles by a hydrogen plasma metal
reaction (HPMR) has been reported;28, 29 therefore, we do not
consider this method here.

The preparation of nanoparticles by metal vapour spraying is
a rather well-developed method in both practical and theoretical
aspects. With thermal or laser vaporisation, this method allows
the synthesis of gram amounts of nanoparticle powders. This
method can be used for dispersing metals, alloys or oxides;
however, the cost of nanomaterials obtained in this way remains
rather high.

The low-energy cluster beam deposition (LECBD) method
includes deposition of non-charged particles with a very low
kinetic energy on a substrate.30 In this case, the particles are not
destroyed on getting on the substrate and can be inserted into
various type of matrices, which are formed simultaneously by
vaporisation of their components from another source. The size
and composition of the deposited nanoparticles are controlled in
the gas phase prior to deposition on the substrate using mass-
analysing systems of various types.

b. Methods of nanodispersion of a compact material
Themechanochemical dispersion of a compact material in mills of
various designs appears an attractive way to produce disperse
systems. However, there exists a mechanical dispersion limit for
solids,31, 32 which prevents in some cases the preparation of nano-
sized particles with a narrow dispersion. In addition, high energy
impact on thematerial being ground result in intensive interaction
of the nanoparticles formed with the dispersion medium. Some
examples of successful use of mechanochemical dispersion for the

preparation of magnetic nanoparticles are given in the following
Sections.

Electrolytic erosion can also be used to disperse metals and
alloys. In this case, spraying takes place inside a dielectric liquid
and the liquid transformation products coat the surface of the
nanoparticles formed. Depending on the process conditions, the
metal nature, and the dispersion medium, the diameter of the
nanoparticles formed is usually in the 2.5 ± 20 nm range, but some
particles can be as large as 100 nm.33 Presumably, small particles
are formed on quenching the metal vapour, while large ones are
produced from molten drops. Using electrolytic erosion, nano-
particles with a complex composition for permanentmagnets have
been obtained.34 However, in this case, too, the nanoparticles
formed interact to a noticeable extent with the medium. For
example, when organic solvents are used as the dielectric medium,
product carbonisation takes place, while in the case of molten
sulfur, sulfides are formed.35

Electrochemical generation is used as a method for the syn-
thesis of substantial amounts of rather small (1 ± 2 nm) nano-
particles with a narrow dispersion.36 A standard electrochemical
cell containing an alcohol solution of tetraalkylammonium halide
was used to obtain cobalt particles. On passing the current, the
cobalt anode dissolved to give Co nanoparticles near the cathode
(glass carbon). The influence of electrolysis conditions on the
magnetic characteristics of the resulting nanoparticles was studied
using several examples.

The average size of a particle formed upon electrochemical
dispersion is inversely proportional to the current density. The
colloid solution of nanoparticles formed upon electrolysis can be
stored under argon for several months. Evaporation of the solvent
yields crystallites, which can be readily converted again into a
colloid suspension.

The electrochemical process was used to obtain g-Fe2O3

nanoparticles (3 ± 8 nm), stable in organic solvents due to adsorp-
tion of cationic surfactants.37

2. Chemical synthesis of magnetic nanoparticles
Chemical methods for the synthesis of nanoparticles have been
surveyed in a recent review;38 therefore, we will mention only the
latest publications illustrating the trends in the development of
this approach.

Diverse metal-containing compounds (MCC) including metal
carbonyls, organometallic compounds, metal carboxylates, etc.,
are used as the precursors in the synthesis of magnetic nano-
particles. Most often, precursors decompose on heating or UV
irradiation; other types of treatment of MCC, resulting in nano-
particles, have also been developed.

a. Thermolysis of metal-containing compounds
Thermal decomposition of metal-containing compounds has been
studied in detail in relation to the development of the scientific
grounds of the metal organic chemical vapour deposition
(MOCVD) technique, which is used successfully to obtain nano-
particles. In a one-stepCVD synthesis of nanodispersed Fe oxides,
[Fe(OBut)3]2 has been proposed as theMCC.39 When the reaction
is carried out in a liquid medium in the presence of surfactants or
polymers, it is possible to stabilise the resulting amorphous nano-
particles with diameters of up to 10 nm. An interesting example of
two-stage thermolysis of Fe(CO)5 has been reported.40 First, an
iron oleate complex is formed from Fe(CO)5 and oleic acid at
100 8C; at 300 8C, the complex decomposes to give primary `loose'
nanoparticles (4 ± 11 nm). After maintaining at 500 8C, these are
converted, as shown by powder X-ray diffraction, into crystalline
a-Fe nanoparticles. Laser photolysis of volatileMCC (most often,
metal carbonyls) is also suitable for this purpose.41

b. Decomposition of metal-containing compounds on ultrasonic
treatment
In this method, metal carbonyls and their derivatives are used as
metal-containing compounds, although cases of successful use of
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other organometallic compounds are also known. For example,
Co nanoparticles were synthesised by ultrasound-induced decom-
position of a solution of Co2(CO)8 in toluene.42 In order to retain
the monodispersity and prevent aggregation of the particles
formed, sodium bis(2-ethylhexyl)sulfosuccinate was added to the
solution. `Amorphous' Co-containing nanoparticles were also
obtained by ultrasonic treatment of a solution of Co(CO)3(NO)
in decane in the presence of oleic acid.

For the synthesis of Fe-containing magnetic nanoparticles,
Fe(CO)5 is used most often.43 Ultrasonic decomposition of iron
pentacarbonyl in polyvinylpyrrolidine resulted in amorphous
g-Fe2O3 nanoparticles. Their dimensions were determined by the
nature and concentration of the surfactants present in the sol-
ution.44 It was shown experimentally that ultrasonic treatment of
labile MCC is a convenient way of producing nanoparticles under
mild conditions, which is important for the preparation of
metastable aggregates. However, there are no methods for con-
trolling their dimensions.

c. The reduction of metal-containing compounds
Magnetic metallic nanoparticles can be prepared from metal salts
using strong reducing agents, namely, alkali metal dispersions in
ethers or hydrocarbons, alkali metal complexes with organic
electron acceptors (e.g., naphthalene), NaBH4 and other complex
hydrides. By using NaBH4 in aqueous solutions at room temper-
ature, both homo- (Fe, Co, Ni) and heterometallic (Fe ±Co,
Fe ±Cu, Co ±Cu) nanoparticles were obtained as amorphous
powders containing substantial amounts of boron (20 mass% or
more). The reduction of CoCl2 with LiBEt3H in the presence of
trialkylphosphines yields nanoparticles of pure cobalt e-phase
with 2 ± 11 nm size (depending on the alkyl chain length in
trialkylphosphine).45

The general method for the preparation of metallic nano-
particles by reducing metal salts in aprotic solvents is docu-
mented.46 High-boiling alcohols are often used as reducing
agents. The reduction of cobalt acetate with dodecane-1,2-diol at
250 8C in oleic acid in the presence of trioctylphosphine gives
3 ± 8 nm metal particles.47 nickel-containing nanoparticles have
been prepared in a similar way.48

Yet another method of synthesis is represented by radiation
chemical reduction of metal ions in aqueous solutions. In partic-
ular, g-irradiation of deaerated solutions of Co2+ and Ni2+

perchlorates in the presence of sodium formate and a stabiliser
(surfactant) affords spherical nanoparticles (2 ± 4 nm) of these
metals with a narrow pore size distribution.49

d. Synthesis in reverse micelles
Recent years were marked by intensive development and wide use
of the synthesis nanoparticles in nano-sized `reactors' as the size of
`nanoreactors' can be controlled within certain limits. A micelle is
an example of these nanoreactors. Reverse micelles are tiny drops
of water stabilised in a hydrophobic liquid phase due to the
formation of a surfactant monolayer on their surface. Owing to
the exactly measured amount of MCC in each micelle (as the
nanoparticle formation occurs without substance supply from the
outside), it is possible not only to control the composition and the
average size of the particles but also to obtain monodisperse
samples with a narrow particle size distribution. Thus Co nano-
particles were synthesised by mixing two colloid solutions of
reverse micelles with the same diameter (3 nm), one containing
CoCl2 and the other containing sodium tetrahydroborate of the
same concentration.50 Magnetic nanoparticles with an average
diameter of 5.8 nm and a polydispersity of 11% were obtained in
hexane as a colloid dispersion stable against aggregation and
oxidation during a week. Syntheses of cobalt nanoparticles in
reverse micelles are described in detail in the literature.51 ± 53

e. Sol ± gel method
The sol ± gel method is widely used in a number of technologies.54

In nanotechnology, it is used most often to obtain metal oxides

but is also applicable to the synthesis of nanosized metals and
fused bimetallic and heteroelement particles. For example, reduc-
tion of Ni2+ and Fe2+ ions inserted in silica gel in 3 : 1 ratio with
hydrogen at 733 ± 923 K resulted in Ni3Fe nanoparticles
(4 ± 19 nm) within the SiO2 matrix.55

e. Synthesis of magnetic nanoparticles at a gas ± liquid interface
Nanoparticles can also be synthesised in the absence of solid
substrates or matrices by redox reactions at an interface between
two phases, one containing ametal compound (precursor) and the
other, the reducing agent. This method was first implemented by
Faraday back in 1857 to prepare a stable colloid solution of gold
nanoparticles.56 A new approach to the synthesis and self-assem-
bly of nano-sized structures including magnetic ones in a fully
anisotropic two-dimensional reaction system has been
reported.57 ± 64 Nanoparticles were synthesised in a Langmuir
monolayer of amphiphilic molecules,} incorporating the precursor
molecules at a gas ± liquid interface. Decomposition of metal
compounds in such a monolayer initiates the appearance and
nucleation of active intermediates and the two-dimensional
growth of nanoparticles on the liquid surface. The surfactant
molecules of the monolayer can react with the nanoparticles
formed and affect the growth processes, thus opening the way
for effective control of the size and morphology of the structures
formed. The growth and self-organisation of nanoparticles can
also be affected by changing the chemical composition of the
liquid or gas phase, i.e., by adding compounds that react with
nanoparticles on the liquid surface, by varying the temperature, by
exposing the monolayer to electric or magnetic fields or various
types of radiation (including light).

Two-dimensional diffusion and growth of nanoparticles
depend on the thermodynamic state of the Langmuir monolayer.
This can exist as so-called two-dimensional gas, two-dimensional
liquid or a condensed two-dimensional phase (when the molecules
are located close to one another).When the monolayer passes into
the condensed state, the diffusion controlled processes stop and
the system state settles down. This allows one to stop the nano-
particle growth and organisation at the specifiedmoment and then
to transfer the monolayer with the resulting nanoparticles and
nanostructures on solid substrates and to study the resulting
planar nanostructures by various methods.

The decomposition of the precursor molecule at the interface
can be induced by electromagnetic radiation (in particular, light).
This photochemical decomposition of iron pentacarbonyl in the
Langmuir monolayer under contact with air gives nanoparticles
and nanostructures of iron oxides, mainly g-Fe2O3.59 An external
magnetic field has a substantial influence on the shape of the
resulting anisotropic magnetic nanoparticles, their shape and
orientation being dependent on the orientation of the applied
field with respect to the interface.59, 60, 62

The influence of the applied fields on the two-dimensional
growth of amorphous iron-containing magnetic nanoparticles by
decomposition of iron pentacarbonyl on exposure to UV radia-
tion in a mixed Langmuir monolayer at a gas ±water interface
with stearic acid as the surfactant has been studied.57, 58, 60, 62

During the nanoparticle formation, the monolayer existed in the
`gas-like' state (the surface pressure was equal to zero).

The magnetic properties of multilayer Langmuir ±Blodgett
films containing nanoparticles were studied by EPR, which
revealed ferromagnetic resonance signals and superparamagnet-
ism.60 Studies by scanning tunnelling microscopy (STM), atomic
force microscopy (AFM) and transmission (tunnelling) electron
microscopy (TEM) have shown that the size and shape of nano-
particles may change substantially during the growth from disc-
like to oriented oblong under the action of an external magnetic
field directed parallel to the monolayer plane.59 When the mag-

} Stearic or arachidic acid or other surfactants are normally used as

amphiphilic molecules.
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netic field is perpendicular to the monolayer plane, the nano-
particles acquire an anisotropic shape symmetric relative to the
axis that passes through the nanoparticle centre at right angle to
the interface (Figs 1 ± 3).

Figure 1 shows iron oxide nanoparticles synthesised in a
Langmuir monolayer with the initial ratio
Fe(CO)3 : C17H35CO2H=10 : 1 under UV irradiation (4 min) at
21 8C and pH 5.6 in the absence of an external magnetic field. The
resulting nanoparticles were planar and radially symmetric.
Figure 2 shows the nanoparticles synthesised under analogous
conditions but with an external magnetic field applied parallel to
the monolayer plane. This gave anisotropic oblong nanoparticles
whose longer axis coincided with the field direction.59

If the energy of the magnetic dipole ± dipole interaction of
nanoparticles exceeds the energy of thermal (Brownian) motion
kBT (kB is the Boltzmann constant), the magnetic particles can be
combined into chain structures. The formation of chain aggre-
gates of magnetic particles is typical, in particular, of magnetic
liquids. Figure 3 shows an organised chain ensembles of iron-
containing magnetic nanoparticles synthesised in a Langmuir
monolayer with an external magnetic field applied and with a
short-term UV irradiation.60

Highly organised lamellar molecular structures obtained by
the Langmuir ±Blodgett method have been used as ordered
matrices in the synthesis of various nanoparticles, including semi-
conductor particles, doped with magnetic metal ions (DMS).65, 66

Thus CdS (3 nm) particles doped byMn2+ ions were prepared by
treatment with H2S of a Langmuir ±Blodgett film consisting of a
mixture of cadmium and manganese salts of arachidic acid.

Multilayer ordered structures have also been obtained by the
Langmuir ±Blodgett method via the formation of stable iron
stearate monolayers on the aqueous phase surface.67, 68
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Figure 1. TEM (a) and ACM (b) micrographs of iron-containing nano-

particles synthesised in a Langmuir monolayer.59

5500 nnmm

nnmm

1122

1100

88

66

44

22

00

a

b

225500 nnmm

Figure 2. TEM (a) and ACM (b) micrographs of iron-containing nano-

particles synthesised in a Langmuir monolayer with application of a 2 kê

external magnetic field directed parallel to the monolayer plane.59
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Figure 3. ACM micrographs of iron-containing nanoparticles synthes-

ised in a Langmuir monolayer on a short-term (6 s) UV irradiation

followed by dark incubation (4 min) with application of an external

2 kê magnetic field directed parallel to the monolayer plane.60
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3. Specific methods for the preparation of particular types of
magnetic nanoparticles
a. Heterometallic nanoparticles
As a rule, these particles are prepared by simultaneous thermal
decomposition of two MCC of different compositions (hydrogen
is usedmost often as the reducing agent). This method was used to
prepare heterometallic nanoparticles, Fe48Pt52 and Fe70Pt30, from
Pt(acac)2 and Fe(CO)5.69 In the synthesis of Co ±Pt particles,
either Pt(acac)2, or Pt2(dba)3 (dba is dibenzylideneacetone) was
used as the source of Pt, while sources of Co included Co2(CO)8,
Co(CO)3(NO) 70 and Co(Z3-C8H13)(Z4-C8H12).71

Using the synthesis of CoPt3 nanoparticles as an example, the
mechanism of homogeneous nucleation has been studied. This
allowed researchers 72 to deliberately and reproducibly obtain
nanoparticles of the specified composition with a narrow size
distribution in the 3 ± 18 nm range. The synthesis of so-called
`shell' CoPt nanoparticles has been described.73 The researchers
first obtained Pt nanoparticles of diameter 2.5 nmand then coated
them with a controlled amount of Co layers. This resulted in
Co ±Pt nanoparticles with a diameter of 7.6 nm.

In some cases, heterometallic particles are called `alloys;' in
our opinion, this is not always appropriate. For example, using the
same initial compounds, Co2(CO)8 and Pt(hfac)2, two types of
Co ±Pt nanoparticles with the same composition and different
structures have been obtained,74 namely, particles with a uniform
distribution of Co and Pt atoms and particles with a cobalt core
and a platinum shell, Pt@C. In the latter type of particles, mixing
of the atoms of two metals is possible only at the interface.

It is also pertinent to consider the procedure for the synthesis
of cobalt ferrite CoFe2O4 nanoparticles,75 in which the first stage
includes the preparation of the Fe ±Co heterometallic particles
and the second stage, their oxidation to CoFe2O4. Another route
to analogous particle implies the use the heterometallic
(Z5-C5H5)CoFe2(CO)9 cluster as the starting compound. The
cobalt ferrite nanoparticles were also prepared by the micro-
emulsion method 76 from a mixture of Co and Fe dodecylsulfates
treated with an aqueous solution of methylamine.77, 78

b. Ferrites
Microcrystalline ferrites form the basis of materials currently used
for magnetic information recording and storage. To increase the
recorded information density, it seems reasonable to obtain
nanocrystalline ferrites and to prepare magnetic carriers based
on them. Grinding of microcrystalline ferrite powders to reach the
nanosize of grains is inefficient, as this gives particles with a broad
size distribution, the content of the fraction with the optimal
particle size (30 ± 50 nm) being relatively low.

The key method for the preparation of powders of magnetic
hexagonal ferrites with a grain size of more than 1 mm includes
heating of a mixture of the starting compounds at temperature
above 1000 8C (so-called ceramic method). An attempt has been
made 79 to use this method for the synthesis of barium ferrite
nanoparticles. The initial components (barium carbonate and iron
oxide) were ground for 48 h in a ball mill and the resulting powder
was mixed for 1 h at a temperature somewhat below 1000 8C. This
gave rather large particles (200 nm and greater) with a broad size
distribution. Similar results have been obtained in the mechano-
chemical synthesis of barium ferrite from BaCl2, FeCl3 and alkali
with subsequent oxidative annealing.80

Nanocrystalline ferrites are often prepared by the co-precip-
itation method. The MnFe2O4 spinel nanoparticles with a diam-
eter of 40 nmare formed upon the addition of an aqueous solution
of stoichiometric amounts of Mn2+ and Fe3+chlorides to a
vigorously stirred solution of alkali.81 The MgFe2O4

(6 ± 18 nm),82 Co0.2Zn0.8Fe2O4 (2 ± 45 nm) 83 and BaFe1272x.
.SnxZnxO19 (*45 nm) 84 nanoparticles were obtained in a similar
way. The SrFe12O19 nanoparticles (30 ± 80 nm) were synthesised
by co-precipitation of Sr and Fe citrates followed by annealing of
the resulting precipitate.85 Co-precipitation upon decomposition
of a mixture of Fe(CO)5 and Ba(O2C7H15)2 under ultrasonic

treatment has been successfully used 86 for the synthesis of barium
ferrite nanoparticles (*50 nm).

Methods for the preparation of ferrite nanoparticles of differ-
ent compositions in solutions at moderate temperatures have been
developed. First, worth mentioning is the sol ± gel method result-
ing in highly dispersed powders with required purity and homo-
geneity. Low annealing temperatures allow one to control
crystallisation and to obtain single-domain magnetic ferrite nano-
particles with narrow size distributions and to easily dope the
resulting particles with metal ions. This procedure was used to
obtain Co- and Ti-doped barium ferrite nanoparticles (smaller
than 100 nm) 87 and, Zn-, Ti- and Ir-doped strontium ferrite
particles with a similar size.88

Smaller nanoparticles (15 ± 25 nm) of cobalt ferrite were
obtained in a hydrogel containing lecithin as the major compo-
nent. Judging by the goodmagnetic characteristics, these particles
possessed a substantial degree of crystallinity without any anneal-
ing.89 The sol ± gel method was successfully used to synthesise a
Co ferrite nanowire 40 nm in diameter with a length of up to a
micrometre.90 This wire can also be obtained within carbon
nanotubes.91 For the synthesis of ferrite nanoparticles, oil-in-
water type micelles 92 and reverse (water-in-oil) micelles 93 are also
widely used.

The homogeneity of metal ion distribution in final products
can be enhanced and the required stoichiometry can be attained by
using pre-synthesis of heterometallic complexes of various com-
position. The thermal decomposition and annealing of the pre-
synthesised [GdFe(OPri)6(HOPri)]2 complex give GdFeO3 nano-
particles (*60 nm).94 Virtually monodisperse nanoparticles
(9 nm) of cobalt ferrite are formed 75 from (Z5-C5H5)CoFe2(CO)9.
First, the Co ±Fe nanoparticles are prepared and then they are
oxidised during annealing.

c. Nanoparticles of rare earth elements
Six of the nine rare earth elements (REE) are ferromagnetic.} The
magnetic nanomaterials based on these REE occupy a special
place, as they can be used inmagnetic cooling systems.95However,
REE nanoparticles (of both metals and oxides) are still repre-
sented by only a few examples, most of all, due to the high
chemical activity of highly dispersed REE. A synthesis of coarse
(956280 nm) spindle-shaped ferromagnetic EuO nanocrystals
suitable for the design of optomagnetic materials has been
reported.96 The EuS nanocrystals were prepared by passing H2S
through a solution of europium in liquid ammonia.97 The size of
the EuS magnetic nanoparticles formed can be controlled (to
within 20 ± 36 nm) by varying the amount of pyridine added to the
reaction medium.97

Gadolinium nanoparticles (12 nm) were prepared by reduc-
tion of gadolinium chloride by Na metal in THF. They proved to
be extremely reactive and pyrophoric, which, however, did not
prevent characterisation of these particles and measuring their
magnetic parameters.98 The Gd, Dy and Tb nanoparticles with an
average size of 1.5 ± 2.1 nm and an about 20% degree of disper-
sion were obtained in a titanium matrix by ion beam sputter-
ing.99, 100 At 4.5 K, the coercive forces for *10 nm Tb and Gd
nanoparticles were 22 and 1 kê, respectively. As the particle size
decreases (<10 nm), the Hc value rapidly diminished to zero,
which is related, in the researchers' opinion,100 to the decrease in
the Curie temperature for small nanoparticles.

d. Magnetic nanoparticles of anisotropic shapes
The nanoparticles anisotropic in shape (non-spherical) are of
special interest for magnetic recording purposes. A material
containing oblong (needle-shaped) or flat (disc-shaped) particles
is more easily susceptible to magnetic texturing, i.e., ordering of
the directions of the magnetic axes of the particles. This has long

}The atomic magnetic moments of rare earth elements are greater than

that of Fe.
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been used, for example, in audio recording tapes.101 In addition,
non-spherical particles possess an additional source of magnetic
anisotropy, i.e., the shape anisotropy. It was shown experimen-
tally and substantiated theoretically 102 that planar ultrathin
particles should be single-domain, irrespective of their in-plane
dimensions. For these planar particles, the shape anisotropy is
comparable in magnitude with the magnetic crystal anisotropy.
The magnetic interaction between thin nanoparticles in plane is
much lower than that between spherical nanoparticles in the bulk.

No theory of the synthesis of anisotropic particles has been
developed due to the lack of methods of deliberate change of the
nanoparticle shape in solutions. Although papers devoted to the
synthesis of Co,103 Fe 104 and Ni 105 anisotropic magnetic nano-
particles have been published, this still does not imply that the
shape ofmagnetic nanoparticles is subject to reproducible control.
Recently,106 conditions for the preparation of highly anisotropic
cobalt nanoparticles by the reduction of Co(Z3-C8H13)(Z4-C8H12)
with hydrogen have been found. By varying conditions of syn-
thesis and the oleylamine to oleic acid ratio, the researchers
selectively obtained spherical nanoparticles (4 ± 10 nm), nano-
needles (40 nm long and 9 nm in diameter) and even nanowires.

Experimental data and theoretical calculations show that the
interparticle anisotropic magnetic dipole ± dipole interactions and
kinetic factors can play a significant role in the magnetic nano-
particle growth induced by external fields. If at the moment of
synthesis of iron oxide magnetic nanoparticles, the reaction
medium is exposed to a magnetic field, the process yields aniso-
tropic (oblong) particles. Apparently, this synthesis opens up the
way for effective control of the morphology of magnetic nano-
materials.

Using the preparation of magnetic nanoparticles by ultra-
sound-induced decomposition of Fe(CO)5 in a decalin solution as
an example,107 the effect of an external magnetic field on the
growth processes has been studied. In an external magnetic field
(7 kê), amorphous Fe2O3 nanoparticles were formed, of which
20%±30% had an anisotropic shape (50 nm long and 5 nm in
diameter). In the absence of a magnetic field only quasi-isotropic
nanoparticles with an average size of 25 nm were obtained. The
electric arc decomposition of Fe(CO)5 resulted in thread-like (10
to 100 nm in diameter) compounds also consisting of a-Fe and
Fe3C nanoparticles.108

The standard way of synthesis of nanothreads and nanowires
composed of anisotropic Fe and Co nanoparticles includes the
electrolysis of solutions of the metals at an aluminium cathode,
which is pre-coated by an Al2O3 layer containing channels with a
diameter of 18 ± 35 nm and a depth of up to 500 nm.109 During the
electrolysis, these channels are filled by the reduced metal. After
completion of the process, the matrix is dissolved in a mixture of
acids to separate the nanoparticles. According to TEM, the
nanoparticles have a length of up to 500 nm and an average
diameter of 16 nm. Magnetic measurements have shown that the
samples obtained have a coercive force of 2.7 kê for Fe (the
highest value for pure a-Fe particles) and 1.4 kê for Co. By using
an upgraded procedure, it is possible to prepare Fe nanowires
(d=5 nm) with a coercive force of 4.19 kê at 5 K.110 Subse-
quently, column Co ±Pt structures with a high magnetic aniso-
tropy, promising for magnetic recording, have been obtained by
this method.111 An attempt has beenmade to control themagnetic
anisotropy of Co ±Pt nanoparticles.112

A peculiar procedure of thermal decomposition of carbonyls
has been employed to prepare Fe and Co nanowires.113 The
particles were grown on the poles of a permanent magnet in the
reaction area. This procedure allowed the preparation of
8 ± 10 nm thick whiskers several millimetres long. The synthesis
of monoatomic chains consisting of Co atoms has been
reported.114

A simplemethod for the synthesis of heterometallic nanowires
(d& 30 nm, more than 10 mm long) by heating a solution of
platinum acetylacetonate and cobalt carbonyl in ethylenediamine

at 200 8C for several days has been described.115 The Fe ± Pt,
Ni ± Pt and Cr ± Pt nanowires were obtained in a similar way.

4. Methods for the synthesis of stoichiometrically
inhomogeneous magnetic nanoparticles
The surface anisotropymarkedly contributes to the total magnetic
anisotropy of a nanoparticle; therefore, by controlling the surface
composition, it is possible to control the magnetic properties of
nanoparticles.

a. Oxidation of nanoparticles
No targeted research into the reactivity of oxidised nanoparticles
or its comparison with the reactivity of the corresponding com-
pact materials has been carried out; only a few publications
considered the magnetic properties of the oxidised nanoparticles.
For example, the magnetic properties of cobalt nanoparticles,{

which were obtained by vacuum evaporation on the LiF substrate
and then oxidised by exposure to air for a week, have been
studied.116 According to electron diffraction for two samples
differing in the particle size (2.3 and 3.0 nm), the intensity of the
HCP-Co reflections decreased after oxidation to become*1/3 of
the CoO-HCP line intensity. Hence, the researchers concluded
that a small stable core of unoxidised cobalt atoms remains in all
particles after oxidation. Comparative X-ray diffraction studies of
the samples consisting of Co nanoparticles distributed in poly-
vinylpyridine stored under Ar and in air (the storage time was not
indicated) 117 revealed no significant differences. Therefore, the
authors considered a low degree of oxidation for cobalt.

In a more comprehensive study,118 57Co-enriched cobalt
nanoparticles were subjected to oxidation directly in aMoÈ ssbauer
spectrometer. For this purpose, argon containing*80 ppm of O2

was passed through the sample at 300 K for 18 h. Analysis of the
emission MoÈ ssbauer spectra showed that oxidation results in a
fairly well-organised CoO layer on the surface of Co particles.
Passing a pure oxygen stream through this gently oxidised sample
for 1 h at 300 K did not induce any spectral changes. In the
opinion of the researchers cited,118 this is indicative of complete
passivation of Co particles at the first oxidation stage.

It should be noted that the oxidation of magnetic metal
nanoparticles during their synthesis cannot be avoided com-
pletely. Thorough mass-spectroscopic analysis of Fe nanopar-
ticles obtained by laser vaporisation of the metal in a pure He
medium showed that at least 5% of particles contain at least one
oxygen atom.20 If the deposition of oxygen present in the gas
phase in trace amounts on the nanoparticle surface cannot be
avoided even under these `exceptional' conditions, it is evident
that under `usual' conditions, the nanoparticles of magnetic
metals would always contain some amounts of oxides or sub-
oxides of the elements on the surface. It can be plainly seen in the
HRTEM micrograph (HRTEM is high-resolution tunnelling
electron microscopy) of a-Fe nanoparticles (20 nm) synthesised
by laser pyrolysis of Fe(CO)5 under inert atmosphere that the
particles are coatedwith a (3.5 nm) layer of iron oxide (the content
of the chemically bound oxygen is 14.4 mass%).119

The data on the reactivity of Fe nanoparticles with respect to
oxidation reported in the literature are contradictory. Thus rather
large (*40 nm) nanoparticles of pure Fe obtained by thermal
vaporisation contained less than 8 mass% of the oxide after
exposure to air for three months.120

In some studies, the preparation of metal nanoparticles
(especially Fe) was followed by their passivation, for example, by
keeping for several hours in an atmosphere of oxygen-diluted
argon.121 This procedure prevented further spontaneous particle
aggregation. The structure and the magnetic characteristics of
such passivated nanoparticles (15 ± 40 nm) have been described in
detail.122 The continuous oxide layers that coat the metallic

{Non-oxidised particles had a hexagonal close packing (HCP), while the

oxidised ones, a face-centred cubic (FCC) lattice.
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nanoparticle can be clearly seen in TEM images reported in this
study. The interaction of the ferromagnetic core and the oxide
shell, which resembles in the magnetic characteristics the inter-
action of magnetic moments in spin glass, was studied.

The oxidation of amorphous Fe17xCx nanoparticles obtained
by thermal decomposition of Fe(CO)5 in decalin in the presence of
oleic acid for several weeks in air 123 has shown that the particles
(6.9 nm) having a spherical shape and a very narrow size distri-
bution consist of a- and g-Fe2O3. However, passivation of nano-
crystalline (*25 nm) Fe particles obtained by metal evaporation
in a helium stream results in only a thin (1 ± 2 nm) film of an
antiferromagnetic oxide (apparently, FeO) forming on the sur-
face.124

b. Chemisorption of small molecules on a nanoparticle surface
The interaction of a-Fe nanoparticles (2.4 nm) with small CO, H2

and O2 molecules has been studied.125 It was noted that chemi-
sorption of these molecules on a nanoparticle surface induces only
minor changes in the parameters of the MoÈ ssbauer spectra. The
reaction of a-Fe nanoparticles (2.3 nm) with nitrogen was studied
in situ by MoÈ ssbauer spectroscopy.126 It was shown that only the
Fe atoms of the surface layer participate in the chemical binding of
nitrogen (the process starts at 300 K). Note that the effect of the
bound oxygen on the state of the metal surface atoms differs
appreciably from that found for O2 (see Ref. 127) and CO
chemisorption.

c. Targeted modification of the surface of magnetic nanoparticles
The immobilisation of biological molecules (amino acids, DNA,
simple peptides, polysaccharides, lipids) on the surface of mag-
netic nanoparticles is of certain interest for the design of magnetic
markers used in biological and medical experiments. Physical
sorption is often sufficient for such immobilisation; however, in
some cases, chemical binding of the nanoparticle to the biomole-
cule is required. A seven-stage synthesis of g-Fe2O3 nanoparticles
(*20 nm) containing on the surface fragments of long organic
molecules ending with reactive aldehyde groups has been
described.128 By the reaction of these aldehyde groups with
enzyme amino groups, stable enzyme complexes with the mag-
netic g-Fe2O3 nanoparticle were obtained. The heterogeneous
catalytic activity of the enzyme immobilised in this way was
found to be retained much longer than the activity of the same
enzyme sorbed on a support surface.

IV. The most widely encountered magnetic
nanoparticles

The fundamental characteristics of any nanoparticles, including
magnetic ones, are the stoichiometry and the phase state. This
Section considers the main types of magnetic nanoparticles and
examples of their synthesis.

Fe. The preparation of nanoparticles consisting of pure iron is
a complicated task, because they always contain oxides, carbides
and other impurities.

BCC-Fe (aa-Fe). The a-Fe nanoparticles with a body-centred
cubic (BCC) lattice and an average size of*10 nmwere prepared
by grinding a high-purity (99.999%) Fe powder for 32 h.129

A sample containing pure iron as nanoparticles
(daver=10.5 nm) can also be obtained by evaporation of the
metal in an Ar atmosphere followed by deposition on a sub-
strate.121 When evaporation took place in a helium atmosphere,
the particle size varied in the range of 10 ± 20 nm.130 Relatively
small (100 ± 500 atoms) Fe nanoparticles are formed in the gas
phase on laser vaporisation of pure iron.20

FCC-Fe (gg-Fe). In the phase diagram of a bulk Fe sample, this
phase exists at the ambient pressure in the temperature range of
1183 ± 1663 K, i.e., above the Curie point (1096 K). In some
special alloys, this phase, which exhibits antiferromagnetic prop-
erties (the Neel temperature is in the 40 ± 67 K range), was
observed at room temperature.131 ± 133 However, a MoÈ ssbauer

spectroscopy study 134 has shown that the FCC-Fe nanoparticles
(40 nm) remain paramagnetic down to 4.2 K.

Some publications dealing with the synthesis of Fe nano-
particles present fairly weighty reasons indicating that these
nanoparticles had an FCC structure. Apparently, the nanopar-
ticles containing g-Fe were first obtained by Majima et al.135

These particles contained substantial amounts of carbon (up to
14 mass%) and had an austenite FCC structure analogous to
g-Fe. The researchers believed that the laser they used made it
possible to reach a temperature of 1173 ± 1423 K (the region of
existence of g-Fe in the phase diagram) in the reaction medium at
the pulse instant, while the presence of reactive atomic carbon
formed upon decomposition of CO and the short time of the laser
pulse (100 nm) created the necessary conditions for fixing of the
metastable structure. However, later, evidence for the existence of
the g-phase in the Fe nanoparticles that do not contain substantial
amounts of carbon have been obtained. Nanoparticles (*8 nm)
consisting, according to powder X-ray diffraction andMossbauer
spectroscopy, of g-Fe (30 at.%), a-Fe (25 at.%) and iron oxides
(45 at.%), were synthesised 136 by treatment of Fe(CO)5 with a
CO2 laser radiation. The content of the g-phase in the nano-
particles did not change for several years; the particles remain
non-magnetic down to helium temperatures.

`Amorphous' Fe (metallic glass). The ultrasonic treatment of
Fe(CO)5 in the gas phase or of a solution of Fe(CO)5 in decane at
0 8Cunder an inert atmosphere gave anX-ray amorphous powder
as rather coarse (*30 nm) nanoparticles. The nanoparticles
consisted of >96 mass% of Fe, <3 mass% of C and 1 mass%
of O.137 Differential thermal analysis (DTA) of the powder
showed an exothermal transition around 585 K, which corre-
sponded, in the authors' opinion, to crystallisation of the amor-
phous iron. Smaller Fe particles (8.5 nm) were obtained by
thermal decomposition of Fe(CO)5 in decalin (460 K) in the
presence of surfactants.138 The X-ray diffraction pattern of the
powder formed did not display any sharp maxima, indicating the
absence of a crystalline phase. It was assumed that amorphisation
was due to the high content of carbon (>11 mass%) in the
nanoparticles studied.

Fe2O3. Among several crystalline modifications of Fe2O3,
there are two magnetic phases, namely, rhombohedral a-Fe2O3

(hematite) and cubic g-Fe2O3 (maghemite) phases. In the a-Fe2O3

structure, all Fe3+ ions have an octahedral coordination, whereas
in g-Fe2O3 having the structure of a cation-deficient AB2O4 spinel,
the metal atoms A and B occur in tetrahedral and octahedral
environments, respectively.

The oxide a-Fe2O3 is antiferromagnetic at temperatures below
950 K, while above the Morin point (260 K) it exhibits so-called
`weak' ferromagnetism.

The a-Fe2O3 and FeOOH (goethite) nanoparticles are
obtained by controlled hydrolysis of Fe3+ salts.139 In order to
avoid the formation of other phases, a solution of ammonia is
added to a boiling aqueous solution of Fe(NO3)3 with intensive
stirring. Boiling for 2.5 h and treatment of the precipitate with
ammonium oxalate (to remove the impurities of other oxides)
affords a red powder containing a-Fe2O3 nanoparticles
(20 nm).140 These nanoparticles are also formed on treatment of
solutions of iron salts (Fe2+ :Fe3+=1 : 2) with an aqueous
solution of ammonium hydroxide in air.141 The synthesis of
regularly arranged a-Fe2O3 nanowires with a diameter of
20 ± 40 nm and a length of 2 ± 5 mm has been described.142

A bulk g-Fe2O3 sample is a ferrimagnet below 620 8C. The
g-Fe2O3 nanoparticles (4 ± 16 nm) with a relatively narrow size
distribution have been obtained 40 by mild oxidation (on treat-
ment with Me3NO) of pre-formed metallic nanoparticles. The
same result can be attained by direct introduction of Fe(CO)5 into
a heated solution ofMe3NO. The oxidation with air oxygen is also
used to prepare g-Fe2O3 nanoparticles. For this purpose, the
Fe3O4 nanoparticles (9 nm) are boiled in water at pH 12 ± 13.143

The kinetics of this process was studied.
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The most popular route to g-Fe2O3 nanoparticles is thermal
decomposition of Fe3+ salts in various media. Rather exotic
groups are used in some cases as anions. For example, good
results have been obtained by using iron complexes with cupfer-
ron.144 Special-purity g-Fe2O3 is formed upon vaporisation of
iron(III) oxide in a solar furnace with subsequent condensa-
tion.145, 146 A mechanochemical synthesis of g-Fe2O3 has been
described.147 An iron powder was milled in a planetary mill with
water. Duringmilling, the Fe atoms displace hydrogen fromwater
and are converted into g-Fe2O3. The researchers consider that this
is a convenient one-stage synthesis of maghemite nanoparticles
(15 nm).

Fe3O4 (magnetite). The cubic spinel Fe3O4 is ferrimagnetic at
temperatures below 858 K. The route to these particles used most
often involves treatment of a solution of a mixture of iron salts
(Fe2+ and Fe3+) with a base under an inert atmosphere. For
example, the addition of an aqueous solution of ammonia to a
solution of FeCl2 and FeCl3 (1 : 2) yields nanoparticles, which are
transferred into a hexane solution by treatment with oleic acid.148

The repeated selective precipitation gives Fe3O4 nanoparticles
with a rather narrow size distribution. The synthesis can be
performed starting only from FeCl2, but in this case, a specified
amount of an oxidant (NaNO2) should be added to the aqueous
solution apart from alkali. This method allows one to vary both
the particle size (6.5 ± 38 nm) and (to a certain extent) the particle
shape.149

In some cases, thermal decomposition of compounds contain-
ing Fe3+ ions under oxygen-deficient conditions is accompanied
by partial reduction of Fe3+ to Fe2+. Thus thermolysis of
Fe(acac)3 in diphenyl ether in the presence of small amounts of
hexadecane-1,2-diol (probable reducer of a part of Fe3+ ions to
Fe2+) gives very fine Fe3O4 nanoparticles (about 1 nm), which
can be enlarged by adding excess Fe(acac)3 into the reaction
mixture.150 For partial reduction of Fe3+ ions, hydrazine has been
recommended.151 The reaction of Fe(acac)3 with hydrazine is
carried out in the presence of a surfactant. This procedure resulted
in superparamagnetic magnetite nanoparticles with controlled
sizes, 8 and 11 nm.

Previously, Fe3O4 nanoparticles with an average size of
3.5 nm have been prepared by thermal decomposition of
Fe2(C2O4)3 . 5H2O at T>400 8C.152 The controlled reduction of
ultradispersed a-Fe2O3 in a hydrogen stream at 723 K (15 min) is
a more reliable method of synthesis of Fe3O4 nanoparticles.
Particles with*13 nm size were prepared in this way.153

FeO (wustite). Cubic Fe2+ oxide is antiferromagnetic
(TC=185 K) in the bulk state. Joint milling of Fe and Fe2O3

powders taken in a definite ratio gave nanoparticles (5 ± 10 nm)
consisting of FeO and Fe.154 On heating of these particles at
temperatures of 250 ± 400 8C, the metastable FeO phase dispro-
portionates to Fe3O4 and Fe, while above 550 8C it is again
converted into nanocrystalline FeO.155, 156

aa-FeOOH (goethite). Among the known oxide hydroxides
Fe2O3

.H2O, the orthorhombic a-FeOOH (goethite) is antiferro-
magnetic in the bulk state and has TC=393 K,157 b-FeOOH
(akagenite) is paramagnetic at 300 K,158 g-FeOOH (lipidocrokite)
is paramagnetic at 300 K and d-FeOOH (ferroxyhite) is ferrimag-
netic.159 Although the bulk a-FeOOH is antiferromagnetic, in the
form of nanoparticles it has a nonzero magnetic moment due to
the incomplete compensation of the magnetic moments of the
sublattices. Goethite nanoparticles have been studied by MoÈ ssba-
uer spectroscopy.160, 161 As a rule, a-FeOOH is present in iron
nanoparticles as an admixture phase.

FexCy. Iron carbide is often present in Fe-containing nano-
particles. It is formed either upon decomposition of organic
ligands present in the starting MCC or upon the reaction of Fe
with the organic medium in which the synthesis is carried out.
Data on the preparation of nanoparticles wholly consisting of iron
carbide of one or another composition are few. It has been shown
by MoÈ ssbauer spectroscopy 162 that thermal decomposition of

Fe(CO)5 (353 K) on a carbon support forms Fe78C22 nanopar-
ticles (3.9 nm).

Ferrofluids or so-called magnetic liquids are suspensions of
colloid magnetic particles stabilised by surfactants in liquid
media.2, 3 The magnetic phase in ferrofluids can be represented
by magnetite,163 ferrites 164 and FexCy particles resulting from the
thermal decomposition of Fe(CO)5.165 Decalin or silicone oil are
the usual liquid phases. The dimensions of magnetic particles are
5 ± 10 nm. The commercial magnetic liquids most often contain
magnetite.2, 166, 167 Description of magnetic liquids with a Curie
point below the boiling point has been reported.164, 168, 169 The use
of these composites is considered in a review.170

Apart from the `classical' ferroliquids, ferrofluid emulsions in
which oil drops containing amagnetic phase are dispersed inwater
by means of surfactants are also known.171 The preparation of
lyotropic ferronematics stable for several months with a high
content (up to 1 vol.%) of the magnetic component, g-Fe2O3

nanoparticles (*6 nm), based on a ferrofluid has been
reported.172

Fe ±Co alloys. The saturation magnetisation of Fe ±Co alloys
reaches a maximum at a Co content of 35 at.%; other magnetic
characteristics of these metals also increase when they are mixed.
Therefore, FexCoy nanoparticles attract considerable attention.
Thus Fe, Co and Fe ±Co (20 at.%, 40 at.%, 60 at.%, 80 at.%)
nanoparticles (40 ± 51 nm) 173 with a structure similar to the
corresponding bulk phases have been prepared in a stream of
hydrogen plasma. The Fe ±Co particles reach a maximum satu-
ration magnetisation (61 cm3 g71) at 40 at.% of Co and a
maximum coercive force (860 ê) is attained at 80 at.% of Co.

Fe ±Ni. The bulk samples of the iron ± nickel alloys are either
nonmagnetic or are magnetically soft ferromagnets (for example,
permalloys containing >30% of Ni and various doping addi-
tives). When the content of nickel is *30%, their magnetic
properties approach the properties of invar (36% of Ni, 64% of
Fe, about 0.05% of C). The Fe ±Ni nanoparticles have a much
lower saturation magnetisation than the corresponding bulk
samples over the whole concentration range.174 An alloy contain-
ing 37% of Ni has a low TC and a FCC structure. It consists of
nanoparticles (12 ± 80 nm) superparamagnetic over a broad tem-
perature range.175 Theoretical calculations predict a complex
magnetic structure for these Fe ±Ni particles (clusters).176

Fe ±Pt. Nanoparticles of this composition have receivedmuch
attention in recent years due to the prospects for a substantial
increase in the information recording density for materials based
on them.69 The Fe ± Pt nanoparticles (6 nm) with a narrow size
distribution were prepared by joint thermolysis of Fe(CO)5 and
Pt(acac)2 in the presence of oleic acid and oleylamine. Hexade-
cane-1,2-diol served as the reducing agent for Pt2+. Further
heating resulted in the formation of a protective film from the
products of thermal decomposition of the surfactant on the
nanoparticle surface, which does not change significantly the
particle size. These particles can be arranged to form regular
films and so-called `colloid crystals'.177 The reaction of FePt
nanoparticles with Fe3O4 followed by heating of the samples at
650 8C in an Ar+5% H2 stream resulted in the FePt ±Fe3Pt
nanocomposite with unusual magnetic characteristics.178

Co. Methods for the synthesis and magnetic properties of
cobalt nanoparticles have been described in detail in a review;18

therefore, we do not consider them here.
CoO. Cubic cobalt oxide is antiferromagnetic and has

TN=291 K. Cobalt monoxide has played an important role in
the discovery of the `exchange shift' of the hysteresis curve,179, 180

first found for samples consisting of oxidised Co nanoparticles.181

Data on the dependence ofTN on the particle size were obtained in
a study of CoO nanoparticles dispersed in a LiF matrix.116 The
particles obtained by vacuum deposition contained a small metal
core, according to powder X-ray diffraction. As the particle size
decreased from 3 to 2 nm, TN decreased from 170 to 55 K, which
can be explained satisfactorily in terms of the mean-field
theory.122 Apparently, the presence of an oxide layer on cobalt
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nanoparticles can markedly increase the coercive force. For
example, the coercive forces (at 5 K) of monodisperse 6 and
13 nm oxidised Co particles obtained by plasma gas condensation
in an installation for the investigation of molecular beams were
*5 and 2.4 kê, respectively.182 Unfortunately, the blocking
temperature for 6 nm nanoparticles was lower than room temper-
ature (*200 K); therefore, under normal conditions, their coer-
cive force was equal to zero.

Co3O4. The Co3O4 nanoparticles (cubic spinel) with sizes of 15
to 19 nm dispersed in an amorphous silicon matrix exhibited
ferrimagnetic { properties at temperatures below 33 K (for bulk
samples, TN=30 K).183 A method for controlled synthesis of
Co3O4 cubic nanocrystallites (10 ± 100 nm) has been developed.184

Ni. The number of publications devoted to the preparation of
Ni nanoparticles is small, unlike Co and, the more so, Fe nano-
particles. In addition to the conventional metal evaporation
methods,150 thermal decomposition of organonickel compounds
[Ni(CO)4, Ni(C5H5)2 (see Ref. 185) and Ni(COD)2 (COD is cyclo-
octadiene) 186] and the reduction of NiBr2 in the presence of PPh3
by treatment with potassium metal deserve attention.187 In the
latter case, Ni nanoparticles (*3 nm) coated by a thin oxide film
are formed.

Materials for magnetic information recording. The following
compositions are usually considered in the literature as media for
magnetic information recording: a-Fe, g-Fe2O3, Fe2O3 ±Fe3O4,
Co ± g-Fe2O3, CrO2, BaFe12O19. The compositions used in reality
are much more complex, because they are doped by various
additives that influence particular characteristics of the material.
In recent years, nanocrystalline (5 ± 10 nm) CoPr, FePt, CoPt,
CoSm, SmFeSiC and SmFeAlC films are regarded as most
promising.188

V. Methods of nanoparticle stabilisation

1. Encapsulation of nanoparticles and the preparation of
magnetic nanoparticles in a shell
Nanoparticles of some metals are known to be pyrophoric, i.e.,
they spontaneously ignite in air at room temperature; therefore,
the creation of a protective shell on such nanoparticles (encapsu-
lation) is a widely used protection and stabilisation method.
Carbon is often used as the protective coating. The carbon layers
formed on the metal surface are usually graphite-like and, hence,
conductive. In those cases where an electrically insulating coating
is required, boron nitride layers are used.189

Encapsulation of magnetic nanoparticles makes them stable
against oxidation, corrosion and spontaneous aggregation, which
allows them to retain the single-domain structure. The magnetic
particles coated by a protective shell can find application as the
information recording media, for example, as magnetic toners in
xerography, magnetic ink, contrasting agents for magnetic reso-
nance images, ferrofluids and so on. If the nano-sized magnetic
particles are retained after compaction, the materials based on
them can serve as excellent initial components for the preparation
of permanent magnets.

The coating of metal particles by carbon (carbonisation) was
first observed in the research of heterogeneous catalysis almost 50
years ago. Subsequently, this process (deleterious to oil refining
and other industries) was comprehensively studied and, in recent
years, it has been used deliberately to stabilise nanoparticles. The
first structurally characterised carbon-encapsulated nanoparticles
were obtained as side products in the electric arc synthesis of
fullerenes. Subsequently, special studies have been carried out to
identify the possibilities of using this method for the targeted

synthesis of encapsulated nanoparticles, especially magnetic ones.
These investigations have been surveyed.190

The original version of the arc method allowed one to prepare
reliably only encapsulated nanoparticles of REE carbides. Sub-
sequently, the yield of encapsulated nanoparticles has been
increased due to a decrease in the amount of fullerenes formed.
In this variant, the method became applicable for the synthesis of
reasonable amounts of encapsulated magnetic nanoparticles
(Fe ±Co, Mn±Al). The encapsulated Fe and Co nanoparticles
with a saturation magnetisation reaching 200 cm3 g71 were
synthesised in this way. The perfection of the experimental
technique allowed the researchers to eliminate completely the
formation of pure carbon-containing products. This procedure
was used to obtain Fe, Co andNi nanoparticles (56, 40 and 37 nm,
respectively) coated by 3 or 4 layers of graphitised carbon.191 The
authors emphasise that in none of the cases were metal carbide
phases detected. However, the attempts to prepare encapsulated
nanoparticles of hard magnetic materials, NdFeB or SmCo5,
proved unsuccessful Ð each element formed separate encapsu-
lated particles.

Other methods for the synthesis of encapsulated magnetic
nanoparticles are based on the use of high-temperature plasma,
laser pyrolysis and thermal vaporisation. Thus the cobalt and
carbon vapours formed upon an arc discharge in a helium
atmosphere were condensed in the gas phase prior to deposition
onto a cooled substrate.192 This gave spherical particles with a
radius of 10 to 100 nm consisting of a metallic core and a carbon
shell, which contains up to 30 graphite-like carbon layers. Such a
shell is considered to prevent oxidation of the metallic core.193

Other compounds can also be used to form the protective shell.
Thus treatment of a mixture of boron and cobalt powders with H2

and NH3 at 800 8C for 3 h furnished Co nanoparticles
(20 ± 60 nm) coated by a *5-nm thick BN coating.189 A CVD
process for one-stage synthesis of g-Fe2O3 nanoparticles
(20 ± 30 nm) coated by a SiO2 layer with the same thickness has
been developed.194

Due to the high temperature of carbon evaporation, the
synthesis in radiofrequency plasma burners is considered to be
most promising for obtaining large-scale amounts of encapsulated
magnetic nanoparticles. Nanoparticles of metals, alloys, carbides
and oxides can be prepared by this method. A drawback of this
method is inhomogeneity of nanoparticles and differences in their
composition.

Chemical methods are also used successfully for encapsulating
magnetic nanoparticles. Thus stirring of a solution of tetraethoxy-
silane in alcohol with an aqueous suspension of a-Fe2O3 nano-
particles (24 h, 50 8C) gives Fe2O3 nanoparticles (4 ± 5 nm) coated
by amorphous SiO2. The particles were found to retain the
composition, the size and the shape after heating at 250 8C in an
O2 atmosphere.

Hydrolysis of Si, Ti and Zr alkoxides in the presence of metal
nanoparticles is a general method for forming shells of the oxides
of these elements on the particle surface. In some cases, the
synthesis of oxides takes place simultaneously with the synthesis
of the nanoparticles. This method was used to prepare 195 Co
magnetic nanoparticles coated by SiO2 layers. The starting com-
pounds used were Fe(acac)3 and Si(OEt)4, the oxidative thermal
decomposition of which in a flow reactor at 1000 8C gave the
corresponding particles.

The coating ofmagnetic nanoparticles by a thin layer of a non-
magnetic metal is considered to be a promising method for their
stabilisation. For example, the synthesis of Fe3O4 nanoparticles
(5 nm) coated by metallic gold has been reported.196 When
determining the composition and the structure of these objects,
the researchers faced serious difficulties. Much attention has been
devoted in recent years to the methods for the formation of thin
polymeric coatings (especially those based on biocompatible and
readily biodegradable polymers) on the surface of magnetic
nanoparticles.197

{Ferrimagnetism below TN is typical of nanoparticles of all antiferro-

magnetic phases, because, unlike bulk samples, the magnetic moments of

sublattices are not fully compensated. In particular, the arrangement of

magnetic moments in the near-surface layer of nanoparticles differs

appreciably from that in the bulk, which is specified by the type of crystal

lattice and the type of exchange interactions.
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2. Self-assembled monolayers on the nanoparticle surface
Self-assembled monolayers (SAM) on the nanoparticle surfaces
are represented by monomolecular layers of amphiphilic mole-
cules, which protect the particles from aggregation and simulta-
neously stabilise their suspensions (solutions) in certain solvents.
In a typical example of the self-assembly of a monolayer of
amphiphilic molecules of fatty acids on the Fe3O4 nanoparticle
surface,198 the freshly prepared nanoparticles (obtained by the
standard procedure by treatment of a mixture of Fe2+ and Fe3+

chlorides with aqueous NH3) were washed, separated into frac-
tions by centrifuging and treated with an excess of lauric or
decanoic acid, whose molecules were adsorbed on the surface of
each particle. The protective role of amphiphilic molecules was
manifested most clearly in the targeted synthesis of Co ±Pt3
nanoparticles of a strictly specified size (1.5 ± 7.2 nm).199 In the
researchers' opinion, the success of the synthesis is related first of
all to the use of a new stabilising agent, 1-adamantanecarboxylic
acid.

The effect of cationoid (cetyltrimethylammonium bromide,
CTAB) and anionoid (sodium didecylbenzenesulfonate, DBS)
surfactants on the stabilisation of g-Fe2O3 nanoparticles
(4 ± 5 nm) has been studied.200 A nanoparticle having a large
number of defects and dangling bonds on the surface is considered
to interact with the surfactant rather strongly. This interaction has
a pronounced influence on the electronic structure of the particle
surface.201

Self-assembled monolayers are needed to create aqueous
dispersions of magnetic nanoparticles.202 Diverse magnetic col-
loid isotropic (magnetic emulsions 203 and vesicles 204 ± 206), aniso-
tropic (steric and electrostatic ferrosmectics 207, 208) and lyotropic
ferronematics have been obtained on the basis of nanoparticles
coated by a surfactant monolayer (see Section IV).172

VI. Types of materials containing magnetic
nanoparticles

We discussed above `free' nanoparticles as powders or suspen-
sions (in the gas or liquid media). In practice, magnetic nano-
particles are normally used as films (2D systems) or compact
materials (3D systems). The mere compacting of magnetic nano-
particles even those having a protective coating on the surface
often results in the loss or substantial change in their unique
physical characteristics. An optimal material should be a non-
magnetic dielectric matrix with single-domain magnetic nano-
particles with a narrow size distribution regularly arranged in the
matrix.

1. Nanoparticles on a substrate surface
The methods for the preparation of magnetic nanoparticles on
substrates have been described in detail in a review.209 The same
review presents comparison of the properties of these systems with
the properties of free clusters.

The crystalline surface of the substrate exerts an `organising'
influence on the magnetic nanoparticles, thus promoting the
growth of well-crystallised particles (replication effect), even
when their dimensions do not exceed 3 nm. This was confirmed
by the data of high-resolution tunnelling electron microscopy,
which allows one to examine the atomic structure. The Co nano-
particles with dimensions not exceeding 3 nm were obtained by
the LECBD method (see Section III) on a niobium foil; the
structure of these particles was modelled by a truncated multi-
wall octahedron containing 1289 metal atoms.30 Scanning tunnel-
ling microscopy 210 has been used to study the formation of
bimetallic Co ±Pd nanoparticles by metal vapour deposition on
an Al2O3 surface. Due to the substantial difference between the
crystal structures of the two metals, their joint crystallisation and
growth on the same substrate proceed according to different
patterns, either the growth of a Pd layer on the Co base or the
growth of a Co nanoparticle on the Pd base.

The influence of the nanoparticle size and the distance
between them in the matrix on their magnetic characteristics has
been studied by the LECBD technique.211 Iron and cobalt nano-
particles containing about 300 atoms (d& 1.5 nm) have been
prepared by laser vaporisation. Before getting on the substrate,
the particle beam passes through a time-of-flight mass spectrom-
eter. Magnetic, structural and electric studies of these films
demonstrated that the effect of the matrix on the properties of
nanoparticles is slight. The obtained dependences of the magnetic
properties of the material on the particle concentration in the
beam allowed the researchers to trace the system evolution from
the superparamagnetic to ferromagnetic state following the
enhancement of the interaction between the particles.

It was shown by powder X-ray diffraction and TEM that the
ZrO2 surface influences themorphology of the nanocrystallites of,
for example, a-Fe and Fe3O4 formed thereon.212 To prepare these,
Fe was applied by the ion implantation process on a polished (100)
face of cubic ZrO2 stabilised by yttrium. The subsequent heat
treatment of the samples on the surface gave (depending on the
conditions) either a-Fe nanoparticles (10 ± 20 nm) (1100 8C,
Ar+4%H2) or Fe3O4 nanoparticles (3 ± 9 nm) (milder condi-
tions). To our knowledge, the formation of g-Fe nanocrystallites
(FCC phase) on the ZrO2 surface was detected for the first time in
the same study.

In another study,213 an ordered ensemble of nanoparticles was
formed using a hydroxide substrate (the composition of whichwas
not indicated) pre-modified by a polyvinylpyrrolidone or poly-
ethyleneimine monolayer. The modified substrate was immersed
for a short period (30 s) into a solution of Fe ± Pt nanoparticles
stabilised by oleic acid and oleylamine. The molecules of the
stabilising agents weakly linked to the nanoparticle surface were
displaced by the polymer functional groups, which resulted in
attachment of the particle to the substrate. Repeating this process
many times gave regular three-dimensional structures of magnetic
nanoparticles.

2. Nanoparticles in matrices
It has already been noted that stabilisation of nanoparticles is a
necessary condition for the production of materials with reprodu-
cible properties. A highly promising method of stabilisation is the
introduction of nanoparticles in different types of matrices.

a. Inorganic matrices
Zeolites and molecular sieves. The rigid matrices (zeolites) with
fixed cavities and channels have long been used to prepare and
stabilise nanoparticles. A frequently used matrix is faujasite, a
NaX type zeolite with cavities having a diameter of 1.3 nm and
connected by channels with a diameter of 0.8 nm. Before prepar-
ing nanoparticles in zeolite channels, water is removed from the
channels at 673 K. The subsequent adsorption of Fe(CO)5 on the
faujasite surface at 77 K and its decomposition at 453 K in
vacuum result in a-Fe nanoparticles (4 mass%) formed in the
zeolite channels.214 The X-ray diffraction data and the results of
magnetic measurements do not rule out completely the possibility
of formation of a-Fe nanoparticles also on the external surfaces of
the zeolite grains. When the NaY zeolite is used as the matrix, the
standard procedure for the preparation of nanomaterials includes
dehydration (2 h, 500 8C) in an inert gas flow, filling of the cavities
that have become vacant with Co2(CO)8, controlled thermal
decomposition of the carbonyl inside the zeolite cavities at
200 8C and the removal of CO ligands with a hydrogen flow.215

The 59CoNMR data (spin echomethod) led the researchers to the
conclusion that the NaY cavities in the resulting material con-
tained unoxidised cobalt particles with a 0.6 ± 1.0 nm size.

The method for nanoparticle introduction into the LTA
zeolite Na12Si12Al12O48

. 27H2O is basically different.216 The
method includes the introduction of 7.72 mass% of Fe3+ into
ion channels by conventional ion exchange, zeolite dehydration in
vacuumat 673 K and the reduction of iron ions with sodiummetal
vapour. The material thus obtained contained a-Fe nanoparticles
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(1.1 nm) in the matrix cavities. In the synthesis 217 of Fe nano-
particles (4 ± 6 nm) inX- andY-zeolites, NaN3, which gives highly
reactive Na metal upon thermal decomposition, was used as the
reducing agent.

Apart from zeolites, other porous matrices, for example,
molecular sieves are also used to stabilise nanoparticles. Amethod
for the introduction of g-Fe2O3 nanoparticles (5.6 nm) into
porous aluminosilicates synthesised simultaneously with nano-
particles has been developed.218 The presence of nanometre-sized
regular channels in the molecular sieves can be used to prepare
magnetic nanostructures with anisotropic shapes inside the chan-
nels. In particular, the introduction of an aqueous solution of iron
nitrate into a silicate molecular sieve (SBA-15) sample impreg-
nated with a toluene solution of [(2-aminoethyl)amino]propyltri-
methoxysilane (to modify the internal surface of the matrix) and
the subsequent annealing of the sample at 600 8C in air gives
a-Fe2O3 nanowire 6 nm in diameter in the matrix channels.219 To
take out the nanowire, the matrix was dissolved in alkali. The
impregnation of a silicate molecular sieve powder of a different
composition (MCM-41) with an aqueous solution of CoCl2
followed by matrix annealing for 3 h in an oxygen flow at
750 8C gave 220 an antiferromagnetic material containing
6 mol.% of Co3O4 as nanoparticles (1.6 nm).

Glass.The conventional glass and its porousmodifications are
convenient matrices for nanoparticle stabilisation. A powder
consisting of sodium glass ground to a grain size of several
microns can exchange someNa+ ions for Fe3+ions in an aqueous
solution. The subsequent reduction of Fe3+ with hydrogen at
823 ± 923 K affords nanoparticles (5.5 ± 8.5 nm) consisting of
a-Fe and small amounts of FeO.221 In another method, the
Fe(CO)5 vapour adsorbed by a porous glass (Porous Vycor
Glass) with an average pore diameter of 10 nm was subjected to
photolysis. The decomposition products filling the pores were
65% iron metal (in the researchers' opinion the rest were
oxides).222

Xerogel and silica gel. The xerogel formed after drying
(<100 8C) of a silicic acid gel possesses good mechanical proper-
ties and a transparency comparable to that of glass. This makes
this material an appropriate matrix for nanoparticle stabilisation.
For example, g-Fe2O3 nanoparticles (*10 nm) were prepared in a
xerogel.223 The shortest distances between the particles in the
matrix were shown to be 50 nm, which may imply that they are
magnetically isolated. The bulk samples containing magnetically
oriented superparamagnetic maghemite g-Fe2O3 nanoparticles
introduced in the silica gel matrix exhibited an optical anisotropy
in an external magnetic field induced bymagnetooptical effects.224

Highly dispersed SiO2 and Al2O3. The methods of synthesis of
highly dispersed metallic catalysts supported on the SiO2 and
Al2O3 oxides are also applicable for the preparation of magnetic
nanoparticles.225 Thus ultrasonic treatment of solutions of
Fe(CO)5 and Co(CO)3NO in decane containing ultradisperse
silica gel has given silica gel particles whose pores contained
(TEM data) magnetic nanoparticles, Fe, Co or Fe ±Co alloy
[when both Fe(CO)5 and Co(CO)3NO were used simultane-
ously].226 A high catalytic activity of these particles for the
reforming of hydrocarbons or catalytic hydrogenation of CO
was demonstrated. The difficulties faced by identification of Co
nanoparticles on the Al2O3 surface obtained by the reduction of
Co aluminates have been discussed.227

Magnetic nanoparticles in non-magnetic metals. Magnetic
metals can be dispersed in non-magnetic metals forming no alloys;
this gives magnetic nanoparticles in a non-magnetic metal matrix.
The mutual diffusion of the metal atoms in these samples is very
limited. The non-magneticmatrices usedmost often are copper,228

chromium and silver.211 To prepare Co ±Ag samples, a version of
the LECBD method was used: a silver matrix was formed on a
substrate simultaneously with deposition of Co nanoparticles
(3 ± 4 nm). A similar outcome can be attained by joint evaporation
of Ag and Fe (or Co).229 Cobalt nanoparticles (*3 nm) in a
platinum matrix were synthesised in a similar way.230

To prepare samples containing Fe nanoparticles in mercury,
2 mass% of Na was first dissolved in mercury and the amalgam
thus obtained was placed in an aqueous solution of an iron salt.
After some period, iron reduced to the metallic state passed into
mercury to give a-Fe nanoparticles (about 4000 atoms per par-
ticle).231

An interesting series of studies is devoted to the reaction of
nanodispersed non-mixing metals. The joint condensation of Fe
and Li vapours onto a liquid nitrogen-cooled substrate (pentane)
gives a-Fe nanoparticles (3 nm) coated by a lithiummetal layer.232

The oxidation of these particles in air gave a powder of a-Fe
nanoparticles coated by a Li2CO3 layer stable for several months.
Iron nanoparticles coated by aMg orMgF2 layer were synthesised
in a similar way.233

Dispersed carbon. The impregnation of dispersed carbon with
an aqueous solution of cobalt nitrate containing 57Co (10 mCu),
subsequent drying (1 mass% Co) and reduction in an H2 flow
(573 K, 20 h) directly in the cell of a MoÈ ssbauer spectrometer
resulted in the formation of Co particles with a size from 2 to
5 nm.118, 234

b. Organic polymer matrices
The stabilisation of nanoparticles in polymer matrices is the first
method for the production of magnetic nanomaterials.235, 236 The
monograph 41 devoted to the synthesis of metal nanoparticles in
polymers includes a small chapter describing the preparation of
magnetic materials. In recent years, a number of new interesting
publications on this topic have appeared.

Ion exchange resins.Awidely used method for the production
of nanoparticles is based on the ability of ion exchange resins to
absorb substantial amounts of metal ions. Further reduction or,
more rarely, oxidation gave nanoparticles of the required compo-
sition inside the matrix.237 Thus treatment of a resin preliminarily
saturated with Co2+ ions with excess NaBH4 yielded Co ±B-
containing nanoparticles with a broad size distribution
(3 ± 30 nm).238 The resin saturation with Fe2+ and Fe3+ ions
and the subsequent treatment with alkali at 65 8C afforded Fe3O4

nanoparticles with sizes of 4 ± 15 nm.239 In the case of resin
impregnation with only iron(II) ions, these were partially oxidised
by heating the resin at 70 8C in an aqueous solution containing a
mixture of potassium nitrate and hydroxide. The magnetite nano-
particles formed inside the resin had an average diameter of
17 nm.240 Using the standard Dowex resin, well characterised
g-Fe2O3 nanoparticles (8.5 nm) with a narrow size distribution
were obtained.241

Soluble polymers. If a MCC is decomposed in a polymer-
containing solution, the new phase nuclei formed, after having
reached a size of several nanometres, would be built into the
polymer matrix due to the high surface energy. When the polymer
contains heteroatoms or functional groups capable of coordina-
tion, the process is more efficient. For example, a sol of g-Fe2O3

nanoparticles is easily incorporated into polyvinyl alcohol to give
a dispersion with an average particle size of 6.4 nm.242 A method
for the preparation of Co nanoparticles in polyvinylpyrrolidone
has been reported.117, 243 In this case, decomposition of
Co(Z3-C8H13)(Z4-C8H12) is carried out in the presence of a
polymer in a THF solution at 60 8C in a hydrogen flow (10 h).
The black powder thus formed is purified by reprecipitation from
THF or CH2Cl2. A similar procedure starting from the corre-
sponding organometallic compounds 244 gave small (2 nm)
heterometallic nanoparticles, Co ±Rh and Co ±Ru, in polyvinyl-
pyrrolidone. The use of a simpler method (treatment of the
polyvinylpyridine ±Co2+ complex with alkali) 245 gives large
nanoparticles (50 nm) containing both CoO and CoCl2.

For the synthesis of Fe containing particles, Fe(CO)5 is used
most often. A large series of polymers containing Fe nanoparticles
(7 ± 16 nm) 246 have been obtained by heating solutions of poly-
mers and Fe(CO)5 in decalin under argon (130 ± 160 8C, 16 h).
The polymers used included polybutadiene, polystyrene and
styrene copolymers with butadiene, 4-vinylpyridine, N-vinylpyr-
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rolidone, phenylvinylketoxime. The magnetic properties of the
samples, which contained, according to the researchers' state-
ment,247 Co nanoparticles in polystyrene, were described.

Carbochain polymers without heteroatoms and functional
groups. The possibility of using polymers containing no functional
groups or heteroatoms as matrices for stabilisation of magnetic
nanoparticles seems quite attractive, as these polymers (e.g.,
polyethylene and polypropylene) are good dielectrics; they are
stable, inexpensive and easily processable into articles of any
shape. The advantages of magnetic materials obtained using these
polymers are low specific gravity, high homogeneity of nano-
particle distribution and, what is the most important, isolated
arrangement of the nanoparticles at distances much greater than
their dimensions. However, the lack of solubility (or poor sol-
ubility) of most polymers of this type in organic solvents appreci-
ably restricts the possibilities of introduction and homogeneous
distribution of magnetic nanoparticles with a narrow size distri-
bution in these polymers.

The mechanochemical dispersion process, i.e., long-term
grinding (up to 200 h) of an iron powder with polyethylene grains
under Ar, proved to be inefficient for the preparation of a
Fe ± polyethylene nanocomposite.248 The minimum size of the
obtained particles was 10 nm (based on X-ray reflection broad-
ening), the size distribution was broad and the distribution of
particles in the matrix was nonuniform. The well developed
method for forming nanoparticles (2 ± 8 nm) in a solution (melt)
of polymers in mineral oil is more promising. This method is
versatile as regards both the composition of the resultingmagnetic
nanoparticles (Fe, Co, Ni, Fe ±Co, Fe ±Mo, Fe ± Pt, Fe ±Nd,
Fe ± Sm, Fe2O3, Fe3O4, ferrites) and type of polymer (low- and
high-density polyethylene, polypropylene, polyamides). The con-
tent of nanoparticles in the sample can reach 60 mass%. The
synthesis of magnetic nanomaterials as washers (2565 mm) and
thick (3 mm) films possessing good magnetic characteristics has
been reported.5, 6, 249

The introduction of nanoparticles into a practically versatile
carbochain polymer, namely, polytetrafluoroethylene, has been a
difficult task until recently. However, recently 250, 251 a method for
immobilisation ofmagnetic (Fe, Co,Ni) nanoparticles (6 ± 12 nm)
on the surface of ultradisperse polytetrafluoroethylene nano-
grains (150 ± 200 nm) has been developed. Using this method, a
readily magnetised sample was obtained.

Polymers containing heteroatoms. The polymers containing
coordinating atoms can act as macromolecular ligands with
respect to both metal ions and nanoparticles. In particular, they
are able to replace other ligands. The introduction of Co, Fe,
Fe ± Pt and Co±Pt nanoparticles stabilised by oleic acid and
oleylamine into a solution of polyvinylpyrrolidone or polyethyl-
eneimine in CH2Cl2 resulted in a soluble polymer containing the
above-listed nanoparticles. This method was used to create
polymer films with a regular arrangement of nanoparticles.

Polyvinylpyrrolidone was used 252 to stabilise Ni nanopar-
ticles (3 ± 4 nm) synthesised by the reduction of Ni(COD)2 with
hydrogen at room temperature, while polyacrylamide was used to
produce Ni nanoparticles on g-irradiation.253

Polyimines. An original method for the introduction of nano-
particles into polyimines 254 that present interest from the applied
standpoint consists of saturation of the polymer by magnetic
metal ions (Fe2+, Co2+) followed by air exposure of the material.
The spontaneous hydrolysis of the Fe2+and Co2+ salts in the
polymer after the removal of water from it (during drying of the
sample) yields Fe2O3 and CoO nanoparticles, respectively.

Implantation of high-energy Fe+ ions (40 keV) into *1 mm-
thick polymer films has been used 255 to prepare Fe nanoparticles
(mainly, a-Fe).

Block copolymers. Block copolymers contain regular cavities
with a lamellar, cylindrical or spherical shape, which can serve as
nanoreactors for the synthesis of nanoparticles.256 The synthesis
of films of the [NORCOOH]30[MTD]300 block copolymers
(NORCOOH is 2-norbornerne-5,6-dicarboxylic acid, MTD is

methyltetracyclododecene) containing g-Fe2O3 nanoparticles
(5 nm) has been described.257

VII. Magnetic nanoparticles in biological objects

Long before the first magnetic nanoparticles have been synthes-
ised, they were detected in natural biological complexes. It was
found that magnetic nanoparticles play an important role in the
metabolism and functioning of living organism. The magnetic
nanoparticles found most often in living organisms are magnetite
and ferrihydrite (the mineral core of ferritin).

Magnetite-containing magnetosomes are rather abundant
and have been repeatedly observed by TEM.258 Highly ordered
quasi-one-dimensional chain ensembles ofmagnetic nanoparticles
of iron oxides (Fe3O4 with a g-Fe2O3 impurity) are present in the
magnetic bacteria Magnetotactic spirillum and play an important
functional role by ensuring the orientation of bacteria in the
Earth's magnetic field.7 The formation of inorganic nanostruc-
tures in biological systems occurs spontaneously on contact with a
highly organised molecular matrix; it is highly reproducible as
regards the particle shape and composition and takes place at
nearly ambient temperatures (much below 100 8C) and in the
aqueous phase. These processes include a set of complex and not
fully understandable reactions that substantially depend on the
supramolecular organisation of particles and the structure of the
organic matrix, which influences the nanoparticle nucleation and
growth. For example, the bacterial protein Listeria innocua,
having an inner cavity with a diameter of 5 nm, has been used to
prepare the g-Fe2O3 nanoparticles with a narrow size distribution
(9.3� 0.2 nm).259 Elucidation of the mechanism of biomineralisa-
tion and their use for the development of new methods for the
synthesis of nanoparticles and the effective control of their
composition, structure, size and morphology can form a rather
promising approach in nanobiotechnology and in the develop-
ment of new nanomaterials.

The magnetic nanoparticles are found not only in bacteria but
also in the cells of higher living organisms. It is considered that the
anisotropic magnetite nanoparticles present in cells can interact
with the Earth's magnetic pole and transfer information to other
bioreceptors of the organism. Presumably, the stable space sense
of many higher living organisms (for example, in the seasonal
migration of birds and fishes) is related to their ability to locate
themselves with respect to the Earth's magnetic field at each
particular instant.

Ferritin is the most abundant form of non-haem iron in living
organisms and plants.260 Its major role is to preserve the biological
reserve of iron.261 This water-soluble protein consists of an
inorganic core with a diameter of *7 nm and a protein shell
with*6 nm thickness. The core contains*4500 Fe3+ ions 262 as
a hydrated oxide close in composition to FeOOH 263 and has
H2PO3 groups on the external surface.264, 265 In terms of the type
of magnetic structure, ferritin is an antiferromagnet; however, due
to the incomplete compensation of magnetic moments of the two
sublattices, the ferritin core has a nonzero magnetic moment, like
other magnetic nanoparticles of similar sizes. Ferritin itself
exhibits superparamagnetic properties. Horse spleen ferritin is
commercially available and has been comprehensively studied.266

Since natural ferritin mainly contains antiferromagnetic ferri-
hydrite with a relatively low magnetic moment as the core,
modified magnetoferritin in which the ferrohydrate core has
been replaced by a magnetite or maghemite core with a higher
magnetisation is used more often for applied purposes
(Fig. 4).267, 268 The protein shell ensures the biocompatibility of
ferritin and magnetoferritin particles.

The synthetic polymer colloids containing magnetic nano-
particles were first obtained in the mid-1970s. They have found
application in biochemical experiments on the targeted interac-
tion with cells and biologically active compounds, gene transfer
andDNAextraction.269 Of considerable interest is the synthesis of
inorganic magnetic nanoparticles using organised molecular
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structures analogous to biological systems. In particular, inclu-
sion of magnetic nanoparticles into multilayer polyelectrolyte
shells of latex particles containing glucose oxidase allowed the
efficiency of these particles as nanobioreactors to be markedly
increased due to the effective stirring of their colloid solution in
the alternating magnetic field.270

Organised polymer systems and even single macromolecules
are now widely used in nanotechnology for the formation of
ordered ensembles of nanoparticles and nanostructures. The
preparation of new organised planar complexes of amphiphilic
polycations with DNA formed in a monolayer on the aqueous
surface has been described.271 In addition to individual quasi-
linear DNA molecules, DNA complexes with a toroidal structure
and complexes with planar, extended, and net-like structures were
found on the monolayer surface. The monolayer and multilayer
films formed on the basis of these complexes were used as nano-
reactors for the synthesis of inorganic nanostructures. First,
binding of Fe3+ cations from the aqueous phase took place
followed by the formation of the inorganic phase in the presence
of a reducing agent (NaBH4 or ascorbic acid) at pH 9 ± 10 in air.
This gave superthin stable polymeric nanocomposite films incor-
porating DNAmolecules and assembled quasilinear ensembles of
2 ± 4 nm iron oxide nanoparticles (magnetite and maghemite) as
structural units.272 ± 274

The introduction of iron oxide nanoparticles into DNA
complexes can be used to elucidate the role of iron ions in the
change in the composition and magnetic properties of nucleopro-
teid DNA complexes at certain stages of the cell cycle. It has been
reported 275 that the magnetite nanoparticles formed upon mixing
of Fe2+ and Fe3+ ions in the presence of DNA practically did not
react with DNA. The corresponding DNA complexes with
magnetite nanoparticles have been prepared by reduction
(increase in the pH) of pre-synthesised DNA complexes with
Fe2+ and Fe3+ ions.

Magnetic nanoparticles can be used in the systems of targeted
transfer of biologically active compounds and drugs (in particular,
for the cancer therapy using the hyperthermic effect caused by
magnetic heating 269, 276, 277), in the detection, isolation, immobi-
lisation and modification of biologically active compounds, cells
and cell organelles, and as contrasting materials in magnetic
resonance tomography.258 Of particular interest is the synthesis
of so-called biocompatible magnetic nanoparticles, which is
attained by modification and structurisation of their surface.278

A serious problem that can restrict the application of magnetic
nanoparticles is their potential toxicity.279

VIII. Physical methods for determination of the
composition and dimensions of nanoparticles

Nanomaterials represent a relatively new object for studies by
physical methods. There is no uniquemethod for determination of
the nanoparticle composition and dimensions; as a rule, a set of
methods including powder X-ray diffraction, TEM, EXAFS, etc.,
are used. Detailed analysis of the potential of these methods is
beyond the scope of our review. We only outline, using a number
of examples, the problems faced by researchers in determination
of the nanomaterial structures and the ways for solving these
problems.

X-Ray diffraction analysis of nanomaterials seldom produces
diffraction patterns with a set of narrow reflections adequate for
identification of the composition of the particles they contain.
Some X-ray diffraction patterns exhibit only two or three broad-
ened peaks of the whole set of reflections typical of the given
phase. First of all, this is the case for freshly prepared samples
containing nanoparticles with dimensions of several nanometres.
To obtain more reliable information on the composition of these
samples, they are `hardened' on heating, which makes the X-ray
diffraction pattern more informative.

In the case of larger particles (provided that high-quality
X-ray diffraction patterns can be obtained), it is often possible
not only to determine the phase composition but also to estimate,
based on the reflection width, the size of coherent X-ray scattering
areas, corresponding to the average crystallite (nanoparticle) size.
This is usually done by the Scherer formula

d � 0:9l�54:7�
b cos y

,

where l is the X-ray wavelength, b is the width at half-height of the
reflection after correction for the instrumental broadening, deg,
and 2 y is the diffraction angle.

In some cases, it is possible to identify fine structural effects,
for example, phase transitions in Cometal particles. Inmost cases,
the synthesis of cobalt nanoparticles at moderate temperatures
gives the high-temperature FCC b-Co phase 116 whose heating and
cooling (down to 28 K) do not result in phase transformations. In
a special study 280 devoted to the preparation of nanoparticles of
the Co metal with a hexagonal close packing, the possible reasons
for the stability of Co nanoparticles as the b-phase and the driving
forces and the mechanism of the b? a transition are discussed. It
was found that long-term (for more than a week) keeping of
samples containing b-Co nanoparticles in air did not cause any
significant changes in their X-ray diffraction patterns. It was
shown that even in thin Co films alternating with thicker Cu
layers, the FCC structure of the b-phase is retained.

The modern possibilities of the use of synchrotron radiation
for determination of the structures of magnetic materials have
been discussed.281

The nanoparticle dimensions are determined most often using
TEM, which directly shows the presence of nanoparticles in the
material under examination and their arrangement relative to one
another (Fig. 5). The phase composition of nanoparticles can be
derived from electron diffraction patterns recorded for the same
sample during the investigation. Note that in some cases, TEM
investigations of dynamic processes are also possible. For exam-
ple, the development of dislocations and disclinations in the
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Figure 4. Scheme of the change in the magnetic core of ferritin.

20 nm

Figure 5. Micrograph of a sample containing Co nanoparticles in a

polyethylene matrix.
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nanocrystalline BCC-Fe during the mechanochemical treatment
has been observed.282

More comprehensive information is provided by high-reso-
lution transmission electron microscopy, which allows one to
study the structure of both the core and the shell of a nanoparticle
with atomic resolution, and in some cases, even to determine their
stoichiometric composition. Figure 6 shows a typical HRTEM
image of a cobalt nanoparticle in a polyethylene matrix, which
allows one to determine the particle shape and dimensions, the
type of crystal lattice, the distance between the layers and the
presence of a shell.

The structures of non-crystalline samples are often studied by
EXAFS spectroscopy. An important advantage of this methods is
its selectivity, because it provides the radial distribution (RDA)
curve for the atoms of the local environment of the chosen
chemical element in the sample. The interatomic distances (R)
and coordination numbers (N) obtained by EXAFS are then
compared with the known values for the particular phase. Thus
using this method, two types of cobalt atoms were detected in the
Co nanoparticles formed on laser vaporisation, namely, the
internal atoms with a shortest Co7Co distance of 2.50 �A (com-
parable with that observed in the Cometal) and the surface atoms
with a Co7Co distance of 2.80 �A.211 The total number of
Co7Co bonds for a Co atom, i.e., its coordination number N,
was equal to 11 according to EXAFS (for the bulk FCC-Co,
N=12). The decrease in the coordination number was attributed
to the presence of a large portion of surface atoms with low
coordination numbers. This was used to estimate the average Co
particle size (3 ± 4 nm). These data are in good agreement with the
results obtained by TEM and small-angle X-ray scattering
(SAXS) for these samples.

MoÈ ssbauer spectroscopy provides data on the phase compo-
sition of nanoparticles, especially, magnetic phases. Themethod is
widely used to determine the structure of Fe-containing nano-
particles.283 ± 285 For example, MoÈ ssbauer spectroscopy has been
used to establish the composition of magnetic particles formed
upon thermal decomposition of Fe(CO)5 in a polyethylene
matrix.6 It was shown that the particles consist of a-Fe, g-Fe2O3

and iron carbides in ratios depending on the nanoparticle concen-
tration in the matrix.

Other physical methods are used more rarely to study the
nanoparticle structures. Integrated research makes it possible to
determine rather reliably the structures of simple nanoparticles;
however, determination of the structures of nanoparticles com-

posed of a core and a shell of different compositions are often
faced with difficulties.

The structural studies of nanoparticles should result ulti-
mately in the construction of structural models. Unfortunately,
this is not always done. Meanwhile, the results obtained by
EXAFS are difficult to interpret without model construction.
For example, the construction of models for the spherical Co
nanoparticles (d=1.6 ± 2.6 nm) withHCP, FCC, BCC andmixed
types of packing and comparison of the RDA curves calculated
for them with experimental curves indicate that the inner and
surface areas of the particle have different structures.117 The
arrangement of atoms in the core corresponded to a BCC lattice
with short Co7Co distances, while on the particle surface the
arrangement of the cobalt atoms was less ordered, the relationship
of distances rather resembling the HCP structure. However, the
Co7Co distances inside the particle and on the surface deter-
mined experimentally differed from each other by a greater value
than the corresponding postulated distances, which was not quite
consistent with the model proposed.

The nanoparticle shell always contains light atoms (O, C, B,
etc.). The problemof identificationof these atoms, determination of
their number and the mode of interaction with the core metal
remain most challenging. The `cluster' model of a nanoparticle
accounts for a number of structural features of its surface layer in
which the metal crystal lattice is `diluted' with light atoms (O, C)
according to a pattern well-known in the cluster chemistry.286

According to this model, the surface layer of a particle has three
types of binding between light atoms andmetal polyhedra (i.e., with
fragments of the metal packing), namely, terminal, bridging and
intrapolyhedral.

A typical example of the construction of models of these
nanoparticles has been reported.50 The reduction of CoCl2 with
NaBH4 is accompanied by insertion of the boron atoms into the
Co particle, especially, the surface layers. The comparison of the
calculated dependences of the electron density for a number of
model nanoparticles (neat Co; B2O3-coated cobalt or cobalt
boride) with the experimental dependences obtained by SAXS
showed that none of thesemodels corresponds to the experimental
data. It was suggested that the Co nanoparticles formed are either
devoid of the ligand shell or are surrounded by a monoatomic
layer, which cannot be detected by SAXS.

A number of models of the structure of nanoparticles with
complex compositions are discussed in the literature. A study of
iron-containing nanoparticles in the ethylene ± tetrafluoroethy-
lene (FT-40) copolymer matrix byMoÈ ssbauer and X-ray emission
spectroscopy has shown 287 that the particle is composed of a-Fe
and iron carbide and fluoride (the fluoride results from defluori-
nation of the matrix). For interpreting the results, the researchers
proposed so-called `onion' model for the structure of the nano-
particle with an a-Fe core coated by iron fluoride and carbide
shells. Figure 7 shows a version of this model describing the

00..2222 nnmm

5 nm

Figure 6. Typical HRTEM micrograph of a cobalt nanoparticle in a

LDPE matrix.
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structure of a nanoparticle located on the surface of a super-
dispersed polytetrafluoroethylene (PTFE) nanograin.

IX. Characteristic features of the nanoparticle
magnetism (theory)

It will not be an exaggeration to say that the intensive studies of
nanoparticles as a special class of objects started from the
discovery of unusual magnetic properties. In 1930, Frenkel and
Dorfman showed on the basis of energy considerations that
particles of a sufficiently small size should be single-domain. In
themid-20th century, the theory of single-domain particles started
to be actively developed 288 ± 299 and the related phenomena were
studied experimentally.300 ± 309 These studies identified a substan-
tial increase in the coercive force of a ferromagnet on passing from
a multidomain to the single-domain structure, which is important
for the creation of permanent magnets. The results of calculation
of the characteristic particle size (for different magnetic materials)
where the particle becomes single-domain are presented in
Table 2.

The critical diameter values corresponding to particle tran-
sition from the multidomain to the single-domain state presented
in the Table were calculated for spherical particles with an axial
magnetic anisotropy. For other types of anisotropy (cubic,
hexagonal, etc.) and other particle shapes, the numerical estima-
tion of the critical diameter for the single-domain character
changes. In particular, the particle can be transferred into the
single-domain state without decreasing the volume if it has a shape
other than a sphere, for example, an oblong ellipsoid. Experimen-
tal determination of the critical diameter above which a single-
domain particle becomes multidomain is a complicated task,
although now it has become possible to observe this transition
directly through amagnetic force microscope 314, 315 or a quantum
magnetic interferometer (m-SQUID).316 ± 318 For a 20 nm-thick
disc-like cobalt particle, a study by a magnetic force microscope
gave a critical diameter for the single-domain state of 200 nm.
Elliptical particles with the same thickness became single-domain
at sizes less than 1506450 nm. These values are markedly greater
than the calculated ones (see Table 2).

To put it more exactly, the term `single-domain' does not
require a necessary uniform magnetisation throughout the whole
particle bulk but only implies the absence of domain walls. In
addition, a single-domain particle is not necessarily a `small'
particle (as opposed to a `bulk' particle) as regards specific
magnetic characteristics. Data of a publication 319 and their
analysis 320 demonstrate that a rather large particle can be single-
domain but still possessing the physical properties of a bulk
material. Thus, the specific properties of nanoparticles start to
bemanifested at sizes much smaller than the `single-domain limit'.

It is considered that significant changes in the main physical
characteristics of a bulk material appear when the dimensions of
its particles decrease to an extent where the ratio of the number of
surface atoms Ns to the total number N of atoms in the particle
approaches 0.5.17 An interesting formulation of this criterion as
applied to magnetic nanoparticles has been proposed. Assuming
that in a surface layer of thickness Dr (defectiveness parameter),
the number of exchange bonds is twice as low as that in the
particle bulk and that the Curie temperature is directly propor-
tional to the bulk density of exchange bonds, Nikolaev and
Shipilin 320 have analysed the dependence of TC on the magnetite
particle size obtained earlier.319 The defectiveness parameter Dr
was found to depend on the particle radius r. In particular, for
magnetite Dr ? 0 for r5 20 nm (the radius for the single-
domain state of magnetite is *70 nm, see Table 2). As the
particle radius decreases, the parameter Dr substantially
increases and for r=2.5 nm, it amounts to 0.5 nm. Thus, the
smaller the magnetic particle size, the greater the effective depth
to which the violation of the regular structure extends.

One more remarkable property of the nanoparticles, which
allowed their experimental discovery in the mid-20th century, is
the superparamagnetism. The higher the particle magnetic
moment, the lower the magnetic field Hs that is required to
observe the magnetisation saturation phenomenon. In a rough
approximation, the Hs value (saturation field) can be estimated
from the formula

mefHs& kBT,

where mef is the effective magnetic moment of the particle. For
paramagnetic Gd(SO4)3 .H2O, the effective magnetic moment of
the Gd3+ ion is 7 mB. Thus, the Hs value for this paramagnet at
room temperature would be Hs& 300 kB/7& 106 ê. For a par-
ticle with an effective magnetic moment of 104mB, the saturation
field would decrease to 103 ê. The phenomenon of saturation of
the magnetisation curve in low (for a usual laboratory) fields of
*1 kê has been called `superparamagnetism,' while a material
exhibiting such properties is called a `superparamagnetic'.}

The model of an ideal superparamagnetic was mainly worked
out by the early 1960s,321 but now it continues to develop.312, 322

The simplest variant of this model considers a system of N non-
interacting identical particles with the magnetic moment mef. Since
the magnetic moment of the particle is assumed to be large, its
interaction with the magnetic field H is calculated without taking
the quantum effects into account. In the case of isotropic particles,
the equilibrium magnetisation of the hMi system is described by
the Langevin equation

hMi � Nmef

�
cth

�
mefH
kBT

�
ÿ kBT

mefH

�
. (1)

Equation (1) has been derived with the assumption that single
particles are magnetically isotropic, i.e., all directions for their
magnetic moments are energetically equivalent, but this condition
is hardly ever fulfilled. If the particles are magnetically aniso-
tropic, the calculation of the equilibrium magnetisation becomes
more complicated. According to the nature of factors giving rise to
the non-equivalence of the directions of magnetic moments, one
can distinguish the magnetically crystalline anisotropy; the shape
anisotropy; anisotropy associated with the internal stress and
external impact; exchange anisotropy, and so on.323

For nanoparticles, the surface magnetic anisotropy plays a
special role. Unlike other kinds of magnetic anisotropy, the
surface anisotropy is proportional to the surface area of the
particle S rather than to its volume V. The surface anisotropy

Table 2. Critical diameter (for room temperature) of a single-domain
spherical particle with the axial magnetic anisotropy.

Material Critical diameter /nm

from from from

Ref. 310 Ref. 311 Ref. 312

Co 70 70 68

Ni 7 55 32

Fe 30 (see a) 14 12

BaFe12O19 7 7 580

Fe3O4 7 128 7
g-Fe2O3 7 166 7
Nd±Fe ±B 200 7 214

SmCo5 1500 7 1528

aA similar value (26 nm) is reported in another publication.313

}Typical features of a superparamagnetic include also the absence of a

magnetic hysteresis and the presence of thermal fluctuations of the

magnetic moment of a nanoparticle (similar to the thermal fluctuations

in a conventional paramagnetic).
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appears due to the violation of the symmetry of the local environ-
ment and the change in the crystal field, which acts on magnetic
ions located on the surface. Uniaxial anisotropy is the simplest
type of magnetic anisotropy as regards the symmetry properties.}

In the general case, the equation for the energy of the uniaxial
magnetic anisotropy is written as the sum of two contributions:

E(y)= (KVV+KSS) sin2y, (2)

where KV is the volume anisotropy constant, V is the particle
volume, KS is the surface anisotropy constant, y is the angle
between the vector of the particle magnetic moment m and the
anisotropy axis.

When the surface makes no contribution to the anisotropy,
the angular dependence of the particle energy has the form

E(y)=KVV sin2y .

If no external magnetic field or surface anisotropy are present,
theminimum energy of the particle is attained at the orientation of
the magnetic moment m along the anisotropy axis. In this case,
two neighbouring minima are separated by a barrier with height
KVV. In an external magnetic fieldH applied at the angle c to the
anisotropy axis, the particle energy is equal to

E(y)=KVV sin2y 7MsVH cos (y 7 c). (3)

(The particle is assumed to be uniformlymagnetised to saturation,
its magnetic moment being m = MsV.) The dependence of the
particle energy on the angle y for different angles c is shown in
Fig. 8 for KV=4.56105 J m73, V= 103 nm3, Ms=
1.46106 A m71, H= 105 A m71. It can be seen that in the
vicinity of y =0, p and 2p, there are three energy minima
separated by non-equivalent barriers [in the case of c=0 and p
(curves 1 and 5), the barriers are equivalent].

In the general case, in the presence of an external magnetic
field, rotation of the magnetic moment of the particle to reach the
orientation corresponding to an energy minimum requires over-
coming an energy barrier, DE&KVV. The relation for the
characteristic time of thermal fluctuations of the magnetic
moment of a single-domain particle with a uniaxial anisotropy
provided that DE/kBT 5 1 was obtained by Neel 295

t � t0 exp
�
DE
kBT

�
. (4)

Later, relation (4) was extended by Brown 296 ± 299 to the cubic
anisotropy case.{

The pre-exponential factor t0 depends on many parameters
including temperature, gyromagnetic ratios, saturation magnet-
isation, anisotropy constants, the height of energy barrier, and so
on.324, 325However, for the sake of simplicity t0 is often considered
to be a constant in the range of 1079 ± 10713 s.311

Relation (4) determines the characteristic time needed for the
thermal equilibrium in a system of non-interacting single-domain
magnetic particles to establish. At higher temperatures,
DE/kBT55 1; the time required for system transition into a state
with the minimum energy is short compared to the characteristic
time of measurements tmeas, and the system is not expected to
show a magnetic hysteresis. In the case where DE/kBT44 1, the
system transition into an equilibrium state may take a very long
time depending appreciably on the particle. For t0=1079 s,
KV=105 J m73 and T=300 K for a magnetically anisotropic

spherical particle 11.4 nm in diameter, we get t=1071 s and for a
particle with a diameter of 14.6 nm, t=108 s.311

If tmeas44 t, the system occurs in the superparamagnetic state
and rapidly reaches an equilibriummagnetisation on changing the
temperature or the external field. Otherwise (tmeas55t), after a
change in the external magnetic field, the system does not arrive to
a new equilibrium state over the time tmeas and its magnetisation
does not change. The case t= tmeas in relation (4) corresponds to
the blocking temperature Tb. If tmeas=100 s (characteristic time
for the static magnetic measurements) and t0=1079 s, the
condition tmeas= t in relation (4) gives KVV& 25.3 kBT. Hence,

Tb=
KVV

25kB
. (5)

It is noteworthy that relation (5) specifies the blocking temper-
ature for a zero magnetic field. As the external magnetic field is
enhanced, the blocking temperature decreases by a power law

Tb(H)=Tb(0)

�
1ÿ H

Hc

�k

, (6)

where k=2 (for low fields 326) and 2/3 (for high fields 327),
Hc=2K/Ms.

The experimental data obtained for magnetite nanoparticles
show that upon an increase in the field from zero to 700 ê, the
blocking temperature decreases from 140 to 75 K, relation (6)
being fulfilled rather accurately below 50 ê with k=2, and for
fields from 50 to 700 ê, with k=2/3.328

When investigating the magnetic properties of the samples
containing nanoparticles, the magnetisation curve is usually
measured up to saturation magnetisation (Fig. 9).329 To deter-

}The anisotropy is called uniaxial if the magnet has only one axis of easy

magnetisation. The easy magnetisation axis in a magnetically anisotropic

medium corresponds to a direction of the magnetisation vector relative to

the crystal lattice of the magnet such that the energy of the magnetically

anisotropic medium is minimum.

{ In the case of cubic anisotropy, there are three mutually perpendicular

easy magnetisation axes.
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Figure 8. Angular dependence of the energy of a uniaxial magnetic

particle E(y) at different orientations of the external magnetic fieldH.
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Figure 9. Magnetisation vs.magnetic field value (at 295 K) for a sample

containing g-Fe2O3 nanoparticles in a polyethylene matrix.329
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mine the temperature dependence of the magnetic momentm, two
types of measurements are carried out, namely, zero-field cooling
(ZFC) and field cooling (FC). According to the ZFC procedure,
the sample is cooled (usually down to the liquid helium temper-
ature) in the absence of a magnetic field and then a moderate
measuring field is applied (1 ± 100 ê) and the temperature is
gradually raised, the magnetic moment mZFC values being
recorded. The FC procedure differs from ZFC only by the fact
that the sample is cooled in a nonzero magnetic field. For
magnetic nanoparticles, the mFC(T ) and mZFC(T ) curves usually
coincide at relatively high temperatures but start to differ below a
certain temperatureTir (irreversibility temperature). ThemZFC(T )
curve has a maximum at some temperature Tmax, and themFC(T )
curve, most often, ascends monotonically to very low temper-
atures (Fig. 10). The dependence of magnetisation on the applied
field at various temperatures is often additionally measured
(Fig. 11).330 Electron magnetic resonance and MoÈ ssbauer spec-
troscopy data are also used for analysis of themagnetic properties.

For an idealised system containing identical nanoparticles
with uniaxial anisotropy and a random orientation of easy
magnetisation axes, the difference between the temperature
dependences of mFC and mZFC at a qualitative level follows from
Eqn (3) and Fig. 8. In the case of a zero field, on cooling below the
blocking temperature, the magnetic moments of particles are
oriented along their easy magnetisation axes [y =c=0 in
Eqn (3)], the total magnetic moment of the system being equal to
zero both at the beginning and at the end of cooling. After the

external field H has been switched on, the magnetic moments for
which y7 c < 908 [see Eqn (3)] do not need to overcome an
energy barrier and they rotate to the minimum-energy position,
thus creating a non-zero magnetisation. For example, for the
curvec=358 in Fig. 8, the rotation angle will be 298. Conversely,
themagneticmoments for which y7c > 908 on switching on the
magnetic field are separated from the energy minimum by a
potential barrier which they can overcome only over a long period
of time [see Eqn (4)]. Therefore, in the case of ZFCmeasurements
for T < Tb, the system gets into a metastable state with a
relatively low total magnetic moment M2

sH/3KV, which does not
depend on the temperature.331WhenT=Tb, the systempasses via
a jump { into a stable superparamagnetic state with the magnetic
moment

mZFC �
M2

sVH

3kBT
. (7)

ForMsVHllkBT and a random orientation of the axes of easy
magnetisation of particles, relation (7) holds also for T>Tb.310

In the FCmeasurements, cooling of the sample takes place in a
nonzero magnetic field; at any temperature above Tb, magnet-
isation is determined by Eqn (7). When T < Tb, the system
magnetisation can no longer change over the time of measure-
ments. Therefore, the magnetic moment in the FC procedure at
T<Tb is equal to

mFC&
M2

sVH

3kBT
� const.

For a system consisting of single-domain nanoparticles with a
size, shape, etc. dispersions, the mZFC(T) and mFC(T) curves are
not separated atT=Tb, but are separated at a higher temperature
Tir>Tb, which is called the irreversibility point.332 Another
characteristic point in the mZFC(T ) curve is the temperature
Tmax, which is often identified as the average temperature of
system blocking hTbi. For a temperature below hTbi, an increase
in mFC(T ) is observed, which is then replaced by a `saturation'
section and in some cases, by a maximum.310 The Tir value can be
identified with the blocking temperature for the largest particles,
andTmax, with the blocking temperature for the smallest particles.
However, it should be borne in mind that all these characteristic
temperatures (and their relationship with the volume distribution
of particles) can depend on the rate of sample cooling and
subsequent heating 333 and on the intensity of the interparticle
interactions. If the rate of sample heating is much lower than the
cooling rate, themFC(T ) may have a maximum at T< hTbi.310 In
the case of strong interparticle interactions, the energy distribu-
tion of particles DE [see Eqn (2)] may narrow down (in relative
units s/m, where s is the dispersion, m is the average value) with
respect to the volume distribution.310 In this case, a more accurate
calculation of the local magnetic field acting on a single particle is
required.
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Figure 10. Temperature dependences of the magnetic moment (ZFC and

FC measurements) for a sample containing g-Fe2O3 nanoparticles in a

polyethylene matrix.
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Figure 11. Magnetisation vs. themagnetic field at 295 (1), 77 (2) and 4.2 K

(3) for a sample containing Co nanoparticles (4 mass%) in a polyethylene

matrix.330

{ In experimental studies at T=Tb, sharp changes in magnetisation are

never observed, because a size spread (and, generally, other types of

spread) always exists for the particles. Small particles pass into the

superparamagnetic state at a lower temperature than large particles and

the magnetisation jump is smeared. The temperature corresponding to the

maximum in the mZFC(T ) curve roughly coincides with the average

temperature of particle transition into the superparamagnetic state,

which corresponds to the maximum distribution of all particles over the

volume V. In addition, even for absolutely identical particles, the

relaxation time increases smoothly rather than by a jump, although

rapidly. It follows from relation (4) that

dt
t
� ÿ

�
dT

T

��
DE
kBT

�
&725

�
dT

T

�
,

i.e., near Tb the relative change in the relaxation time is 25 times as fast as

the relative change in the temperature.
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Note that the mZFC(T ) and mFC(T ) curves differ not only for
the systems of magnetic nanoparticles but also for macroscopic
magnets with disorder elements (exchange coupling frustration,
topological disorder, structural defects) and even in ordered
ferromagnets with a substantial magnetic anisotropy.334

The difficulty of the theoretical investigation of the magnetic
hysteresis in nanoparticles lies in the fact that this non-linear, non-
equilibrium and non-local phenomenon caused by the existence of
energy minima (resulting from the magnetic anisotropy) and the
barriers separating them depends, in a complex manner, on the
external magnetic field. The results of theoretical studies using
relatively simple models seldom provide a plausible description
for real magnetic nanomaterials as they do not take into account
their microstructure, in particular, the effect of boundaries and
defects on the local magnetisation.317

An important role of the microstructure in the formation of
magnetic characteristics is indicated by the studies of nanocom-
posite materials (for example, Nd ±Fe ±B/a-Fe 335 and
FePt ±Fe3Pt 178 systems), which represent a magnetically soft
medium with nano-sized grains distributed therein
(<100 nm).336 In these materials, the magnetically hard phase
ensures a high coercive force, while the magnetically soft phase
provides a high saturation magnetisation. In addition, the sub-
stantial exchange interaction between the grains ensures a relative
residual magnetisation higher than 0.7.335, 336 Therefore, materials
of this type are called exchange-coupled magnets.

In recent years attempts have been undertaken to study the
effect of the internal structure (microstructure) of a nanoparticle
on the magnetic characteristics of real nanomaterials.312 Most
successful was the use of numerical calculations within the frame-
work of the micromagnetism theory (so-called `computer micro-
magnetism').337 ± 340 Even when a nanoparticle has a defect-free
crystal structure, the different local environments of atoms at the
particle boundary and inside the particle result in a nonuniform
magnetisation in the particle and distortion of the perfect collinear
magnetic structure.341, 342 The calculations show that at the final
temperature,magnetisation decreases along the direction from the
particle centre toward the boundary,343 and the magnetic moment
of each particular surface atom can be greater than that of the bulk
atoms.344 The decrease in the magnetisation on the particle
surface compared to that in the bulk is due a lower energy of the
surface spinwave excitations,322 in otherwords,more pronounced
action of the thermal fluctuations on the surface. The increase in
the magnetic moment of surface atoms can be attributed, within
the framework of the band theory, to the decrease in the
coordination number, and, as a consequence, to narrowing the
corresponding energy band and an increase in the density of
states. Apparently, this also accounts for the rare cases of
magnetic order appearing in metal nanoparticles whose bulk
analogues are non-magnetic.345 ± 348

The qualitative isothermal dependence of the coercive force
Hc on the characteristic size of magnetic particles is shown in
Fig. 12 a. The increase in Hc upon a decrease in the particle size
follows from the Stoner ±Wohlfarth theory according to which
the spins of atoms forming a nanoparticle rotate coherently, i.e.,
concertedly. It is known from experiments that the coercive force
in real magnetic materials (including nanomaterials) is much
lower } than the limiting values predicted by the theory even at
very low temperatures. One reason is that under the action of an
external magnetic field, the spins of the atoms forming the nano-
particle can rotate not only coherently but also in a more complex
manner to form spin modes: `swirls' (Fig. 13), `fans', etc.312 The
appearance of non-coherent spin modes is facilitated if nano-
particles form agglomerates (for example, chains). The coherent

rotation can, apparently, take place only in absolutely defect-free
uniform particles with a zero surface anisotropy.

It is evident by intuition that the coercive force should be the
lower the greater the number of options (mechanisms) for spin
rotation in the direction opposite to the initial one. In a multi-
domain particle, this rotation can be additionally associated with
the displacement of domain boundaries.349 As the particle size
decreases, the number of domains decreases, and the role of
interdomain boundaries in magnetisation reversal becomes less
pronounced. Therefore, up to the critical particle size (dcr, see
Fig. 12 a), the coercive force increases with a decrease in d.
However, further decrease in the particle size and transition to

}According to the Stoner ±Wohlfarth model, the anisotropy field

HA=2KV/Ms is the upper limit for Hc. According to a publication,312

theHc value in real materials varies in the range of (0.2 ± 0.4)HA.
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Figure 12. Qualitative (a) and quantitative (b) dependences of the coercive

force Hc on the particle diameter.318

(a) Qualitative dependence that follows from the simple model of single-

domain particle; (b) experimental (dots) and calculated (curves 1 ± 3)

dependences for iron nanoparticles. The experimental values were

obtained for iron particles in oxide Al2O3 (light dots) and SiO2 (dark

dots) matrices. The calculation was carried out with the assumption that

KS=461074 J m72 andKV=56104 J m73; (1) cubic bulk anisotropy,

(2) axial surface anisotropy, (3) simultaneous account for the axial surface

anisotropy and bulk anisotropy.
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Figure 13. Simplest spin modes formed upon magnetisation reversal in a

single-domain particle: (a) coherent rotation, (b) eddy mode.312
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single-domain particles entails an increase in the role of thermal
fluctuations. This explains a decrease in Hc at d< dcr (see
Fig. 12 a, b).

Important information on the magnetic properties of nano-
particles and material based on them can be derived from
measurements of slow relaxation processes.310, 322, 328, 350 In the
simplest cases, for a system of identical magnetic nanoparticles,
the equilibrium magnetisation upon the change in the magnetic
field (for example, quick switching off) is described by the
equation

M�t� �M0exp

�
ÿ t

t

�
, (8)

where the relaxation time t is determined by relation (4).
For low-temperature measurements of the residual magnet-

isation of systems containing magnetic nanoparticles which can
exist in the blocked state, three types of experimental procedures
are used } (see Ref. 351). During the measurements of isothermal
residual magnetisation (IRM), the sample is cooled in a zero
magnetic field; after that, the field H is first applied and then
switched off at a constant temperature T. In this case, the residual
magnetisation of MIRM depends on the H and T values. In the
measurements of the thermal residual magnetisation MTRM, the
sample is placed in a constant magnetic field H at a high temper-
ature (when all particles are superparamagnetic) and then cooled
to low temperature and the field is switched off. Finally, the DC
demagnetisation is measured in the same way as MIRM , but the
sample is first magnetised to saturation at low temperature, then
the field H is switched on in the opposite direction and then
switched off. In the absence of interparticle interactions 328

MDCD(H)=MIRM(?) 7 2MIRM(H). (9)

The non-observance of this rule is considered to indicate the
presence of interaction between the particles,352 although for a
particle with mixed anisotropy (for example, uniaxial+cubic),
this conclusion should be used with caution.353

For real systems, the function f(E ) of particle distribution
over the heights of the energy barrier always has a finite width,
which is associated with the size, shape, morphology and compo-
sition differences between the particles. In this case, the relaxation
properties of a system cannot be described using one parameter.
For a rectangular distribution f(E ), the simple equation (8) should
be replaced by the following relation 311

M�t� �M0 ÿ S ln

�
t

t0

�
, (10)

where S is the magnetic viscosity coefficient.
If the applied external magnetic field H varies at a constant

temperature, the maximum magnetic viscosity coefficient is
attained atH=Hc. The logarithmic law (10) is usually confirmed
experimentally only for relatively short observation periods.310

The deviations from the logarithmic law can provide information
on the symmetry of magnetic anisotropy, size distribution of
particles, and so on.

Taking account of magnetic interactions between nanopar-
ticles is a complicated theoretical task. In a recent discus-
sion 310, 354, 355 dealing with the effect of interparticle interactions
on the blocking temperature, two models were proposed, one
predicting an increase in Tb ,345 whereas the other, conversely, a
decrease in Tb

310 following an enhancement of the interparticle
interactions. The interactions change the height of the energy
barrier separating two states of a particle with the opposite
directions of the magnetic moment. If the barrier grows, Tb

increases and vice versa. The influence of the change in the
distances between the maghemite nanoparticles with a diameter

of 6 ± 7 nm on the blocking temperature has been studied exper-
imentally.356 The distances between the particles were changed by
compacting the sample. The maximum increase in the sample
density was 55%; simultaneously, Tb [corresponding to the
maximum in the curve mZFC(T)] increased from 50 to 80 K.
Assuming that for noncharged nanoparticles, the predominant
magnetic dipole ± dipole interactions are inversely proportional to
the cubed distance between the particles, one can expect a linear
dependence ofTb on the sample density. This is in good agreement
with a publication.356

In the presence of interparticle interactions, the qualitative
picture of the behaviour of a system of magnetic nanoparticles
following a decrease in temperature may become more compli-
cated than themere transition to the blocked state.357 The possible
transitions are shown in Fig. 14.310 If the particles are arranged
irregularly in space, the interparticle interactions should transfer
the system into the `spin glass' type state at some temperature
Tg.357 Which of the temperatures, either Tg or the average block-
ing temperature hTbi would be higher for the given type of
particles depends on the particle size and on the average distance
between them. Since the temperature dependences of the magnetic
moment (ZFC±FC) for a system of non-interacting particles and
for a `spin glass' are similar,358 determination of the nature of the
transition is a non-trivial task.

To choose theoretically between these states, one first has to
know the way of estimating the interacting force in the nano-
particle system. Often, it is assumed that the interparticle inter-
actions can be neglected if the particle concentration in the matrix
is low and, hence, the average distance between them is rather high
(1.5 times higher than the average particle diameter).351 This
assumption can be proved by verifying experimentally the fulfill-
ment of relation (9).

Recently,359 an interesting approach to taking account of the
effect of interparticle interactions on the magnetisation curves of
nanoparticles has been proposed. On the basis of the monotonic
decrease in mef with a decrease in temperature observed exper-
imentally, the researchers cited introduced phenomenological
corrections into relation (1). It was assumed 359 that the magnetic
dipole ± dipole interactions, which predominate in the systems
under consideration, act as a random factor and prevent magnet-
isation (ordering) of the system, i.e., function in the same way as
the temperature. It is worth noting that, although the proposed

}These measurements are carried out at relatively low temperatures so

that the particles (or their substantial portion) passed into the blocked

state.
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Figure 14. Scheme of the possible transitions in a system of magnetic

nanoparticles arranged randomly in space taking into account interpar-

ticle interactions.310

(1) Transition from the paramagnetic to superparamagnetic state within

single particles; (2) transition from the superparamagnetic into `blocked'

state; (3) transition from the `blocked' state into a `spin glass' type state; (4)

transition from the superparamagnetic state to a `spin glass' type state.
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approach 359 is strictly applicable only to equilibrium systems, it
describes satisfactorily the magnetisation curves at any temper-
atures, including those below the blocking temperature Tb [in this
case, the average value over two branches of the hysteresis loop
should be taken as M(H)]. The applicability of this model for
T < Tb is apparently due to the predominance of interparticle
interactions over one-particle effects for all the samples studied.359

X. Magnetic characteristics of nanoparticles
(experimental data)

The first experimental data on the properties of magnetic nano-
particles were obtained in experiments with cluster beams.26, 27

Despite the difficulty of interpretation, these experiments pro-
vided the unique possibility of determining the dependence of
magnetic parameters on the number of atoms in the nanoparticle.
Thus isothermal dependences of the average atomic magnetic
moment hmefi on the number of atoms n in Fe, Co, Ni nano-
particles demonstrated for the first time that the specific magnetic
moment of a nanoparticle increases with a decrease in the particle
size. This trend is the most pronounced for Ni, which may be due
to a higher density of the valence electrons.26 The Co nano-
particles with a number of atoms n of 56 to 215 are super-
paramagnetic at 97 K having hmefi=2.24 mB. This value is
greater than the m values for macroscopic samples of cobalt.26, 27

Thus, the experimental data imply that the effective magnetic
moment of atoms in 3d-metal nanoparticles can be greater than its
magnetic moment in a bulk metal. This may be attributed to the
fact that the magnetic moment of an atom on the cluster surface
should be regarded as localised, while in the bulk metal with band
magnetism, as a delocalised (this delocalisation results in a
decrease in the average magnetic moment of the atom in the bulk
metal). It is noteworthy that for the smallest Ni nanoparticles, the
magneticmoment barely changes with temperature over thewhole
temperature range studied, due to the large number of surface
atoms.26 For larger clusters, a non-zero contribution of surface
atoms into the magnetic moment is retained even at temperatures
above 631 K (the Curie temperature of the bulk phase). For
Ni550 ± 600 nanoparticles, the magnetic moment at 631 K amounts
to 25% of the low-temperature value 0.6 mB.

Thus, it follows from experiments with molecular beams that
the magnetic order is retained in nanoparticles at higher temper-
atures than in the bulk samples,26, 27 which is manifested as an
increase in the Curie temperature with respect to bulk phases. For
cobalt (TC& 1400 K), the atomic magnetic moment in nano-
particles with the numbers of atoms n=50± 600 changes only
slightly with an increase in the temperature to *1000 K and
always remains greater than the bulk value. The temperature
dependences of the average magnetic moment for iron nano-
particles follow a more complex pattern. A possible reason is in
the specific features of the iron phase diagram and structural
transitions, which complicate the pattern of magnetic behaviour.
No transitions to the conventional paramagnetic state were
detected up to the highest temperatures (*1000 K).

The properties of REE clusters, namely, Gd 26 and Tb 360

clusters, are even more peculiar. Whereas 3d-metal nanoparticles
behave in molecular beam experiments as either superparamag-
netic particles or particles with a `frozen' magnetic moment, Gdn
clusters exhibit a dual behaviour.27 Two types of clusters with the
same mass but different properties have always been observed in
experiments,361 namely, those having properties of superpara-
magnetic particles and those with the properties of `frozen'
moment particles. It is yet unclear whether this is related to the
existence of structural or magnetic isomers of the same Gdn clus-
ter.

Among the gadolinium clusters studied with numbers of
atoms from 11 to 92, superparamagnetic properties were found
for Gd22, Gd30 and Gd33 (even at low temperatures).26, 27, 361

Conversely, the Gd11 ± 16, Gd19 ± 21, Gd23 ± 26, Gd53, Gd54 and

some other clusters clearly exhibit `frozen' magnetic moments at
100 K. As the temperature increases to room temperature, some
of these clusters become superparamagnetic (for example, Gd17),
whereas some other (Gd12 ± 16, Gd19 ± 21, Gd23, Gd26, Gd55) remain
`frozen'. At 800� 200 K, all the gadolinium clusters studied
become superparamagnetic, the atom magnetic moments in the
clusters remaining ordered, i.e., the Curie temperature for gado-
linium clusters is much higher than for the bulk phase (293 K). It
should be noted that the effectivemagneticmoment per atom in all
Gdn clusters is at least twice lower than the bulk value equal to
7 mB.

Terbium clusters behave similarly to gadolinium clusters.360

At room temperature, the vast majority of terbium clusters are
superparamagnetic. At low temperatures, many of them pass to a
state characterised by a `frozen' magnetic moment but some
remain superparamagnetic. Using the Tbn clusters as examples,
the influence of the addition of oxygen to a metal cluster was
studied. It was found that the addition of oxygen to Tbn clusters,
except for Tb22 , does not change their magnetic properties. The
magnetic moment of the superparamagnetic Tb22 cluster `freezes'
at*250 K upon the addition of oxygen.

Clusters of some other elements: chromium (n=9� 31),
palladium (n=100� 120) and vanadium (n=8� 99) have also
been studied using cluster beams.26 They all proved to be para-
magnetic.{

The interest in magnetic nanoparticles inserted into various
matrices is due, first of all, to their potential practical use. In
addition to traditional catalysis,363 magnetic nanoparticles can be
used for superhigh-density information recording,364 ± 366 for
solving some medical problems (for example, as drug car-
riers) 367, 368 and for creation of heavy-duty magnets,335, 369, 370

`spin' electronics elements 281, 371 ± 374 and various sensors,371, 375

including biomolecular ones.376

The last 10 years were marked by impressive progress in the
development of materials for high-density magnetic recording. In
1992, the highest density of magnetic recording in commercial
hard discs was about 10 Mbit in72. With this recording density,
the dimensions of one bit in the plane of a round-shaped magnetic
medium equals 800664 nm2. This corresponds to 40 000 bpi
along the track and 25 000 tpi (see {) in the radial direction.

In 2001, a magnetic recording density of 100 Gbit in72 was
attained,366 which corresponds to a bit dimensions of
300615 nm2. In view of the fact that one storage bit now forms
up to 1000 separate grains (this is due to the need to maintain the
signal-to-noise ratio at a plausible level), to reach a recording
density of 100 Gbit in72, the size of one particle in the radial
direction should be about 0.3 nm, i.e., 2 ± 4 atoms. Further
increase in the density suggests both a decrease in the particle
size and modification of the record format.

Owing to the magnetic nanomaterials, the amount of the
stored information has been increased by 4 orders of magnitude
during the last 20 years. The size of the hard discs of home
personal computers has increased from 10 Mbyte (in the mid-
1980s) to 300 ± 500 Gbyte (currently). These achievements in the
magnetic recording became possible, first of all, due to the
decrease in the size of the transition region } between the neigh-
bouring bits and a decrease in the distance between the recording
head and the surface of the magnetic medium.377

{The magnetism of the nanoparticles of non-magnetic metals is beyond

the scope of this review; therefore, we refer only to the most significant

publications.345, 346, 362

{The plane of the round-shaped magnetic medium is divided into

concentric tracks.

}The width of the transition region for a continuous magnetic medium

equals the minimum distance between the regions with opposite directions

ofmagnetisation. For a discretemedium containingmagnetic particles in a

non-magnetic matrix, the width of the transition layer is equal to the

average distance between the particles.
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The existence of the transition region between the neighbour-
ing `bits' with a parallel orientation of magnetic moments (lying in
the plane of the magnetic layer) is due to their `demagnetising'
fields and also the scattered field of the recording head. The width
of the transition region a can be estimated from the formula

a&
dMRD

Hc

, (11)

where d is the distance between the recording head and the
magnetic medium surface, MR is the residual magnetisation, D is
the magnetic layer thickness.377 It can be seen from relation (11)
that the greater the coercive force and the smaller the MRD
product, the thinner the transition layer. Thus, these two param-
eters are the most important characteristics of a material for
magnetic recording.

Although an increase in Hc results in a higher recording
density, the coercive force should not be too high, because in this
case, the recording head would require creation of strong mag-
netic fields for magnetisation reversal.} The characteristic Hc

values for modern materials used in magnetic recording amount
to *2500 ê (for floppy discs) 365 and*3500 ê (for hard
discs).378, 379 The recording heads with a higher coercive force
should be fabricated from materials with a high saturation
magnetisation, for example, Fe65Co35.366 According to forecasts,
the use of these heads would make it possible to reach a
500 Gbit in72 density of the vertical recording for a medium
containing 5 nm nanoparticles with Hc& 16 000 ê.366 Among
the known magnets, this coercive force is demonstrated only by
Nd ±Fe ±B (14 000 ê) and Sm2Co17 ± SmCo5 (9000 ê) pro-
duced by sintering.312, 380

For a-Fe, the record-breaking Hc value at room temperature
(*2700 ê) was observed for large cylindrical nanoparticles with
a length of 250 ± 500 nm and a diameter of 16 nm obtained in a
porous aluminium matrix.109 At low temperatures (*10 K), the
valuesHc& 2400 ± 2600 êwere found for much smaller particles
(3 ± 5 nm).121 The particles formed were virtually unoxidised on
the surface and their forced oxidation resulted in lowering ofHc to
2100 ê. The coating of a-Fe nanoparticles by rare earth oxides
resulted in a decrease of Hc to 1750 ± 1950 ê.381 In the research-
ers' opinion,382 the reversal of magnetisation of these nanopar-
ticles is a coherent rotation, i.e., it corresponds to the classical
Stoner ±Wohlfarth model.

The coercive force of a ferromagnetic material is generally
described by the formula 381

Hc �
2aKV

Ms

ÿNefMs, (12)

where a and Nef are the `microstructure defectiveness' parameter
of the material.{ The first term in Eqn (12) corresponds to the
contribution of the crystallinemagnetic anisotropy and the second
one is due to the shape anisotropy. For an isolated particle, Nef

means the demagnetising factor; in this case, a=1. The theoret-
ical limit for the coercive force is often estimated from the formula
(Hc)max=2 KV/Ms, which corresponds to a single-domain spher-
ical particle with coherentmagnetisation rotation. For iron, nickel
and cobalt nanoparticles, the calculated (Hc)max values are*600,
*200 and *7500 ê, respectively.312 Note that owing to the
shape anisotropy [the second term in relation (12)], coercive force
values of *14, *11 and *4 kê can be obtained for single-
domain iron, cobalt and nickel particles,383 which is markedly
greater than (Hc)max. Unfortunately, the experimental values of
Hc for magnetic materials (including those containing nanocrys-

tallites, nanoparticles or nanograins) rarely exceed 25%±30% of
(Hc)max (so-called Brown paradox).382, 384

The up-to-date permanent magnets can be assigned to nano-
crystalline materials, as they consist of separate magnetic grains
usually compacted by either of two methods, by sintering or from
a melt. The former method yields multidomain grains with
characteristic sizes of 1 ± 20 mm and the latter one furnishes
single-domain grains with a size of 10 ± 200 nm.381 The materials
for magnetic recording are also granulated. The use of a single
grain as an information bit can be taken as a natural limit to the
increase in the magnetic recording density.378

For reliable information storage, the magnetic moment of a
particle should not change under the action of thermal fluctua-
tions for a long period of time. To this end, the particle size should
satisfy the `superparamagnetic limit' condition according towhich
the particle should be in the blocked state at room temperature. At
KVV/300kB=40, the lifetime of a one-particle information bit is
*10 years, while at KVV/300kB=60, it is 109 years.378 Thus, a
decrease in the particle size requires an increase in their magnetic
anisotropy.

It has already been noted that the magnetic anisotropy of
nanoparticles includes a number of constituents: crystalline mag-
netic anisotropy, shape anisotropy, surface anisotropy and other
(see Section IX).310 The crystalline magnetic anisotropy, which
makes the major contribution to the magnetic anisotropy,
depends on the chemical composition and the crystal structure of
the compound. Now the record values for the crystalline magnetic
anisotropy { (in J m73) were found for SmCo5 (17.06106),
Sm2Fe4B (12.06106), Sm2Fe17N3 (8.96106), PtFe (6.66106),
Pr2Fe14B (5.66106), YCo5 (5.26106), Nd2Fe14B (5.06106),
CoPt (4.96106), Sm(Fe11Ti) (4.96106) and Sm2Co17
(3.36106).312

In the modern hard discs, the CoPt alloy with Cr, Ta, B, Mn
additives needed to reduce the interaction between single grains,
are used as the magnetic layer. This decreases the length of the
transition region, and, as a consequence, leads to a higher record-
ing density. The possibility of using compounds with a higher
anisotropy, in particular, compounds of magnetic 3d metals with
rare earth metals for magnetic recording is currently under
investigation.335

Figure 12 b shows the dependences of the coercive force of
iron nanoparticles on their diameter d at room temperature.313

Nanoparticles were obtained by radiofrequency sputtering of iron
under argon (at a low pressure) followed by annealing in a
vacuum. It can be seen that Hc reaches a maximum at
d= 18 nm, which approximately corresponds to the single-
domain structure limit for a-Fe. For d >18 nm, the coercive
force decreases according to the law *1/d. To interpret the
obtained dependence, Chen et al.313 had to assume the presence
of the effective surface magnetic anisotropy Kef in a particle

Kef � 6KS

d
. (13)

The parameter KS found in the study cited 313 was
461074 J m72. In an earlier work 127 in which relation (13) was
first proposed, the valueKS& 104 J m72 was found to explain the
presence of giant magnetic resonance in a-Fe nanoparticles on a
carbon (soot) surface. From the symmetry considerations, the
parameter KS for perfect spherical nanoparticles should be equal
to zero;322 therefore, it can apparently be used to estimate the
deviation of the nanoparticle shape from spherical.127

Note that the surface anisotropy can serve as a resource for
increasing the coercive force of the nanoparticle. Calculation of
the influence of the surface anisotropy on Hc for the ellipsoidal
maghemite nanoparticles with a longer axis of *300 nm has
shown that for KS& 261072 J m72 the coercive force (*2 kê)
is twice as great as that for KS=0.385 The reasons for the
difference between the magnetic properties of nanoparticles

}This can be avoided by heating the writable region by a laser beam,

which would induce a temporary decrease in the coercive force.

{The microstructure defectiveness means any deviation from the perfect

crystal structure inherent in single crystals.382 {All anisotropy values refer to room temperature.

Magnetic nanoparticles: preparation, structure and properties 511



formed by this class of compound with similar sizes and chemical
composition have been discussed.386

The temperature dependence of the saturation magnetisation
of the a-Fe nanoparticles } coated by aMg orMgF2 shell has been
studied.223 Particles with a size of 3 ± 18 nm were prepared by
condensation in pentane at 77 K in evacuated quartz tubes. The
magnetic moment was measured at a field strength of up to
55 kê. The saturation magnetisation for iron nanoparticles with
sizes of <7 nm was much lower than that for the bulk iron
(*220 s cm3 g71).} The temperature dependence of the magnet-
isation for all the particles studied corresponded approximately to
the law

Ms(T )=M0 [17BT b ], (14)

where B and b are a constant and the Bloch factor, respectively.
For the bulk ferromagnets, b=1.5, i.e., the `3/2 law' holds.
However, in the study cited,223 this rule is valid only for particles
with the characteristic size d>7 nm, whereas for smaller par-
ticles, the parameter b is much lower (thus for the Fe@MgF2

nanoparticles with d=3 nm, b=0.37). However, for 2 ± 3 nm
iron nanoparticles in a SiO2 matrix, the parameter b was 3/2,387

while for MnFe2O4 particles (5 ± 15 nm), b=1.5 ± 1.9 were
found.388 A similar value (b=1.9) was found for the FexCy

nanoparticles (d=3.1 nm).389 The Bloch constant B for both
types of nanoparticles is several orders of magnitude higher than
the value for the bulk material. For the Fe@MgF2 particle with
d<4 nm, the B value is an order of magnitude greater than for
Fe@Mg. Thus, the magnetic properties of nanoparticles (magnet-
isation and its temperature variation) depend more crucially on
the state of the particle surface than on the particle volume.

A similar conclusion can be drawn from the results of another
publication 390 in which three types of samples containing iron
nanoparticles were studied. The average diameter of particles
obtained by the reduction of oxides was about 20 nm in all
samples, but the thickness of the oxide shell surrounding the
metallic core was different in different samples. The saturation
magnetisation Ms was *970 ± 1300 kA m71 at T=1.5 K and
decreased as the oxide shell became thicker. Since the magnet-
isation of iron oxides is lower than that of a-Fe, the decrease inMs

can be attributed to an increase in the proportion of the oxide
phase in the particle volume. The different magnetisation levels
can also be observed for the same phase with different levels of
defectiveness.386

The smaller the particles, the more pronounced the effect of
the surface layer on the magnetic properties. Figure 15 shows the
temperature dependences of the coercive force of iron nano-
particles in the amorphous matrix of aluminium oxide obtained
by laser vaporisation in a high vacuum.391 It can be seen in
HRTEM images that the particles are well isolated: the distance
between separate elliptical nanoparticles is about 2.5 ± 3.7 nm.
The blocking temperatures [determined from the maximum in the
mZFC(T) curve] and the coercive force (at 10 K) depend on the
particle diameter.

d /nm Tb /K Hc /ê

4.5 ± 4.7 60 150

7.0 ± 7.8 280 350

For the largest particles, the dependenceHc(T ) is described by
the relation

Hc�T � � Hc�0�
�
1ÿ T

Tb

�0:5

, (15)

derived 321 with the assumption of uniform magnetisation of the
nanoparticle (this cannot be the case when a substantial surface
layer is present). For smaller particles, the role of the surface is
more pronounced and the temperature dependence of the coercive
force has a more complicated pattern (see Fig. 15). Similar
changes in the course of the Hc(T ) curve were observed for
nanoparticles (6 ± 8 nm) depending on the oxidation state of the
surface.392

The estimate of the particle size from the Tb values using the
magnetic anisotropy parameter KV=4.86104 J m73 for the
`bulk' a-Fe almost coincided with the TEM data. The magnetic
anisotropy values of a-Fe particles ranged from 8.46104 to
1.66105 J m73, the KV value decreased with an increase in the
shell thickness. Approximately the same values of magnetic
anisotropy for iron nanoparticles were reported in other publica-
tions.121, 221, 392

The dependence of the coercive force on the temperature
provides one more way for the determination of the blocking
temperature.248, 330, 393 Figure 16 shows the temperature depend-
ences of the saturationmagnetisationMs and the coercive forceHc

for iron nanoparticles with a diameter of 5 ± 10 nm in a silicon
nitride matrix.393 It can be seen that at low temperatures, the
coercive force is well described by relation (15), whereas near Tb

(at 100 K), determined by extrapolating Hc(T 0.5) to zero, the
experimental Hc values markedly deviate from those calculated
using relation (15). This may be due to the size spread of the
particles or with strong interparticle interactions.248 Note that the
dependence of the saturation magnetisation Ms of these particles
on temperature is well described by relation (14) 393 over the whole
temperature range because inside a nanoparticle, the magnetic
order is retained even at T44Tb. This method for determination
of the blocking temperature from the Hc(T ) dependence is
especially convenient in the case where Tb is much higher than
room temperature. This was demonstrated 330 using a cobalt
nanoparticle in the polyethylene matrix.

The influence of modification of nanoparticles on their
magnetic properties was also studied for `layered' particles
obtained by the reverse micelle method.394 In the Fe ±Au particles
consisting of a ferromagnetic iron core (8 ± 10 nm) and an Au
shell, a shell thickness of 2 ± 3 nm did not influence the blocking
temperature (*50 K) or coercive force (*400 ê) to within the

}The crystal structure of the particles and almost complete absence of

oxide phase were proved by powder X-ray diffraction.

}The decrease in the saturation magnetisation of ferro-, ferri- and

antiferromagnetic nanoparticles with respect to bulk samples, which is

observed in experiments almost in all cases, is usually attributed to off-

orientation of the atomicmagneticmoments in the particle.121, 386 For iron

nanoparticles, the decrease in magnetisation is often correlated with an

increase in their oxidation state. The magnetisation of a-Fe nanoparticles
was found 119 to be 95 S cm3 g71 and the magnetisation of Fe3C nano-

particles obtained in the same way (thermal decomposition of OMC) was

132 S cm3 g71. For bulk samples, an opposite relationship between the

magnetisations is observed (220 for a-iron and 14 s cm3 g71 for iron

carbide). This inversion was attributed 119 to different susceptibilities of

these two types of nanoparticles to oxidation (the a-Fe particles are more

oxidised at the surface).
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Figure 15. Coercive force Hc vs. temperature T for the iron nanoparticles

in the Al2O3 matrix.391 Average particle size /nm: 4.5 (1), 7.0 (2), 9.0 (3).
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error of measurements. Approximately equal values of Tb andHc

were observed for nano-sized `onion' particles consisting of an Au
core and a Fe shell, which is in turn coated by gold 394 (Fig. 17).
On the basis of these data, it was concluded that the contact with
gold does not have any noticeable influence on the magnetic
properties of Fe nanoparticles.394 Note that nickel particles
(*700 nm) coated by palladium (*10 nm) demonstrate, con-
versely, a marked (approximately twofold) growth of the coercive
force compared to that of Ni particle devoid of this shell.395 This

might be due to the polarising magnetic effect of palladium atoms
with respect to the ferromagnetic matrix.349

XI. Further prospects for the study of magnetic
nanoparticles

The fields considered above do not exhaust all possible aspects for
the use of magnetic nanoparticles and nanomaterials. In partic-
ular, further development of electronics will be largely related to
the use of magnetic nanoparticles. This is indicated by numerous
works on spinotronics Ð a new field of electronics dealing with
charges and spins.371, 372, 396 In recent years, considerable atten-
tion has been devoted to nanostructures based on magnetic
semiconductors.397 This is due to the prospects opened by the
use of not only the charge of the current carriers (electrons and
holes) in electronic semiconductor materials but also the magnetic
moments directly related to the spin. Spin ± orbit coupling may
become an important tool for the control of magnetic character-
istics in nanostructures.398 It is expected that the use of the
magnetic moment of the charge carrier would markedly extend
the scope of the design of new electronic devices,399 in particular,
this would help to solve the problem of non-volative superdense
magnetic memory (MRAM Ð Magnetic Random Access Mem-
ory) which is not subject to wear on recording and reading
operations.400, 401

Several groups of currently studied physical phenomena that
may find application in spinotronics can be distinguished:

Ð dependence of the electrical conductivity of a uniform
material on an external magnetic field: anisotropic magnetoresist-
ance (AMR) in thin ferromagnetic films (for example, in permal-
loy), giant magnetoresistance (CMR) in manganites;

Ð giant magnetoresistance (GMR) in structures with alter-
nating layers of ferromagnetic and paramagnetic (or antiferro-
magnetic) metals and granulated structures;

Ð tunnelling magnetoresistance (Spin Depending Tunnel-
ling) in layered structures containing a paramagnetic (or anti-
ferromagnetic) dielectric between layers of the ferromagnetic
metal;

Ð injection of spin-polarised current carriers from a ferro-
magnetic material into a non-magnetic one;

Ð mutual influence of the magnetism and the density of
various charge carriers in ferromagnetic semiconductors.

Many magnetoelectronic effects can be interpreted using the
Mott ±Campbell ± Fert model according to which electrons with
opposite spins are not mixed in scattering processes in a ferro-
magnet (two-current model). Since the density of the electron
states depends appreciably on the spin, the probability of tran-
sition of a conduction electron between regions in a ferromagnet
can be varied by changing their magnetisation. Thus the proba-
bility of transition between regions with a parallel orientation of
the magnetisation vectors is higher (the electrical resistance is,
correspondingly, lower) than that for the antiparallel orientation.

Study of the mutual influence of the magnetism and the
electrical conductivity in ferromagnetic semiconductors (for
example, ZnO±Mn) is a more complicated task. In these systems,
the charge carriers are simultaneously mediators of the magnetic
interaction between the localised magnetic moments of transition
metal ions. By changing the concentration of the charge carriers
(for example, by injection), one can control the strength of the
magnetic interactions and, hence, the magnetic properties of the
material, for example, magnetisation, which can affect the con-
ductor resistivity.

Although the calculations show that the p-type magnetic
semiconductors based on ZnO or GaN with 5%Mn and a charge
carrier density of 3.561020 cm73 can form the basis of a material
with TC >300 K,397 no ferromagnetic semiconductors with a
Curie temperature higher than room temperature have been
obtained as yet.402 Numerous accounts concerning overcoming
this barrier for various compounds have not been reliably sub-
stantiated. The recognised record in this field now belongs to the
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0 1000 2000 3000 T 1.5 /K1.5

Ms /G cm3 g71 a

0 4 8 12 T 0.5 /K0.5
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Hc /ê b

400

200
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2

Figure 16. Temperature dependences of the saturation magnetisation Ms

(a) and coercive force Hc (b) for iron nanoparticles (with a diameter of

*5 ± 10 nm) in the silicon nitride matrix.393

The dots show the experimental data and the lines correspond to

calculations in terms of the simple spin wave model; dots 1 and 2

correspond to two samples obtained under roughly the same conditions

(given for evaluation of reproducibility of the results).

15 nm

Au core

Au core

Fe shell

Core ± Shell

Figure 17. Micrograph of nanoparticles having the `onion' nanostruc-

ture.394
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GaMnAs semiconductor with TC=110 K.403 Ferromagnetism
above room temperature was discovered in the Co ±ZnO, Fe,
Cu ±ZnO, V ±ZnO and Co±TiO2 samples (films or bulk sam-
ples); however, the obtained data are not perfectly reproduci-
ble.402 The GaMnN, ZnO±Mn and Co ±TiO2 systems and other
oxide semiconductors have also been mentioned as promising
materials.403, 404 For nanoparticles of this class, optical studies
have been mainly carried out,405, 406 while their magnetic proper-
ties have not been adequately studied.

Yet another problem of spintronics is the appearance of
barriers at the boundaries between the layers with different
magnetic or electric properties, which prevent realisation of
spin ± polarisation effects.

Some of the phenomena listed above have already been
implemented in the GMR sensors (used, in particular, in the
read heads of hard discs) 371 and in the first MRAM chips.407

However, most of the enormous number of the proposed magne-
toelectronic devices (spin filters, diodes, transistors) have not been
implemented even on a laboratory scale (for example, Datta-Das
spin-field-effect transistor). Some other (for example, the SPICE
transistor) have been implemented as laboratory specimens, but
not brought to a level of practical application as yet.408

The magnetic properties of nanoparticles can also prove quite
useful for the design of quantum computers.409, 410

A revolutionary achievement is the design ofMRAMchips.401

This type of memory appears to be universal, because it surpasses
the existing types of memory (SRAM, DRAM, FLASH, FRAM)
in all important characteristics. The MRAM devices are able to
compete successfully with hard discs, because at a comparable (in
the future) recording density they do not contain moving parts.
An especially attractive feature of the MRAM is non-volatility
and wear resistance (infinite number of recording and reading
events). Currently existing MRAM specimens with a 4 Mbit
capacity are based on 0.18 mm CMOS technology with a record-
ing and reading time of 25 ns 411 and magnetic cells based on a
magnetic tunnelling transition (MTJ).

To increase the recording density and decrease the current, it is
most expedient to use ring magnetic cells.412, 413 Their advantage
over particles of other shapes is in the higher stability of the
magnetic eddy configuration due to the absence of boundary
distortions of themagnetic structure. This, in particular, can result
in a decrease in the superparamagnetic limit, which would allow
the use of particles of theminimum possible size. Amethod for the
formation of ring cells on the silicon surface by means of electron
lithography and subsequent molecular-beam epitaxy has been
proposed.413 The minimum inner diameter of particles obtained
by this technique was 100 nm. A decrease in the particle size to
10 nm can increase the recording density to 400 Gbyte in72,
which is comparable with the recording density limit predicted
for hard discs.412

Thus, by changing the morphology of nanoparticles (size,
shape, composition, core ± shell relationship, particle arrange-
ment in the matrix), one can influence their magnetic character-
istics. The crystal structure of the core and shell of the particle can
be changed by heat treatment (annealing) or other methods of
targeted change of nanoparticle properties. Complex particles
have been obtained with regions responsible for different proper-
ties (for example, the magnetic nucleus and the biologically active
shell) clearly separated in space and particles with extremal spatial
characteristics (hyperplanar and ultrafine particlesÐ nanowires).
In some cases, valuable characteristics appear due to the lucky
combination of the properties of particles and the matrix contain-
ing them (elastic exchange magnets, see Section IX).381, 414

However, the science of magnetic nanoparticles still has a
broad spectrum of unsolved theoretical and practical problems.
We would like to mention some of them.

A quantitative theory for the internal magnetic structure of
nanoparticles is still lacking. The experience of using the simple
theory of single-domain particles developed in the main in the
mid-20 century by Neel and Brown shows that the model of

uniform (collinear) magnetisation of a nanoparticle without
splitting into domains does not necessarily correspond to the real
situation.312 Since the solution of the static problem of distribu-
tion of magnetic moments in a nanoparticle is rather complicated,
it is not surprising that a more complex dynamic task on nano-
particle magnetisation reversal is far from being solved.

Onemore practical problem which remains unsolved and thus
holds up approaching the natural limit of the magnetic memory
density is the insufficiently large (much lower than the theoretical
value) coercive force of the nanoparticles suitable for the use in
hard discs for technological reasons. Apparently, this is due to the
complex internal magnetic structure of real nanoparticles.

The design of new highly ordered functional nanostructured
composite materials with enhanced properties requires the devel-
opment of effective methods for nanoparticle organisation. The
future research will be aimed at development of the approaches to
the synthesis of composite nanoparticles characterised by a set of
practically valuable properties (magnetic, electrical, optical).
Undoubtedly, magnetic nanoparticles would also find application
in other fields, of which nanobiotechnology is expected to become
most important. The possible use in biology and medicine, for
example, as magnetic biomarkers, anticancer drugs, etc.269, 276, 277

XII. Conclusion

Magnetic nanoparticles play an important role in the rapidly
developing branches of science specialising in the study of objects
(existing in nature or, more often, artificially produced) with
nano-sized structural blocks. Despite the fact that the extensive
use of magnetic nanoparticles (especially for biological applica-
tions 415) and nanomaterials containing them is delayed by the
difficulty of producingmaterials with a narrow size distribution of
particles and stable reproducible characteristics and the high cost
of their large-scale production,416 such nanoparticles are used
more and more often in the everyday practice. Some companies
have already arranged the manufacture of the first samples of
nanomaterials. In our opinion, it is time for extensive search for
the ways of practical use magnetic nanoparticle.
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Support Foundation and the programs of the fundamental
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