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Preface

The development, characterization, and technological exploitation of new materials,
particularly as components in ‘smart’ systems, are key challenges for chemistry and
physics in the next millennium. New substances and composites including nano-
structured materials are envisioned for innumerable areas including magnets for
the communication and information sectors of our economy. Magnets are already
an important component of the economy with worldwide sales of approximately
$30 billion, twice those of semiconductors. Hence, research groups worldwide are
targeting the preparation and study of new magnets especially in combination with
other technologically important features, e. g., electrical and optical properties.

In the past few years our understanding of magnetic materials, thought to be
mature, has enjoyed a renaissance as it has been expanded by contributions from
many diverse areas of science and engineering. These include (i) the discovery of
bulk ferro- and ferrimagnets based on organic/molecular components with critical
temperature exceeding room temperature, (ii) the discovery that clusters in high, but
not necessarily the highest, spin states because of a large magnetic anisotropy or zero
field splitting have a significant relaxation barrier that traps magnetic flux enabling a
single molecule/ion (cluster) to act as a magnet at low temperature; (iif) the discov-
ery of materials with large negative magnetization; (iv) spin-crossover materials with
large hysteretic effects above room temperature; (v) photomagnetic and (vi) elec-
trochemical modulation of the magnetic behavior; (vii) the Haldane conjecture and
its experimental realization; (viii) quantum tunneling of magnetization in high spin
organic molecules; (ix) giant and colossal magnetoresistance effects observed for
3-D network solids; (x) the realization of nanosized materials, such as self-organized
metal-based clusters, dots and wires; (xi) the development of metallic multilayers and
(xif) spin electronics for the applications. This important contribution to magnetism
and more importantly to science in general will lead us into the next millennium.

Documentation of the status of research, ever since William Gilbert’s de Mag-
nete in 1600, has provided the foundation for future discoveries to thrive. As one
millennium ends and another beckons, the time is appropriate to pool our growing
knowledge and assess many aspects of magnetism. This series, entitled Magnetism:
Molecules to Materials, provides a forum for comprehensive yet critical reviews on
many aspects of magnetism which are on the forefront of science today. This third
volume reviews the current state of the art in the field of “nanosized materials”,
including both metallic and organometallic compounds, experimental as well as the-
oretical points of view.

Joel S. Miller Marc Drillon
Salt Lake City, USA Strasbourg, France
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1 Nanostructured Magnetic Materials

Charles J. O’Connor, Jinke Tang, and Jian H. Zhang

1.1 Introduction

This survey will critically discuss recent advances in the synthesis, properties and
applications of magnetic materials with nanoscale dimensions. Consideration of the
different preparative techniques will be followed by a discussion of novel properties
and applications likely to fuel research in the coming decades.

1.2 Synthesis

In general, synthetic methods for the fabrication of magnetic materials with
nanometer-scale dimensions can be classified into two categories — synthesis from
molecular precursors, as with most chemical methods, and synthesis by processing of
bulk precursors, for example mechanical attrition. Nanostructured materials can be
effectively fabricated by inert gas condensation, pyrolysis, crystallization of amor-
phous precursors, molecular self-assembly, mechanical alloying, electrolytic plating,
plasma deposition, and varieties of solution techniques. Many synthetic techniques
developed in the other fields, for example ceramics, electronic materials, catalysts,
etc., are applicable to the fabrication of nanostructured magnetic materials. Books
are available covering a variety of synthetic techniques [1-5] and numerous review
articles on the subject have been published, including one focusing on nanostructured
magnetic materials [6]. By use of these techniques many types of nanostructured
magnetic materials have been synthesized, including metalliciron, cobalt, nickel, and
their alloys, soft and hard ferrites, soft and hard magnets, ferrofluids, and nanocom-
posites. Because multilayer magnetic materials have been extensively studied in
recent years they are not included in this survey, which focuses on synthetic methods
for the preparation of nanoparticles and nanocomposites.

Chemical methods, in particular, solution routes, are widely used for the fabri-
cation of nanoparticles and nanocomposites. Some of the most frequently used are
precipitation, reduction, pyrolysis, the aerogel-xerogel process, reverse micelle mi-
croemulsion, etc. This is partly because of the mild reaction conditions and the less
expensive equipment needed. It has been observed that the fabrication technique
used has a large influence on the magnetic properties of the nanoparticles obtained,
even though they have the same grain size. For example, the reaction temperature
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in the fabrication of spinel ferrites affects not only the size and morphology of the
particles, but also the relative distribution of magnetic ions on tetrahedral and octa-
hedral sites. As a result the magnetic properties might be significantly altered. Some
chemical techniques, for example reverse micelle synthesis, enable substantial con-
trol over the size and size distribution of particles. Many old chemical methods have
been continuously modified for more effective synthesis. This article surveys recent
applications of the synthetic techniques used to prepare nanostructured magnetic
materials, with emphasis on solution chemical reactions.

1.2.1 Inert Gas Condensation

One early method for producing nanostructured materials was inert gas conden-
sation from a supersaturated vapor. During inert gas condensation the volatilized
monomers are aggregated into clustered by collisions with cold inert gas atoms. This
method can be used to prepare nanoparticles of elements, alloys, compounds, and
composites. This technique has a few advantages — it can furnish high-purity nanopar-
ticles and it can be used for direct production of films and coatings. Its disadvantage
is that it is difficult to produce as large a variety of nanostructured materials as is
possible by simpler chemical methods. To produce nanoparticles from the vapor it is
necessary to achieve supersaturation. The methods used to produce a supersaturated
vapor include thermal evaporation, sputtering, electron beam evaporation, or laser
ablation. Some of the most recent synthetic studies using vaporization—condensation
processes are introduced here.

Nanoparticles of Fe, Co, and Ni prepared by the inert gas condensation method
have different amounts of surface oxidation. Much research has been published on
the study of the magnetic interaction between metal core and surface oxide on sam-
ples prepared by the inert gas condensation technique [7, 8]. Typically, nanoparticles
of iron were prepared by evaporating iron in a tungsten boat at 1500°C into high
purity helium gas at 1 Torr. Upon collision with the inert gas atoms the evaporated
atoms lost kinetic energy and condensed as ultrafine powders that accumulated on
a cold finger. Passivation was achieved by dosing with oxygen before opening the
chamber to air. Detailed low-temperature magnetic study of nanoparticles of iron
coated with iron oxide revealed the occurrence of an exchange anisotropy effect be-
tween the ferromagnetic core and the iron oxide in the spin-glass state [7]. Normally
X-ray diffraction showed the shell oxides of as-synthesized samples to be amorphous.
Subsequent annealing at temperatures up to 300 °C resulted in iron oxide thickness
of 4-10nm. Thus the core-shell structure («-Fe/y-Fe;O3, FezO4) formed could be
used to study magnetic coupling [8].

It is difficult to produce a large quantity of ultrafine particles economically by
traditional inert gas condensation techniques. Recently, a modified method called
the activated hydrogen plasma—-molten metal reaction method has been used for
continuous preparation of ultrafine (20-30 nm) particles of Fe, Ni, and Fe-Ni alloys
in a large scale [9]. In this method, the metals are evaporated by arc discharge into
a circulating gas mixture of Hy and Ar, which carried away the generated particles
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into a collector. It was observed that ultrafine Fe—Ni particles are more resistant to
oxidation than Fe and Ni particles. A nanocomposite of iron oxide and silver was
fabricated by inert gas condensation [10]. The procedure involved:

(i) co-evaporation of silver and iron into helium gas;
(ii) in-situ oxidation of iron particles;
(iii) in-situ compacting of the particles; and
(iv) post-annealing in an inert or an oxidizing atmosphere.

Variation of the helium gas pressure between 0.1 and 10 Torr enabled control of
the size of the nanoparticles. Ten-nanometer particles were obtained at 0.1 Torr.
The magnetic species was identified as y-Fe,Os3 after the post-annealing treat-
ment, whereas Fe and Fe3Oy4 coexist in the as-prepared loose powder and the as-
compacted pellet. The nanocomposite was superparamagnetic with blocking tem-
peratures >150K.

The laser vaporization of metal targets has been combined with controlled con-
densation in a diffusion cloud chamber to produce varieties of metal oxide and metal
carbide nanoparticles, depending on the reactant gas present in the chamber [11].
In laser vaporization a high-energy pulse laser with an intensity flux of approxi-
mately 10°~107 W em~2 is focused on a metal target. The resulting plasma causes
highly efficient vaporization so that the density of the local atomic vapor can exceed
10'® atoms cm~3 (equivalent to 100 Torr pressure) in the microseconds after the
laser pulse. Nanoparticles of iron oxides (y-Fe; O3, Fe304) with a mean diameter of
approximately 6 nm have been prepared by laser vaporization of iron in a helium
atmosphere containing different concentrations of oxygen. All were superparamag-
netic with blocking temperature ranging from 50 K to above room temperature. The
significant advantage of laser vaporization is the possibility producing high-density
metal vapor in an extremely short time (1078s), and generating directional high-
speed metal vapor from a metal target for direct deposition of the particles. Ultrafine
particles (20-30nm) of Fe, Ni, and Fe-Ni alloys have recently been prepared on a
large scale by use of a modified method called the activated hydrogen plasma—-metal
reaction method. In this method, the metals were evaporated by arc discharge into a
circulating gas mixture of Hy and Ar. It was observed that ultrafine Fe—Ni particles
were more resistant to oxidation than Fe and Ni particles.

1.2.2 Water-in-oil Microemulsion Method

Nanoparticle synthesis by use of the water-in-oil microemulsion technique was first
reported by Boutonnet et al., who prepared 3-5nm noble metal particles in 1982
[12]. Water-in-oil microemulsions, also known as reverse micelles, have been used
to synthesize a variety of nanostructured materials, for example nanoparticles of
silver halides, superconductors, and magnetic oxide [13]. Reverse micelles are nan-
odroplets of water sustained in an organic phase by a surfactant that can hold and
dissolve inorganic salts. The inorganic salts are then converted to an insoluble in-
organic nanoparticle after chemical reaction and removal of water. The chemical
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reactions that occur in the reverse micelles can be precipitation or reduction reac-
tions, depending on the products desired.

In the precipitation reaction, two reverse micelles containing the constituent ions
of a precipitate come in contact to each other upon mixing; this results in the for-
mation of the precipitate. On the other hand metal cations in the aqueous phase of
the reverse micelles can be reduced to metallic nanoparticles by adding a reducing
agent such as hydrazine or sodium borohydride. The most frequently employed sur-
factants are sodium bis(2-ethylhexyl)sulfosuccinate (NaAOT), cetyltrimethylammo-
nium bromide (CTAB), and didodecyldimethylammonium bromide (DDAB). The
advantage of this method is that control of the physical and chemical properties of
the reverse micelle and microemulsion systems enables great control over particle
size with a narrow size distribution and shape.

Precipitation reactions with reverse micelles as templates are suitable for the syn-
thesis of nanoparticles of magnetic oxides. Several groups have synthesized nanopar-
ticles of hexagonal barium ferrite (BaFe{,019) by use of different microemulsion
systems. Synthesis of barium ferrite involves two steps, preparation of nanopar-
ticles of a precursor then calcination of the precursor to barium ferrite. Pillai et
al. [13] employed a water—-CTAB-n-butanol-n-octane system in which the aqueous
cores (typically 5-25 nm in size) were used as constrained microreactors for the co-
precipitation of precursor carbonates (typically 5-15 nmin size). The carbonates thus
formed were separated, dried, and calcined at or above 950°C to form nanoparti-
cles of barium ferrite. Nanoparticles of barium ferrite with a narrow size distribution
were also synthesized from an alcohol-in-oil microemulsion system [14], in which the
metal ions were supplied in the form of the surfactants Fe(AOT); and Ba(AOT),.
A monodisperse, fine-gained Ba-Fe oxalate precursor was ensured by the reverse
micelle structure, while the non-aqueous environment promoted stoichiometric co-
precipitation. Pure barium ferrite particles were obtained by calcining the oxalate
precursor at or above 950°C.

A series of nanoparticles of spinel ferrites, y-Fe;O3 and MFe;O4 (M = Fe, Co,
Ni, and Mn), has been prepared by use of the reversed micelle method. Pileni et al.
synthesized 2-5 nm cobalt ferrite particles by controlling the reactant concentrations
in the water—-CH3NH3OH-Co(IT) dodecyl sulfate-Fe(IT) dodecyl sulfate system [15,
16]. By use of this method it was possible to obtain the particles either suspended in
the solvent to form a ferrofluid or as a dry powder. The particle size decreased as the
total reactant concentration was reduced. The magnetic behavior of cobalt ferrite
nanoparticles as the dry powder differed strongly from those as a ferrofluid, because
of strong interaction between the particles. Magnetic measurement revealed that the
reduced remanence, M;/ Ms, and the coercivity, H, increased with increasing anneal-
ing temperature. This was attributed to the increase in particle size and to the release
of the adsorbed surfactant to the particle interface. O’Connor’s group has synthe-
sized nanoparticles of FezO4, CoFe;04, and MnFe,O4 with an average size of Snm
by use of metal aqueous solution—-AOT-isooctane reverse micelle systems [17, 18].
In a typical preparation, NH4OH-AOT solution was added into the reverse micelle
system while stirring; Mn?*, Fe’*—~AOT-isooctane systems, for example, were used
to prepare MnFe;O4. The metal hydroxides were precipitated and oxidized to the
ferrite within the nanosized micelles. Adding either H> O, solution or excess aqueous
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ammonia solution (NH4OH) facilitated the oxidation. It was observed [18] that the
processing conditions affected the distribution of manganese cation at the octahe-
dral and tetrahedral sites. The presence of H,O5 or a surplus of NH4OH resulted in
an increase in the concentration of manganese, whereas the use of a stoichiometric
amount of NH4OH produced the stoichiometric manganese ferrite. In all Mn-ferrite
nanoparticles, however, the manganese cation had a preference for octahedral site
occupancy compared with bulk Mn ferrite.

In an attempt to improve the crystallinity of ferrites, John et al. developed a self-
assembling organohydrogel containing the water—AOT-lecithin—isooctane reverse
micelle system to synthesize 15-25nm y-Fe;O3 and CoFe;Qy4 particles [19]. Be-
cause of the slower diffusion of ion species through the gel medium during crystal
growth, the nanoparticles were more crystalline, and thus their coercivity was higher
than that of particles of the same size but prepared in regular reverse micelle sys-
tems.

Nanoparticles of metals and alloys have been synthesized by ion reduction in the
reverse micelles. Pileni et al. synthesized nanoparticles of Cu, Co, and Fe—Cu alloy
by reduction of the so-called functionalized surfactants Fe(AOT),, Co(AOT),, and
Cu(AOT); [20]. Cu particles (2-12nm) were synthesized by use of the quaternary
system Cu(AOT),-Na(AOT)-water—isooctane and hydrazine as a reducing agent.
The size and shape of pure Cu particles were strongly correlated with the structure
of the mesophase in the surfactant system. The size of the spherical Cu particles in-
creased with increasing water-to-surfactant ratio, w (= [H,O]/[AOT])). Further study
has shown [21] that the shape of copper particles could be controlled by changing
the [H,O]/[AOT] ratio during reduction with hydrazine of the Cu(AOT); in water—
isooctane solution. Spherical particles were formed when the [H, O]/[AOT] ratio was
very low or high, because of the formation of reverse micelles, whereas cylindrical
particles tended to be formed at some intermediate ratios, because of the formation
of bi-continuous phases.

When the quaternary system Co(AOT),-Na(AOT)-water—isooctane with
NaBHy4 as reducing agent was used to prepare Co nanoparticles the size decreased
with increasing water content as a consequence of the formation of an oxide shell
which prevented particle growth [20]. Nanoparticles of Fe-Cu alloys have been
formed by a reaction between Fe(AOT),-Cu(AOT)-isooctane reverse micelle solu-
tion and NaBH,4 aqueous solution [20]. Particles of bee a-Fe (10-100 nm) coated by
an amorphous Fe;_, B, alloy have been formed by a reaction between Fe(AOT),—
isooctane reverse micelles and NaBH4 aqueous solution [22].

In addition to the functionalized surfactants that act both as surfactants and as
sources of metal in metal and alloy syntheses, other surfactants, for example dido-
decyldimethylammonium bromide (DDAB) and cetyltrimethylammonium bromide
(CTAB), have also successfully been used to synthesize nanoparticles of metals such
as cobalt. Lin et al. fabricated cobalt nanoparticles by NaBH, reduction of cobalt
chloride in DDAB-toluene solution, and studied the effect of reaction temperature
on particle size and morphology [23]. Low reaction temperatures yielded small spher-
ical particles whereas high reaction temperatures resulted in clusters. In an attempt
to control the size and size distribution of cobalt nanoparticles precisely, without
formation of clusters, the germ-growth method in DDAB-toluene-CoCl, system
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with NaBHy as reductant was developed. In this synthesis sequence uniform seed
particles with a mean size of 3.8 nm in the form of a colloid were first synthesized at
low temperature. Further Co?*t solution was slowly added into the reverse micelle
system, followed by addition of NaBH4 solution to enable the particles to grow [24].
O’Connor et al. used water—-CTAB-1-butanol-octane reverse micelle solution and
NaBHy4 as reductant to synthesize nanoparticles (15nm) of Co, CoPt, and CoPt;
[25].

Nanoparticles of iron and cobalt are very active and readily oxidized. To pre-
vent oxidation they can be coated with inert metals to form the so-called core—shell
structure. Synthesis of core-shell nanoparticles by use of the reverse micelle mi-
croemulsion method is conducted in a two-stage process. First, the core particles
are synthesized in the reverse micelle medium by reduction of the metal ion with
NaBHy. This is followed by addition of an aqueous solution containing silver or
gold ion to effect the coating. Iron particles (40-50 nm) coated with Ag have been
prepared by use of this method [26] and O’Connor’s group has synthesized Fe/Au
core—shell nanoparticles with precisely controlled core size (8§ nm) and coating thick-
ness (2-3nm) [27]. The magnetic core materials were synthesized in the reverse mi-
celle medium by reduction of FeSO4 with NaBH4; this was followed by addition of an
aqueous solution of HAuCly to effect the gold coating of the nanoparticles. Magnetic
measurements revealed superparamagnetic behavior with blocking temperature of
50K, for uncoated 8-nm iron particles. The blocking temperatures were not affected
by a subsequent gold coating 2-3 nm thick [27].

Synthesis of nanoparticles of antiferromagnets such as NH4sMnF3, KMnFj3, and
NaMnF3 by the reverse micelle microemulsion method has attracted the interest
of those wishing to study nano-antiferromagnetism. All these fluoromanganates
are well known antiferromagnets with Neel temperatures of 80-88 K. Nanoparti-
cles of NH4MnF; were prepared by mixing the water-NH4F-NH4AOT-n-heptane
microemulsion system with the water-Mn(CH3COO);-NH4AOT-n-heptane mi-
croemulsion system, then coagulation with acetone [28]. The mean crystallite sizes
of NH4MnF3 particles were in the range 10-60 nm, depending on the reaction con-
dition — i. e. water/oil ratio, salt concentration, temperature, and the period of time
taken to mix the two microemulsions. O’Connor et al. has synthesized cubic shaped
crystalline nanoparticles of KMnF; with average particle sizes of 13-35nm and very
narrow size distributions (confirmed by TEM). All samples were superparamag-
netic below the ordering temperature, and the blocking temperature increased as
the average size increased; hysteresis was observed below the blocking temperature
[29].

Reverse micelle medium is also suitable for synthesis of polymer—ferrite nanocom-
posites. Recently, John et al. successfully developed a simple method for encapsulat-
ing nanometer-sized iron oxide crystals into micron-sized phenolic polymer particles
to form superparamagnetic microspheres of ferrite—polymer composite [30, 31]. This
method was a two-step process. In the first step, nanoparticles of ferrite were pre-
pared using a normal reverse micelle system as described above. In the second step,
a pre-synthesized polymer (poly(4-ethylphenol) was dissolved in a polar solvent
(acetone), and re-precipitated using a large excess of the reverse micelle solution
containing ferrite nanoparticles as a non-solvent solution. The polymer precipitated
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with spherical morphology and during precipitation ferrite nanocrystals were incor-
porated, and uniformly distributed in the polymer matrix.

1.2.3 Organic/Polymeric Precursor Method

The organic/polymeric precursor approach to nanosize magnetic oxides is of great
interest, because of the overall simplicity of the technique. Varieties of precursor
methods have been developed mainly in the ceramic community. In general, these
methods involve the preparation of a precursor using an organic acid in aqueous
solution which contains all necessary cations in the desired product and combustible
anions. After dehydration at mild temperatures the precursor becomes a dry gel
that is amorphous in nature. The dry gel directly yields the required materials upon
calcination in the presence of air or oxygen. Because the starting materials are ho-
mogeneously mixed on an atomic scale in the solution during precursor preparation,
all the ions in the dry gel are homogeneously fixed in the polymeric matrix with
very short diffusion paths to each other. The formation of a new phase occurs at a
lower calcination temperature, in comparison with conventional solid-state reaction.
The other advantage over other chemical methods such as co-precipitation is that
it is not restricted by the stoichiometry of the product. Thus it is highly suitable for
preparation of highly dispersed mixed oxides and oxide solid solutions. By use of
these methods, ultrafine powders of a large number of spinel, garnet, and perovskite
oxides have been synthesized.

The citrate precursor method, first introduced by Pechini [32], uses citric acid
and ethylene glycol as complexing agents in the formation of precursor. Recently,
Uekawa et al. have demonstrated that the citrate method with alkaline metal ion
doping can be applied to the preparation of thin oxide film [33, 34]. Alkali metal ions
were used to regulate the thermal decomposition process of the cation—citrate com-
plex. Controlling the concentration of alkaline ion in the precursor and the reduction
atmosphere enabled control of the nanostructure of the spinel iron oxide films [34].
With citric acid as the only complexing agent in the solution, a gelatinous precursor
does not precipitate from the solution. The solution containing metal nitrate or ac-
etate and citrate acid is, therefore, dehydrated in a rotary evaporator at temperatures
below 100°C until a dry and transparent gel is formed [35]. Because all the ions are
in the gel, including anions such as nitrate ions or acetate ions, the calcination of
the gel is a complex redox reaction. Study has showed that both the nature of the
anions in the metal salts and the amount of citric acid affect the nanostructure of
particle [36]. By using mixed Ni and Fe tartrates as precursor, Yang et al. synthesized
10-nm nickel ferrite particles [37]. In a detailed study of the thermal decomposition
process by use of DTA/TG and XRD it was found that nickel ferrite was formed in
the temperature range 280420 °C, depending on solution pH in the preparation of
the tartrate precursor from metal salts, tartaric acid, and NH4OH. The higher the pH
used for tartrate treatment the higher was the temperature at which the nickel ferrite
was formed; nickel ferrite formed at the higher temperatures had fewer defects and
was more thermally stable [37].
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In a manner similar to the citrate precursor method, polyacrylic acid can also be
used as a gelating agent to form an amorphous and gelatinous precursor, as described
by Micheli [38]. The polyacrylate precursor method has been employed to synthe-
size nanocrystalline Cu ferrite, Cug sFe; 504; attempts have been made to obtain the
material with all the copper in the monovalent state and occupying tetrahedral sites,
to achieve high saturation magnetization [39]. It was observed that 10 nm particles
of pure phase were formed from the polyacrylate precursor precipitated out of solu-
tions at higher pH and with higher carboxylic group to cation ratio. The calcination
temperature was below 400°C. It was also observed that the saturation magneti-
zation was significantly affected by the solution pH used to stabilize the precursor.
Nanoparticles of LiZn ferrite, Lig 3Zng 4Fe; 304 with a size of approximately 15 nm
were also synthesized with polyacrylate as a precursor and after calcination at 450°C
[40]. All organic or polymeric precursor techniques are the same in p