
 

S32

 

Russian Journal of Inorganic Chemistry, Vol. 47, Suppl. 1, 2002, pp. S32–S67.
Original English Text Copyright © 2002 by Gubin, Spichkin, Yurkov, Tishin.

 

1

 

1. INTRODUCTION

The interdisciplinary field of mesoscopic and
nanoscale systems is important for fundamental phys-
ics, as well as for some new technologies. Nanometer-
sized structures are an intermediate form of matter,
which fills the gap between atoms/molecules and bulk
materials. These types of structures frequently exhibit
exotic physical and chemical properties differing from
those observed in bulk three-dimensional materials.

Advanced heterostructures with nanosized compo-
nents have been the subject of much investigation in
recent years [1–3]. The real advance in this direction is
the development of new functional materials and the
use of novel principles of device functioning. The ten-
dency in the development of high technologies is
toward direct physical and interdisciplinary investiga-
tions in the field of mesoscopic and nanoscale systems.
One way to progress in the field of high-density data
storage systems is to utilize magnetic nanoparticles
(magnetic particles with sizes on the nanometer scale). In
this context, systems of magnetic nanoparticles embed-
ded in various matrices are particularly promising.

Generally, the electrical and magnetic behavior of
nanostructured systems is governed by both the intrin-
sic properties of the nanostructures and their interac-
tions with the matrix. Thus, the magnetic behavior of
the system can be controlled by the size, shape, chemi-
cal composition, and structure of the nanoparticles
and/or by the nature of the matrix in which they are
embedded. However, the preparation of stable mag-
netic nanoscale materials that contain uniformly dis-
tributed nanoparticles (in a specified range of sizes of
nanoparticles with a narrow size distribution) using
conventional techniques is rather difficult. The fabrica-
tion and future utilization of such types of nanosized
systems require using novel technological processes.

The areal data density on magnetic media, espe-
cially hard disk memory, has increased at an astonish-
ing rate over the last three decades (30% per year for
1970–1990, 60% per year since 1990, and up to 100%
per year in recent years). Extrapolating the 60–100%
growth rate leads to bit sizes which clearly cannot be
achieved using current technology [4]. In recent years,
increasing the data storage density has meant decreas-
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ing the number of magnetic grains needed to store a bit
of data from a thousand down to a few hundred and also
decreasing the grain size. Today, the highest density
hard disk drives store up to 120 billion bits (120 Gb) per
square inch of the disk surface. As the bit density
increases, all components of the system—the media,
read head, write head, tracking system, detection and
error correction electronics, etc.—become more diffi-
cult to design and construct. The fabrication of appro-
priate magnetic media is one of the most serious prob-
lems and is the major objective of our investigations.

All magnetic data recording systems are currently
based on the media, which are comprised of a thin sheet
containing small, single-domain, magnetically decou-
pled particles, which switch independently [4]. The
granularity of the medium produces noise, which
becomes unacceptable at small bit sizes. The media
noise is now the primary factor that limits ultra-high-
density magnetic recording systems. Reducing the
grain size, which reduces noise, is a challenge, because
there is a critical size of the thermal instability of mag-
netization [4]. To solve this problem, the particles
should have a strong magnetic anisotropy. The single-
domain status of the particles is important, because it
prevents the undesirable magnetization reversal
through domain wall motion.

All current commercial disk drive systems (exclud-
ing optical memories) operate using continuous granu-
lar media magnetized in-plane, called longitudinal
recording. The magnetic recording industry has an
enormous investment in longitudinal recording tech-
nology and is understandably very reluctant to move to
an alternate technology. A number of disk drive compa-
nies commissioned a study, managed by the National
Storage Industry Consortium (NSIC), to determine the
limit on conventional longitudinal magnetic recording.
The study group concluded that the extension of contin-
uous longitudinal recording to 100 Gbit/in
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 was not
impossible. The study concluded that a grain diameter
of 8 nm, with an appropriately adjusted anisotropy field
(6000 Oe), would meet both the thermal stability and
the signal/noise requirements [4]. Media with an aver-
age grain size of 8 nm should not be extraordinarily
hard to generate, but the model imposes another, very
difficult to achieve requirement on the grain size,
namely, that the grains should be monodisperse. In sum-
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mary, it would not be accurate to say that 100 Gbit/in
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can never be achieved with longitudinal continuous
media, but that to achieve such a density a new technol-
ogy, leading to small (less than 10%) dispersal in grain
size, needs to be invented.

A perpendicular continuous granular material
exhibits a higher thermal stability than longitudinal
media, because the demagnetizing fields are stabilizing
rather than destabilizing and the grains can be larger
since they can be columns, having small in-plane
dimensions, which is important for short bit lengths,
while achieving larger volumes due to a greater media
thickness. Perpendicular magnetic recording has been
extensively studied, but no commercially available sys-
tems presently use perpendicular recording. It seems
problematic that the industry will abandon its enor-
mous investment in longitudinal magnetic recording
technology and plunge into unknown problems associ-
ated with perpendicular recording [4]. Perpendicular
continuous media might well achieve 100 Gbit/in
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 [4],
but very probably would need patterned media to solve
the size dispersion problem. At the same time, as is cur-
rently believed, the patterned media cannot run into
physical limitations until beyond 1 Tbit/in

 

2

 

.

Patterned media, where each bit is a single domain,
make it possible to substantially increase the achievable
bit density. In theory at least, a bit having only one
“grain” may be thermally stable down to a bit volume 

 

n

 

times smaller than that of the bit containing 

 

n

 

 grains.
Patterned media come in several varieties: perpendicu-
larly magnetized rods, thin film islands magnetized
either longitudinally or perpendicularly, etc. There is
also a variety that resembles conventional granular
media, with many grains per bit, but with the grains
generated as a regular array of identical grains, which
solves the grain size dispersion problem.

Recently, three-dimensional superlattices consisting
of monodisperse iron–platinum nanoparticles with
sizes tunable from 3 to 10 nm were synthesized at the
IBM T.J. Watson Research Center (Yorktown Heights,
NY) [5]. First, the monodisperse FePt colloid was
obtained, using oleic acid and oleyl amine as stabiliz-
ers, through reduction of platinum acetylacetonate by a
diol and high-temperature decomposition of iron pen-
tacarbonyl Fe(CO)

 

5

 

 in solution. The composition of the
particles was adjusted by controlling the molar ratio of
iron pentacarbonyl to platinum salt. Then, the particles
were isolated, purified by centrifugation after the addi-
tion of a flocculent (ethanol), redispersed in a nonpolar
solvent, and spread on a substrate, followed by carrier
solvent evaporation. This procedure resulted in the
nanoparticles self-assembling into three-dimensional
superlattices on the substrate surface with a thickness
up to 200 nm. In these structures, nanoparticles were
maintained by oleic acid and oleyl amine capping
groups. For example, for 6-nm Fe

 

50

 

Pt

 

50

 

 nanoparticles, a
hexagonal close-packed three-dimensional array with a
nearest neighbor spacing of about 4 nm or a cubic

packed multilayer structure with about a 1-nm spacing
was observed by transmission electron microscopy. In
the as-synthesized structures, nanoparticles had a
chemically disordered face-centered cubic (fcc) crystal
structure and low blocking temperatures (20–30 K) and
revealed the superparamagnetic behavior at room tem-
perature, which was due to the low anisotropy of the fcc
structure. Annealing at temperatures up to 600

 

°

 

C con-
verted the particles to the high-anisotropy face-cen-
tered tetragonal (fct) crystal phase and transformed
them into room-temperature nanoscale ferromagnets.
The coercivity of these annealed structures depended
on the annealing temperature and duration, as well as
on the Fe : Pt ratio, and could reach up to 6 kOe. The
write/read experiments made on the annealed 120-nm-
thick structure of 4-nm Fe

 

48

 

Pt

 

52

 

 nanoparticles with an
in-plane coercive force of 1800 Oe showed that this
assembly supported magnetization reversal transitions
(bits) at moderate linear densities (up to about 5000
flux changes per mm), which could be read back non-
destructively. Higher recording densities are expected
for thinner structures (down to a few nanometers).
According to the estimations in [5], the nanoparticles in
the Fe

 

48

 

Pt

 

52

 

 sample are characterized by an average
anisotropy constant of 5.9 

 

×

 

 10

 

7

 

 erg/cm

 

3

 

.

The authors of the recent work [6] wrote and read bit
patterns on arrays of square islands cut with a focused
ion beam into granular perpendicular magnetic record-
ing media. Using a static write–read tester, they wrote
square-wave bit patterns on arrays of islands with sizes
between 60 and 230 nm, matching the recording linear
density to the pattern period. These measurements
reveal the onset of single-domain behavior for islands
smaller than 130 nm, in agreement with magnetic force
microscope images.

Our work is focused on the development of a new
technology of fabrication and investigation of the prop-
erties of metal-containing magnetic nanoparticles less
than 10 nm in size and suitable for magnetic and optical
recording.

2. SAMPLE PREPARATION

 

2.1. Methods for Introducing Nanoparticles 
into Polymeric Matrices 

 

2.1.1. Thermodestruction 
of Metal-Containing Compounds

 

Metallic nanoparticles are introduced into the inter-
stices (voids), which naturally exist in every polymer.
These voids arise during the packing of polymer chains,
and are located between the crystalline and amorphous
parts of micro volumes. We used, as a general route, the
thermodestruction of metal-containing compounds
(MCC) in polymeric matrices with various sizes of nat-
ural interstices. Experiments on kinetics showed that
the growth of particles occurs simultaneously in many
interstices throughout the polymer. The number and
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size of the interstices are specific to each polymeric
matrix.

The main method we used to prepare samples con-
taining magnetic nanoparticles in a polymeric matrix
was in situ thermodestruction of MCC. Carbonyls, ace-
tates, alkoxides, formates, and some other classes of
MCC are applicable. An MCC solution in a volatile sol-
vent is added to a melt of a polymer in mineral oil at the
temperature up to 320

 

°

 

C. In the reaction mixture, the
chemical reaction of MCC decomposition takes place.
At a sufficiently high supersaturation, homogeneous
nucleation results in the formation of nanoparticles in
polymer interstices. Nucleation is followed by the par-
ticle growth, which is restricted by the dimension of
polymer interstices. A polymer interstice, in this case,
can be regarded as a “nanoreactor” where a nanoparti-
cle forms. In the interstice, the volatile solvent evapo-
rates and metal salt nucleation with one or more solid
phases takes place. This is followed at higher tempera-
tures by the decomposition of the metal salts in the par-
ticles to form reaction intermediates. As the reaction
proceeds, these intermediates diffuse into each other
and react to form the nanoparticle with the desired
composition.

To obtain the samples by this method, an apparatus
for rapid thermal decomposition of MCC was used.
The schematic diagram of this setup is shown in
Fig. 2.1. During the sample preparation process, an
appropriate amount of a polymer was placed in reaction
vessel 

 

1

 

 and refined mineral oil was poured into the ves-

sel up to 2/3 of its volume. The vessel can be heated up
to 320

 

°

 

C, depending on the type of polymer. The inert
gas argon is fed into the reaction vessel until air was
completely removed and the entire process is per-
formed in an argon flow. The required temperature is
controlled by thermocouple 

 

4

 

. To provide a better
homogeneity of the reaction mixture, electric stirrer 

 

2

 

was used (with a speed of about 1000 rpm). When the
polymer was completely melted in the oil, the solution
of the MCC was added through dose device 

 

9

 

 from ves-
sel 

 

8

 

 to the reaction mixture. The reaction mixture was
held at a required temperature for about 1 h and cooled
to room temperature. In some cases during cooling, the
experimental apparatus was placed between the poles
of a permanent magnet and the magnetic field strength
was changed by adjusting the distance between the
magnet poles.

The resulting material was washed with an organic
solvent (benzene, hexane) for 12 h at 50

 

°

 

C in order to
remove remnant oil and then dried. The resulting dark
friable powder was used in further investigations. The
metal component content of the samples was deter-
mined by the MCC concentration (relative to the poly-
meric matrix) in the reaction mixture and also was
monitored by elemental analysis of the samples.

High-pressure polyethylene (PE), syndiotactic and
isotactic polypropylene (PP), and polyamide (PAMD)
were used as the polymeric matrix in our investigation.
In PE and PP, macromolecules are bonded together by
van der Waals forces. However, PP is characterized by
a more rigid crystal structure with a lower amorphous
phase content. In contrast to PE and PP, PAMD macro-
molecules are linked by rigid chemical bonds. PAMD
is denser and harder than PP and PE, with amorphous
regions being almost entirely absent. The melting
points of PAMD, PE, and PP are at about 270, 105, and
160

 

°

 

C, respectively.
For some compositions, pellets (plates) about 3 cm

in diameter and about 1 mm in thickness were formed.
To do this, a powder was put into the appropriate form
and pressed under 100 atm at about 150

 

°

 

C.

 

2.1.2. Electrosparking of Metals 
and Alloys in Styrene

 

Electrosparking dispersion of alloys of a necessary
composition in a monomer results in the formation of
corresponding nanoparticles, each of which is covered
by a thin film of a polymer. This method has been epi-
sodically used to prepare samples containing nanopar-
ticles of complex composition. For example, to prepare
samples with NdFeB nanoparticles, we used the elec-
trosparking apparatus schematically shown in Fig. 2.2.
The apparatus consists of direct current power source 

 

4

 

,
loading resistor R, capacitor C, thin electrode 

 

2

 

 and
massive electrode 

 

1

 

 made of the NdFeB permanent
magnet. Both electrodes are immersed in styrene. The
nanoparticles are formed as a result of electric erosion
in the course of spark discharge between the electrodes
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Fig. 2.1. 

 

Schematic diagram of the high-velocity thermal
decomposition apparatus: (

 

1

 

) reaction vessel; (

 

2

 

) stirrer with
electromotor (

 

3

 

); (

 

4

 

) thermocouple placed in the protective
enclosure (

 

5

 

); (

 

6

 

), (

 

7

 

) inlet and outlet tubes for argon,
respectively; (

 

8

 

) vessel with an MCC solution; and (

 

9

 

) dose
device.
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in a dielectric medium (monomeric styrene). Immedi-
ately after a particle is formed, a shell of styrene atoms
covers its surface and prevents its agglomeration with
other particles. Thus, electrosparking results in a fluid
with dispersed nanoparticles. Styrene evaporation leads
to the formation of a black powder containing about
90 wt % of NdFeB particles.

 

2.2. Preparation of Nanoparticles 
with Necessary Composition 

 

2.2.1. Homometallic Nanoparticles

 

To obtain iron nanoparticles in a polymeric matrix,
thermodestruction of Fe(CO)

 

5

 

 was used. Thermode-
struction (at 240

 

°

 

C for PE and PP and at 320

 

°

 

C for
PAMD) involves the following reactions:

Fe(CO)

 

5

 

  Fe + 5CO (the main reaction),

Fe(CO)

 

5

 

  Fe

 

2

 

O

 

3

 

 + CO + C,

Fe(CO)

 

5

 

  FeO + CO + C,

Fe(CO)

 

5

 

  FeC + CO + CO

 

2

 

.

In some cases, Fe-containing samples with the PE
matrix were prepared by thermodestruction of iron for-
mate Fe(HCOO)

 

3

 

 at 230

 

°

 

C:

Fe(HCOO)

 

3

 

  Fe + H

 

2

 

O + CO

 

2

 

 + CO.

Nickel nanoparticles were formed in the PE matrix
upon the thermodestruction of nickel acetate at 240

 

°

 

C:
Ni(CH

 

3

 

COO)

 

2

 

  Ni + CO

 

2

 

 + C

 

2

 

H

 

6

 

.

To prepare cobalt nanoparticles in the PE matrix, the
thermodestruction of cobalt formate at 300 and 240

 

°

 

C
was used:

Co(HCOO)

 

2

 

  Co + H

 

2

 

O + CO

 

2

 

 + CO.

To prepare samples containing various oxide nanopar-
ticles in the PE matrix the following reactions were car-
ried out:
(a) for Fe

 

2

 

O

 

3

 

 nanoparticles (thermodestruction of iron
acetate at 240

 

°

 

C),
Fe(CH

 

3

 

COO)

 

3

 

  Fe

 

2

 

O

 

3

 

 + CO + CO

 

2

 

 + H

 

2

 

O;

(b) for CoO nanoparticles (thermodestruction of cobalt
acetate at 260

 

°

 

C),
Co(CH

 

3

 

COO)

 

2

 

  CoO + CO

 

2

 

 + H

 

2

 

O + CO.

Samples containing 5 wt % Mo were obtained by the
thermodestruction of molybdenum carbonyl Mo(CO)

 

6

 

at 240

 

°

 

C:
Mo(CO)

 

6

 

  Mo + 6CO.

To prepare molybdenum oxide MoO

 

3

 

 in the PE matrix,
we used (NH

 

4

 

)

 

2

 

MoO

 

4

 

.
The same results were obtained for the other homo-

metallic samples under consideration. It was shown
that the particles have a complex composition in the
whole range of concentrations (0.5–40 wt % of a metal)
and the active interaction of metallic nanoparticles and

 

the polymeric matrix was observed. We noted signifi-
cant differences in the properties of cluster materials
based on the same polymeric matrix but containing var-
ious concentrations of the metallic component. All par-
ticles contain a metal, metal carbide, and metal oxide.
For example, in the case of iron-containing polymers,
the major phases in nanoparticles are iron oxide (if a
polymer contains less than 30 wt % Fe) and iron car-
bide (30–40 wt % Fe).

Our preparation method makes it possible to vary
the size of nanoparticles from 2 to 6 nm and the inter-
particle distance from 15 to 9 nm. For high-density
storage purposes, the smaller the distance between par-
ticles, the better. However, when the particles are
closely spaced, dipole–dipole interactions may be sig-
nificant. In recording media, individual magnetic “bits”
should not feel their neighbors or, at least, should be
unable to reverse neighbor spins. It is believed that the
above values are optimal. In addition, the developed
technology gives the possibility for changing the metal
concentration in the polymer matrix from 0.1 to 40 wt %,
which allows one to considerably vary the interparticle
distance. The samples containing the same metal in var-
ious matrices were prepared. The metal concentration
amounted up to 40 wt %. This made it possible to vary
the average distance between the particles in the poly-
meric matrix and, thus, the number of magnetic parti-
cles per unit volume. Many experiments showed that
optimum concentration was on the order of 5 wt % of a
metal. It was shown that the speed of stirring (in the
range of 1000 to 1500 rpm) and the temperature
(220

 

−

 

280

 

°

 

C) have no effect on the size of resulting
nanoparticles (the difference is no more than 0.5 nm).

 

2.2.2. Heterometallic Nanoparticles

 

Bi- and trimetallic nanoparticles and alloys with a
more complex composition were obtained either by the
decomposition of appropriate heterometallic com-
pounds in a polymer melt or by the introduction of a
solution of two (or more) different metal-containing
compounds into a polymer melt, the metal ratio being
retained in nascent nanoparticles.
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Fig. 2.2.

 

 Schematic diagram of the electrosparking appa-
ratus.
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Preparation of metal nanoparticles with a complex
composition begins with the synthesis of molecular
precursors, mixed-metal clusters, which then are
decomposed to obtain the required particles. Com-
pounds suitable for these purposes were searched for
among compounds with general formula RnMM'Xq,
where R is an organic radical; M is Fe, Co, Mn, Cr or
other transition metal; M' is Ln, Cu, or Ag; and X is a
volatile ligand. The following properties of the com-
pounds were taken into account: (1) stability at room
temperature, (2) solubility in appropriate organic sol-
vents, (3) volatility, (4) the nature of thermodestruction
products, and (5) availability. In some cases, we devel-
oped new preparation routes for the synthesis of mixed-
metal clusters, because there are only a few known
rational synthesis procedures for preparing compounds
with two different metal atoms, and virtually no proce-
dures for tri- or tetrametal clusters. In all, we obtained
and characterized more than 60 various heterometallic
clusters containing up to four different metal atoms in
the cluster core:

(i) [F5MC(CO)m], M = Co, Ni, Pd, Pt, Ru, Mo,
Cr, W;

(ii) [Fe4MM'C(CO)m], M = Co, Ni, Pd, Pt, Ru, Mo,
Cr, W; M' = Co, Ni, Pd, Pt, Ru, Mo, Cr, W;

(iii) [Fe3MM'M''C(CO)m], M = Co, Ni, Pd, Pt, Ru,
Mo, Cr, W; M' = Co, Ni, Pd, Pt, Ru, Mo, Cr, W; M'' =
Co, Ni, Pd, Pt, Ru, Mo, Cr, W.

The clusters were isolated analytically and were
spectroscopically pure. The lanthanide clusters
[M(CO)nL]Ln (M = Fe, Co, Mn; Ln = Sm, Yb, Eu) were
also isolated and characterized. The Fe–Pt heterometal-
lic clusters were used for preparing Fe–Pt nanoparticles
in the PE matrix. The optimum conditions were devel-
oped for the decomposition of such compounds in
order to introduce heterometallic nanoparticles into a
polymeric matrix.

We have devised the method of synthesis of com-
plex nanoparticles upon the simultaneous thermode-
struction of two (or more) MCC. In particular, the
simultaneous thermodestruction of Ba(CH3COO)2 (or
Sr(CH3COO)2) and Fe(CH3COO)3 at 250°C proceeds
as follows:

Ba(CH3COO)2  BaO + (CH3)2CO + CO2;

Sr(CH3COO)2  SrO + (CH3)2CO + CO2;

Fe(CH3COO)3  Fe2O3 + CO + CO2 + H2O.

These reactions were used to obtain BaFe2O4 and
BaFe12O19 ferrite nanoparticles by choosing appropri-
ate Ba(CH3COO)2 and Fe(CH3COO)3 concentrations in
the reaction mixture.

To obtain Fe–Co nanoparticles in the PE matrix, an
intermetallic compound was first synthesized by react-
ing iron pentacarbonyl and CoCl2. Then, it was trans-
formed to a FeCo-containing intermediate with subse-
quent thermal decomposition at 270–300°C. Another

method for the synthesis of Fe–Co nanoparticles was
simultaneous thermodestruction of Co and Fe formates
(Co(HCOO)2 and Fe(HCOO)2) at 250°C.

Fe–Sm nanoparticles in the PE matrix were formed
by thermal decomposition of [FeSm(CO)n]x cluster at
270°C:

[FeSm(CO)n]  Fe + Sm + CO.

The cluster was synthesized from Fe pentacarbonyl
and metallic Sm. Fe–Sm nanoparticles were also
obtained by the simultaneous thermodestruction of Fe
and Sm formates at 250°C. The composition of the
resulting nanoparticles corresponded to the stoichio-
metric ratio of the components in the initial solution.

Fe–Pt nanoparticles in the PE matrix were synthe-
sized by the reaction of iron pentacarbonyl Fe(CO)5
and H2PtCl6 at 240°C. The developed methods allow
one to fabricate the nanoparticles with a complex com-
position and the desired ratio of components.

2.3. Matrices for the Stabilization of Nanoparticles
and Production of the Materials 

As is well known, a lot of metallic magnetic nano-
particles are thermodynamically unstable. For their sta-
bilization, we used the following polymers: polyethyl-
ene (PE), polypropylene (PP), polytetrafluoroethylene
(PTFE), polyamide, polyarylate, polycarbonate, poly-
styrene, polyethers, poly(phenylene oxide), and silox-
ane. These polymers have a relatively high thermal and
oxidative stability, unique rheological properties, and
high dielectric strength. It is also important that these
types of polymers are relatively chemically inert. The
state-of-the-art level of polymer technology is suffi-
ciently high, therefore, practically, organic polymer
matrices are much more preferable from the standpoint
of the tasks faced by materials science.

The above-mentioned matrices are typical semi-
crystalline polymers, with the degree of crystallinity
usually lying in the range between 60 and 80%. The
crystal part of the polymer structure consists of plates
10–20 µm in size and about 10 nm in thickness. Both
the crystal and, particularly, the amorphous parts of
polymers contain a significant number of interstices.

Different polymer matrices were used to vary the
mean particle size, the width of the particle size distri-
bution, the thickness of the polymer layer on the parti-
cle surface, and the extent of the interaction between
matrix and nanoparticle. It was shown that the role of
the polymeric matrix does not reduce only to the role of
the environment for nanoparticles; rather, the surface
atoms of nanoparticles efficiently interact with the
environmental polymer. To reduce the influence of the
matrix on the nanoparticles, the most chemically inert
carbon-chain polymers (polyethylene of various
degrees of crystallinity, polypropylene of various
degrees of stereoregularity, polystyrene) were used for
the preparation of the samples. It was shown that sam-
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ples with a polyethylene matrix satisfied the basic
requirements for the recording media best of all.

3. X-RAY 
AND TRANSMISSION ELECTRON 

MICROSCOPY STUDIES

For the samples’ characterization we used small-
angle X-ray scattering (SAXS), X-ray RED, EXAFS,
and X-ray emission spectroscopy. The X-ray diffrac-
tion studies showed that all samples were X-ray amor-

phous. This means that the size of the nanoparticles is
less than 10 nm.

SAXS studies showed that magnetic nanoparticles
were randomly dispersed in the polymer matrix with
lognormal size distribution. Both the two-maximum
(bimodal) and one-maximum size distributions were
observed. Figure 3.1 shows these two types of distribu-
tions for the samples with 1 wt % and 5 wt % Fe in the
PE matrix. For the sample containing 1 wt % Fe in the
PE matrix, the bimodal lognormal distribution had
maxima at a particle diameter of 2.0 nm (±0.04 nm)
(the major portion of particles from the total quantity)
and 8.2 nm (±1.2 nm). For the 5 wt % Fe sample, the
size distribution has one maximum at a particle diame-
ter of 3.57 nm. In any case, the particle diameter did not
exceed 10 nm.

The X-ray data concerning particle sizes were con-
firmed by transmission electron microscopy (TEM).
TEM studies were performed using a JEM-100 B-1
electron microscope working at 100 kV. The powder of
the sample containing 5 wt % Fe in the PE matrix was
dispersed ultrasonically in water. Then, the suspension
was placed on a carbon grid and dried. The resulting
ultrafine polymeric powder was used to make TEM
micrographs (Fig. 3.2). The material was shown to con-
tain nanometer-sized particles with a total absence of a
crystal structure. The particles were morphologically
mostly nonspherical (ellipsoidal), and their sizes fell
within the range from 1.8 to 6.7 nm. The obtained
experimental data was fitted by a lognormal distribu-
tion function, which gave the average particle diameter
(major axis of the ellipse) of 3.6 nm (Fig. 3.3).

The bonding of metal atoms with surrounding atoms
and the density of unpaired 3d electrons localized on
the metal atoms were studied by X-ray emission spec-
troscopy, which is useful in solving some structural
problems and provides information on the atomic
orbital of the nearest neighboring atoms or the molecu-
lar orbital of the matrix pseudoligand. The phase anal-
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Fig. 3.1. Diameter distribution F(d) of nanoparticles in the
samples containing 1 wt % and 5 wt % Fe in the PE matrix.
The solid line represents the lognormal size distribution
function. For the sample with 1 wt % Fe, F(d) =

A1/(2π )1/2 × exp(–ln2(d/dml)/2 ) + A2/(2π )1/2 ×

exp(–ln2(d/dm2)/2 ); dm1 = 2.0 ± 0.04 nm; σ1 = 0.17 ±
0.01; dm2 = 8.2 ± 1.2 nm; and σ2 = 0.08 ± 0.07. For the sam-

ple with 5 wt % Fe, F(d) = A/(2πσ2)1/2exp(−ln2(d/dm)/2σ2);
dm = 3.57 ± 0.04 nm; and σ1 = 0.171 ± 0.007.
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Fig. 3.2. TEM micrograph of the sample containing 5 wt %
Fe in the PE matrix (1 cm = 10 nm).
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Fig. 3.3. Lognormal distribution function fit to the experi-
mental particle diameter histogram obtained from TEM
data for the sample containing 5 wt % Fe in the PE matrix.
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ysis of the samples was carried out by two methods.
One of them is the construction of radial electron-den-
sity distribution functions obtained from the curve of
the X-ray scattering (X-ray RED) intensity, and the sec-
ond is EXAFS spectroscopy. The advantage of the lat-
ter method consists of its selectivity, which allows one
to obtain the atomic radial distribution curve for a local
arrangement of a given chemical element in the sample.
Both methods give interatomic distances (r) and coor-
dination numbers (Z). X-ray emission spectra showed
that the major part of Fe nanoparticle (about 70%) con-
sisted of γ-Fe2O3 and also pointed to the presence of the
bonds between iron atoms at the nanoparticle surface
and the surrounding matrix (Fe–O–CH2, FeOH–
CH2OH, etc.). These data allow one to conclude that
nanoparticles are fixed in the matrix and cannot rotate
in an external magnetic field.

Preliminary studies of samples with various poly-
meric matrices showed that the phase state of the nano-
sized metal particles is strongly determined by the
matrix, the types of bonds of the particles with the
matrix, and the presence (or absence) of active func-
tional groups. In particular, X-ray diffraction patterns
(CuKα radiation, 2θ range from 0° to 35°) were mea-
sured for the samples with 1, 2, 3, 4, 5, 10, and 20 wt %
Fe in paraffin, a simple oligomeric matrix.

According to the data obtained, an increase in the
iron concentration leads to a decrease in the intensity of
the reflections from paraffin. This indicates an essential
structural change in the paraffin matrix itself. All the
reflections at angles up to 15° are shifted toward
smaller scattering angles. This is connected with the
increase in the interplanar spacings and the increase in
the sizes of the crystallites in paraffin. The latter is pos-
sible only because of the bonding of the molecules of
paraffin into more complicated structures due to the
interaction with nanoparticles. Increasing the Fe con-
centration in paraffin also results in the appearance of
two new reflections, one of which is related to α-Fe and
another, to Fe2O3.

The X-ray diffraction patterns of the samples con-
taining Fe nanoparticles in the PE matrix (with concen-
trations from 3 to 30 wt % Fe) in most cases have no
additional maxima that can be related to nanoparticles.
This points to an irregular, probably amorphous, struc-
ture of nanoparticles. However, in some cases, espe-
cially after heat treatment, new reflections appeared,
which can be related to Fe oxides and carbides.

On the basis of diffraction data, the size distribution
of Fe nanoparticles in paraffin matrix was obtained.
Three samples were studied: 10 wt % Fe obtained by
prolonged cooling (sample 1), 10 wt % Fe obtained by
quick cooling (quenching) (sample 2), and 20 wt % Fe
obtained by quenching (sample 3). The distribution had
a lognormal character and a wide maximum at a parti-
cle diameter of about 2.8 nm for sample 1, a narrower
maximum at ~2.4 nm for sample 2, and a small wide
maximum at ~9 nm for sample 3.

The obtained data revealed general lognormal nano-
particle size distribution for Fe-containing samples
with different polymeric matrices. With the increasing
Fe concentration in the sample, the particle diameter
increased. For samples containing 1 wt % Fe, the diam-
eter of a particle was about 2 nm, and for the samples
with higher Fe concentrations, it reached about 4 nm.

4. THERMAL STABILITY
AND MECHANICAL PROPERTIES 

OF THE SAMPLES

The stability of the mechanical properties of the
investigated materials upon temperature changes is of
crucial importance because of their possible use in
applications where hazardous thermal conditions exist.

Herein, we studied thermally induced mechanical
stresses in rectangular polyethylene plates (with
dimensions 1.0 × 2.0 × 10.0 mm) when the sample was
thermally cycled at a rate of 1 K/min between 100 and
–70°C. As a typical system, the sample with 5 wt % Fe
in the PE matrix was chosen, but samples with 10 and
15 wt % Fe were also studied.

For the stress measurements, we used the method
based on the experimental technique of L.M. Vinogra-
dova et al. [7]. The polymer glass transition tempera-
ture Tg was determined using a standard thermal ana-
lyzer at a heating rate of 10 K/min.

The experimental measurements showed that the Tg
value of the sample containing 5 wt % Fe was 30°C
higher than that of pure polyethylene. This fact can be
explained by the increase in the effective molecular
weight of PE, which is caused by the increase in the
degree of cross-linking in the polymeric matrix due to
interactions with the nanoparticles. A further increase
in the Fe concentration results in a decrease in Tg,
which is usual for composite materials.

When a rectangular test sample is heated (or
cooled), its surface bends from the initial horizontal
position. Figure 4.1 shows the temperature dependence
of such a bending in the sample with 5 wt % Fe mea-
sured on cooling from 100 to –70°C, exposure for
20 minutes at this temperature, and subsequent heating
back to 100°C. Analogous measurements were made
for the samples containing 10 and 15 wt % Fe. After the
temperature cycle was completed, the surface of the
sample returned to its original position. Our experi-
mental findings show that the mechanical properties of
the studied polyethylene samples containing Fe nano-
particles should be stable in the temperature range from
–40 to +50°C, which is usual for most electronic and
information storage system applications.

Our investigations show that implantation of metal-
lic nanoparticles into polymeric matrices, especially in
the concentration range of about 5 wt %, also results in
a small but quite real increase in their resistance to
destruction by heat. For example, the initial tempera-
ture of polyethylene heat destruction rises to 80°C after
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the implantation of metallic nanoparticles. This is
enough for most practical tasks so that it is not neces-
sary to use special thermostable polymers as a matrix
for nanoparticles.

The processing of the polymeric materials to obtain
desired forms and articles is very important from the
technological standpoint. Typical polymer processing
procedures are drawing, bending, rolling, upsetting,
stamping, coining, hydroforming, molding, and ram or
hydrostatic extrusion. Most of these methods can be
used for the fabrication of articles of various designs
from powders containing metallic nanoparticles in the
polymeric matrix. In this connection, it is important to
compare the extrusion behavior of these powders to that
of the initial polymers.

The extrusion experiments were made with the help
of the ram extrusion method, in which the pressure was
applied directly to the semicrystalline billet using a pis-
ton. The temperature of extrusion and the load of the
ram were 190°C and 2.16 kg, respectively. The melt flow
index (MFI) was used as a measure of the extrusion prop-
erties (extrusion velocity) of samples. Table 4.1 shows
the results obtained for the samples containing 5 and
20 wt % Fe in the matrix of high-pressure polyethylene
(which was used in our investigation) together with the
MFI values for pure high-pressure (HPPE) and low-
pressure polyethylene (LPPE). As one can see from the
table, the introduction of the metal into the matrix has a
strong effect on the extrusion behavior. The difference
in extrusion velocity decreases with increasing the
metal content, which points to the increase in the rigid-
ity of polymeric materials after the introduction of
metallic nanoparticles.

5. MÖSSBAUER INVESTIGATIONS

Mössbauer spectra were recorded at room tempera-
ture on an MS1101E constant-acceleration spectrome-
ter (Institute of Radium Studies, Mir Regional Center
of Science and Technology). γ-radiation sources were
57Co in chromium metal matrices with activities up to
10 mCi (Cyclotron Co., Ltd., Obninsk, Russia) were
used. Isomer shifts were referenced to α-Fe.

Mössbauer spectroscopy makes it possible to deter-
mine the phase composition of the samples and to esti-
mate the particle sizes. Mössbauer studies of those sam-
ples containing Fe nanoparticles in polyethylene and
polypropylene (syndiotactic and isotactic) matrices.

Iron nanoparticles were found to contain at least
three different phases: pure iron, iron(III) oxide
(Fe2O3), and various iron carbides. The pure iron con-

tent of the samples with 0.20, 4.54, 7.92 wt % Fe in the
PE matrix was in the range from 5 to 25% depending
on the iron content and decreased while the overall iron
content increased. The relative quantity of iron oxide
Fe2O3 was about 60% in all three samples and practi-
cally did not change with the Fe content. The remaining
part of Fe nanoparticles was iron carbides. A represen-
tative Mössbauer spectrum of Fe-containing samples is
shown in Fig. 5.1. It can be satisfactorily described as a
superposition of four sextets corresponding to α-Fe and
two doublets corresponding to γ-Fe2O3 (the absence of
hyperfine interaction indicates that the particles should
not exceed 60 Å in size). The relative area of spectrum
corresponding to the sextets increased on cooling the
samples to 78 K.

To clarify the mechanisms of the formation of iron
oxide and other compounds inside a nanoparticle and
the interaction of nanoparticles with outside media, we
studied the Mössbauer spectra of groups of samples
with 5 wt % Fe in the PE matrix obtained and processed
under different conditions: the powder synthesized and
packed in a hermetic shell in an argon atmosphere
(group 1), the powder synthesized in the same way and
then exposed to air for different periods of time
(group 2), and the pellets (20 mm in diameter and 1 mm
thick) pressed from the same powder in an argon atmo-
sphere and then exposed to air (group 3). It was found
that the Mössbauer spectra of the group 1 samples did
not change with time. The Mössbauer spectra of all
samples pointed to the presence of α-Fe, iron(III)

0.05

0.10

0

–0.05

100500–50–100

Circle 100°C to – 70°C

Ellipsis –70°C to 100°C

Bending, cm

Temperature, °C

Fig. 4.1. Temperature dependence of the sample surface
bending for the sample containing 5 wt % Fe in the PE
matrix.

Table 4.1.  Extrusion properties of pristine PE matrices (high-pressure (HPPE) and low-pressure (LPPE) polyethylene) and
of the samples containing 5 and 20 wt % Fe

Sample LPPE HPPE HPPE + 20 wt % Fe HPPE + 5 wt % Fe

MFI (g) 9.6 6.49 0.049 0.51
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oxide, and some amounts of iron(II) oxide (FeO). Dur-
ing exposure to air, the content of iron(II) oxide
decreased and that of iron(III) oxide increased
(Fig. 5.2). On the basis of obtained Mössbauer data, it
was concluded that the formation of iron(III) oxide
took place at the stage of the synthesis of the samples
(the source of oxygen was probably carbon(II) oxide)
and also upon the interaction of the nanoparticles with
air oxygen penetrating into the samples through the
matrix. The results obtained for the pressed pellets did
not differ from the data for the powder samples.

The Mössbauer spectra of the samples containing Fe
nanoparticles in the polypropylene (PP) matrix were
also measured. PP is more rigid than PE, with a lower
content of the amorphous part. In PP, the interstices in

which nanoparticles are formed are less scattered in
size. A higher rigidity of PP and a smaller difference in
interstice sizes in it manifest themselves in well-
defined narrower spectra. The samples with 5.41, 5.8,
9.7, 11.8, 28.4, 33.7 wt % Fe in syndiotactic and isotac-
tic PP were studied. The composition of the nanoparti-
cles was found to be the same as in the case of the PE
matrix reported above: α-Fe, Fe2O3, and carbides (such
as Fe3C and Fe5C2) (Fig. 5.3). The content of pure iron
decreased and the content of carbides increased with
the increase of the total iron content (the sample with
11.8 wt % Fe contained about 20% of carbides; and the
sample with 33.7 wt % Fe, about 72%). The content of
Fe2O3 changed from ~77% in the sample with
11.8 wt % Fe, to ~25.4% in the sample with 33.7 wt % Fe.
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So, one can conclude that the main features of the com-
position of nanoparticles in the PP matrix are almost the
same as in the PE one.

Mössbauer spectra were also measured for a series
of samples containing 5 wt % Fe in the PE matrix sub-
jected to heat treatment in air at temperatures up to
280°C for up to 6 h. According to the Mössbauer spec-
tra, the original sample contained about 24% α-Fe and
significant amounts of iron(III) oxide displayed as a
central doublet. Visible changes were not observed in
the spectra up to 100°C. Heating the material at 200°C
for 1 h resulted in the oxidation of the major portion of
metallic iron. As a result of this process, the noticeable
central doublet of iron(III) oxide was observed in the
Mössbauer spectrum. Heat treatment at higher temper-
atures led to the appearance of a new sextet with the fol-
lowing parameters: δ = 0.60 + 0.04 mm/s, ∆ = 0.00 +
0.08 mm/s, and H = 429 ± 3 kOe. These parameters are
unusual for the oxygen-containing systems of iron.
Indeed, the chemical shift value corresponds to a frac-
tional oxidation number of iron (+2.5). An analogous

situation was observed, for example, for the well-docu-
mented Fe3O4; however, this oxide gives rise to two
sextets with δ = 0.26 and δ = 0.66 mm/s, corresponding
to the ions of iron(III) and iron(II) in tetra- and octahe-
dral surroundings, respectively. In our case, only one
set of lines was observed and the value of the magnetic
field at iron nuclei was significantly lower than that for
the Fe3O4 (493 and 460 kOe, respectively). Based on
the experimental results we can speak about the partial
reduction of iron(III) oxide on heating to 280°C. So,
our findings allow us to conclude that heating the Fe-
containing material in air first leads to the oxidation of
the metal to iron(III) oxide and further heating results
in its reduction to the oxide containing Fe+2.5.

Figure 5.4 shows the Mössbauer spectrum of the
sample containing 5 wt % Fe in the PE matrix charac-
terized by a high coercive force (about 950 Oe). The
Mössbauer spectrum of the sample is satisfactorily
described by four subspectra consisting of two mag-
netic sextets and two doublets corresponding to metal
iron and iron oxides (Table 5.1). The parameters of sex-
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tet line 1 are similar to the corresponding parameters
for α-Fe. The nanoparticles can be considered to con-
sist of a core with a structure typical of bulk iron. Sextet
line 2 has a smaller value of the hyperfine field and a
greater width. It corresponds to the metal iron with a
lower degree of long-range order (more amorphous).
The amount of this iron in the nanoparticles is less than
that of α-Fe. The central resolved quadrupole splitting
line 3 with the maximal relative area most likely
belongs to γ-Fe2O3. Iron(III) oxide can form a shell on
the particle surface. The second doublet (line 4), by its
parameters, can be assigned to iron(II) oxide contained
in the intermediate layer between the metal core of a
particle and its shell formed by iron(III) oxide.

6. ELECTRON PARAMAGNETIC RESONANCE 
(EPR) STUDIES

EPR spectra were recorded on a Varian E-109 spec-
trometer operating at a frequency of ~9.2 GHz
(X-band). A magnetic field up to 5 kOe was created by
a Varian Associates 12 in. electromagnet. A standard
field modulation (100 kHz) and phase-sensitive detec-
tor techniques were used to detect the output signal cor-
responded to the field derivative of the absorbed power
(P' = dP/dH). The temperature was controlled by a flow
helium cryostat system (Oxford Instruments, USA)
from 4.2 to about 300 K and by a nitrogen variable tem-
perature system E-257 (Varian) from 120 to about
500 K. Three principal characteristics of EPR spectra
were determined: the resonance field Hr, the peak-to-
peak line width of the resonance ∆H, and the signal
amplitude. The resonance field was defined as the field
at the midpoint between the maximum and minimum in
the plot of the output signal versus the external mag-
netic field. The signal amplitude was measured as the
difference between the maximum and minimum in the
spectrum. The effective value of g-factor was deter-
mined by the relation g = 2He/Hr, where He is the reso-
nance field corresponding to a free-spin marker like
diphenylpicrylhydrazyl.

Samples containing Fe2O3 in a wide range of con-
centrations (from 1 to 30 wt %) in the PE matrix, Fe in
the PE and polyamide (PAMD) matrices, Ni in the PE
matrix, and BaFe2O4 and BaFe12O19 in the PE matrix
were studied by EPR. The basic results of the investiga-
tions have been reported in [8–10].

The EPR spectra of all studied samples have general
features. At room temperatures, they show a “two-line
pattern” typical of a superparamagnetic resonance
spectrum [11]. This spectrum can be represented by a
broad line superimposed on a narrow line. The relative
intensity of these lines depends on the particle size and
shape distributions and on the magnetic anisotropy
magnitude and can change with temperature [11, 12].
According to the literature data [13], narrow and broad
EPR signals in nanoparticle systems are attributed to
superparamagnetic and ferromagnetic resonance,
respectively.

6.1. Iron Oxide and Iron-Based Samples 

Figures 6.1–6.3 present characteristic results
obtained for the samples containing 1.4 wt % Fe2O3 in
the PE matrix. Figures 6.1 and 6.2 show the EPR spec-
tra of these samples and Fig. 6.3 shows the plots of the
EPR linewidth and signal amplitude versus tempera-
ture. As one can see from Figs. 6.1 and 6.2, a narrow
EPR line at g ≈ 2.0 dominates the spectrum at high tem-
peratures. On cooling, a broad (∆H > 1 kOe) line builds
up and becomes prevalent below about 20 K. At all
studied temperatures, both the narrow and broad lines
decrease in amplitude and broaden with the cooling of
the sample. An analogous behavior of EPR spectra is

Table 5.1.  Parameters of the Mössbauer spectrum of the sample containing 5 wt % Fe in the PE matrix characterized by a
high coercive force (δ, isomer shift; ∆, quadrupole splitting; H, hyperfine field; Γ, line width)

Line number δ, mm/s ∆, mm/s H, kOe Γ, mm/s Relative area, %

1 0.05 ± 0.01 –0.01 ± 0.01 331 ± 1 0.32 ± 0.03 18.59

2 0.10 ± 0.04 0.02 ± 0.06 318 ± 4 1.45 ± 0.14 29.41

3 0.43 ± 0.01 0.95 ± 0.02 0.74 ± 0.02 40.96

4 1.02 ± 0.07 2.18 ± 0.13 1.12 ± 0.12 11.04

1 2 3 4 5 6

Magnetic field, kOe

Fig. 6.1. EPR spectra of the samples containing 1.4 and
7.1 wt % Fe2O3 in the PE matrix. Experimental data are
presented by squares for 1.4 wt % Fe2O3 sample at 300 K;
circles (T = 300 K) and triangles (T = 500 K) for 7.1 wt %
Fe2O3 sample. Solid lines are the results of numerical fitting
to Lorentzian line shape.
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observed for the sample containing 7.1 wt % Fe2O3 in
the PE matrix, although the broad EPR line becomes
dominant at higher temperatures (at about 70 K).

In the well-developed model of EPR in bulk materi-
als [14, 15], the resonance field Hr of a sample magne-
tized to saturation by a strong external field is a func-
tion of the g-factor, the magnetocrystalline anisotropy
field, and the demagnetization field and can be pre-
sented as

Hr = hν/gµB – αHa + Hs, (1)

Ha = α|K |/M, (1a)

Hs = –∆NM, (1b)

where Ha is the anisotropy field, Hs is the demagnetiza-
tion field, K is the anisotropy constant, α is a factor
depending only on the angles between the applied field
and the crystallographic axes, M is the sample magne-
tization, ∆N is the anisotropy form factor and is a func-
tion of sample dimensions, hν/gµB is the resonance

field in the paramagnetic limit, µB is Bohr magneton,
and ν is frequency.

With the application of this “bulk” model to nano-
particle systems, several assumptions are usually made
[14, 16, 17]. A nanoparticle system is considered to be
a coherent assembly of small noninteracting particles
with the same intrinsic magnetization Ms, the same vol-
ume V, and the same anisotropy constant K, embedded
in a diamagnetic matrix. The applied field is suggested
to be much stronger than the anisotropy field, and the
particles are suggested to have the shape of an ellipsoid
of revolution with the applied field directed along one
of the principal axes of the ellipsoid. Under these con-
ditions, in the case of nanoparticles with a uniaxial
magnetic anisotropy, the relation for the resonance field
can be written as

Hr = hν/gµB – α(|K |/M)(1 – 2/x) + ∆NL(x), (2)

where x = VHMs/kBT, L(x) is the Langevin function and
kB is the Boltzmann constant [14]. At high temperatures
(x � 1), anisotropy and demagnetization fields for
nanoparticle systems tend to zero. In this case, the EPR
line is observed at Hr ≈ hν/gµB and is narrowed by rapid
superparamagnetic fluctuations. This is so-called
superparamagnetic resonance [13]. At low tempera-
tures, Ha and Hs tend to their bulk values and the fluc-
tuations are suppressed and slowed down; therefore, Hr
changes from its initial value and a broad signal of the
ferromagnetic resonance should be observed.

The model of electron paramagnetic resonance in
the nanoparticle systems described above makes it pos-
sible to explain the EPR spectra obtained and their tem-
perature dependence. According to the experimental
data (see Figs. 6.1–6.3 as an example), the decrease in
the intensity of the narrow signal is accompanied by the
growth and low-field shift of the broad one. At high
temperatures, weakly interacting nanoparticles give
rise to the EPR signal, which is narrowed by superpara-
magnetic fluctuations. On cooling, nanoparticles
undergo transition to the stable state (blocking state)
and give rise to a rather broad resonance signal of the
ferromagnetic type. For the sample containing 1.4 wt %
Fe2O3, the average particle diameter dm is about 2 nm
and the transformation of EPR spectra from “narrow”
to “broad” happens below about 25 K (Figs. 6.2, 6.3).
For the sample containing 7.1 wt % Fe2O3 with larger
particles (dm = 3.6 nm), this transformation was
observed below about 70 K.

The features and temperature behavior described
above are common for the samples containing Fe2O3
nanoparticles in a polymeric matrix studied in this
work. For the samples with higher Fe concentrations in
the PE matrix (28 and 40 wt % Fe2O3), the EPR signals
are essentially broader than for the above samples with
low Fe concentrations. This can be associated with the
rather large sizes of nanoparticles in these samples [18].
Estimations made in [13, 19] showed that the average
particle diameter should be around 2.6 nm for a line-
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Fig. 6.2. EPR spectra of the sample containing 1.4 wt %
Fe2O3 in the PE matrix at different temperatures.
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Fig. 6.3. Temperature dependence of the EPR linewidth and
signal amplitude for the sample containing 1.4 wt % Fe2O3
in the PE matrix.



RUSSIAN JOURNAL OF INORGANIC CHEMISTRY      Vol. 47      Suppl. 1      2002

NANOMATERIAL FOR HIGH-DENSITY MAGNETIC DATA STORAGE S45

width of about 170 Oe. On the other hand, the observed
EPR line broadening may by connected with the
increase in the temperature corresponding to the transi-
tion to the blocking state (blocking temperatures) in the
samples with higher magnetic component concentra-
tions.

The Néel theory of superparamagnetic relaxation
gives the relation

/  = ln(τm/τ0)/ln(τEPR/τ0), (3)

where  is the blocking temperature obtained from
magnetic measurements, for which the characteristic

time of measurement τm is about 102 s;  is the
blocking temperature obtained from EPR measure-
ments (at this temperature, relaxation time τ of a super-
paramagnetic system is equal to the characteristic time
of EPR measurement τEPR ≈ 10–10 s); and τ0 is on the
order of 10–10–10–12 s [20, 21]. According to Eq. (3),

 can be about 6 times larger than  and the
broadening of EPR lines should start at about 2Tb [22].

Significant EPR line broadening was observed at
low temperatures (below about 25 K) in the samples
with 1.4, 7.1, and 40 wt % Fe2O3 in the PE matrix. This
behavior can be related to the emergence of the spin
glass (or antiferromagnetic) state in the surface layer of
Fe2O3 in the nanoparticle. According to the literature
data, many experiments indicate that γ-Fe2O3 nanopar-
ticles have a surface layer, which undergoes a spin-
glass-like transition near 50 K [23–26]. The existence
of the spin glass (or antiferromagnetic) layer on the sur-
face of the ferromagnetic core can lead to the emer-
gence of unidirectional exchange anisotropy [24, 27].
This anisotropy additionally contributes to the aniso-
tropy field Ha and, consequently, has an influence on the
EPR spectra. In [24] it was found that the additional
exchange anisotropy field starts to increase in a γ-Fe2O3
nanoparticle below 25 K. The general character of EPR
linewidth temperature dependence observed in our
experiments correlates with that of the exchange
anisotropy field [24].

The temperature dependence of the EPR spectrum
for the sample containing 5 wt % Fe2O3 in the PE
matrix was investigated in detail (Figs. 6.4, 6.5). In the
room-temperature spectrum, the broad line character-
ized by the peak-to-peak line width ∆H ≈ 850 Oe and
an effective g value of approximately 2.07 predomi-
nates. At low temperatures, the EPR spectra of Fe2O3
changed significantly (Fig. 6.5). On cooling below
100 K down to the lowest reached temperature (about
5.5 K), broad line S1 behaves as a typical superpara-
magnetic resonance line, namely, the linewidth ∆H
monotonically increases while the signal amplitude A
decreases. Below about 50 K, new resonances, S2 and
S3, appeared in the spectra of Fe2O3. These lines
became more noticeable under sample cooling. Their
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effective g values were temperature independent and
were equal to 2.02 and 4.3 for S2 and S3, respectively.
The amplitude of the S2 line increased and its linewidth
decreased with decreasing temperature. The depen-
dences ∆H(T) and A(T) of the S3 line revealed maxima
at about 7.5 and 5.5 K, respectively. The strongest EPR
signal S1 in the spectrum of the Fe2O3 sample is very
similar to that observed in [28, 29] in chemically pre-
pared γ-Fe2O3 nanoparticles of ferrofluids. Since S1 has
a typical superparamagnetic character, one can pre-
sume that this is due to a ferrimagnetic phase like
γ-Fe2O3. The value g = 4.3 for line S3 is characteristic
of the high-spin state of Fe3+ in the rhombic crystal field
[30, 31]. A significant deviation from axial symmetry
can be realized in rhombohedral α-Fe2O3. The observed
maxima in the ∆H(T) and A(T) curves of the S3 line are
evidence of an antiferromagnetic transition [32]. This

1
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Magnetic field, kOe

2
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420

Fig. 6.4. Room-temperature EPR spectra for the samples
containing 5 wt % Fe2O3 (curve 1), BaFe2O4 (curve 2), and
BaFe12O19 (curve 3) in the PE matrix.
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Fig. 6.5. EPR spectra of the sample containing 5 wt %
Fe2O3 in the PE matrix. ∆H and A are the peak-to-peak line-
width and the EPR signal amplitude, correspondingly.
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can be a Morin-type transition shifted to a low-temper-
ature region [33]. Therefore, the S3 signal can be attrib-
uted to α phase of Fe2O3 nanoparticles. On the other
hand, the paramagnetic signal S2 (g = 2.02) may be due
to the octahedral Fe3+ sites in a spinel structure of the γ
phase. The presence of oxygen vacancies near such
centers could break the exchange interactions that pro-
vide the ferrimagnetic properties of γ-Fe2O3.

Remanent magnetization (Mr) and its temperature
dependence are very important parameters for mag-
netic recording. To study the temperature behavior of
remanent magnetization in the system of nanoparticles
in a polymeric matrix, the zero-field shift of EPR signal
for the plate sample containing 5 wt % Fe in the PE
matrix was measured.

Many materials with ferromagnetic ordering give
rise to a characteristic broad line in a low-field region
(with g ≈ 8–10), which is usually attributed to a ferro-
magnetic resonance (FMR) signal. An analogous FMR

signal was observed in the studied samples containing
magnetic nanoparticles in polymeric matrices. The sig-
nal has a hysteretic behavior, which is registered during
increasing and decreasing the external magnetic field.
The measurements were made as follows. A nonmag-
netized sample was placed in the cavity of an experi-
mental EPR spectrometer in the external magnetic field
H = 0. Then, the maximum possible magnetic field was
applied and switched off again, which led to sample
magnetization. Next, the sample was turned over, so
that its magnetization vector became opposite to the
direction of the static magnetic field in the spectrome-
ter. Then, the EPR spectrum was recorded while the
external magnetic field was changed from zero to 3 kOe
and then back to zero. At the end of the measurement,
the magnetization of the sample was directed roughly
opposite to its initial direction. The difference in the
EPR signal value at the beginning and at the end of the
measurement when H = 0 (zero-field shift of the EPR
signal (∆Z)) was measured at different temperatures.
Figure 6.6 shows the EPR spectra at T = 370 K, and
Fig. 6.7 shows the plot of ∆Z versus temperature for the
sample under consideration. The recorded EPR signal,
which is the field derivative of the absorbed microwave
power (P = dP/dH), depends on the sample magnetiza-
tion state and on the local magnetic field at the nanopar-
ticle position. The latter can be represented by the sum
of the external magnetic field and the internal magnetic
field (Hint), which is determined by sample magnetiza-
tion. The internal field had opposite directions at the
start and the end of the measurement procedure
described above. Since the external field is equal to
zero at these points, ∆Z can be presented as

(4)

If the shape of the EPR line does not change signif-
icantly with a change in temperature, it can be assumed
that ∆Z ~ Hint(Mr) ~ TMr. Hence, using the thermal vari-
ation of ∆Z, one can estimate the temperature depen-
dence of remanent magnetization (Figs. 6.6, 6.7).

Below 100°C, ∆Z (and consequently, Mr) changes
insignificantly. A noticeable decrease in ∆Z takes place
above this temperature (Fig. 6.7). Extrapolation of the
∆Z(T) dependence to ∆Z = 0 leads to the conclusion
that Mr disappears at about 160°C. Probably, the
observed Mr decrease can be associated with the soften-
ing of the polymeric matrix under heating. Neverthe-
less, one can conclude that the investigated material
containing magnetic nanoparticles in a polymeric (PE)
matrix has an ability to keep magnetization up to rather
high temperatures.

To establish the character of Mr changes with time,
two measurements of the zero-field shift of the EPR
signal for the plate sample with 5 wt % Fe in the PE
matrix were made 12 h apart. It was found that the ∆Z
value did not change within the error of the measure-

P' H int Mr( )( ) P' H int Mr( )–( )– 2dP'/dH 0( )H int Mr( ).≈

EPR signal, a.u.

Magnetic field, kOe

1.00.50 1.5
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Fig. 6.6. Hysteresis of the EPR signal at low fields in the
plate sample containing 5 wt % Fe in the PE matrix.
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Fig. 6.7. Temperature dependence of the EPR signal shift in
zero field at high temperatures for the plate sample contain-
ing 5 wt % Fe in PE matrix.
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ment. This points to the long-term character of rema-
nent magnetization in the samples.

To study the effect of the matrix on the properties of
nanoparticles, EPR measurements were made for the
sample containing 4.65 wt % Fe in the polyamide
matrix (as is known, polyamide has a much more rigid
structure than polyethylene and polypropylene). The
EPR spectrum of the sample near room temperatures
had a well-resolved powder-like character and some
additional features in comparison with the PE matrix
(Figs. 6.8, 6.9). The spectrum consisted of three reso-
nance lines: the strongest central line and two weaker
lines on the spectrum edges. Such a powder-like spec-
tral pattern became more pronounced with an increase
in temperature. The positions of the resonance lines
were almost temperature independent. The low-field
line corresponded to the resonance field H1 ≈ 1700 Oe;
the high-field one, to H2 ≈ 4200 Oe. The “paramag-
netic” value of the resonance field H0 (central EPR line)
was 3400 Oe, which corresponded to the effective g
value of about 2.08. On cooling the sample, the FMR
spectra became simpler and contained only a single
broad line, which was very temperature-sensitive
below about 100 K (Fig. 6.9). At temperatures about 80
and 25 K, a sharp increase in linewidth ∆H was
observed. The observed additional EPR lines (at H1 and
H2) can be attributed to the effect of the α-Fe-like mag-
netic anisotropy of particles. Analogous EPR spectra
were simulated in [34] for a system of magnetic single-
domain particles with uniaxial or cubic anisotropy.
However, the calculations in [34] suggested a signifi-
cant simplifying of EPR spectra with an increase in
temperature, which was not observed in our case. This
may be connected with the high blocking temperature
of our sample.

6.2. Ni-Based Samples 

The EPR spectra for the sample containing 1 wt %
Ni in the PE matrix exhibit a common superparamag-
netic behavior analogous to that found for Fe-based
samples. The room-temperature spectrum consists of a
single symmetric line with g ≈ 2 and the line width ∆H
≈ 500 Oe. As temperature rises, the line is slightly nar-
rowed (to 380 Oe at 470 K). Sample cooling resulted in
a broadening of the line (up to 1 kOe at 110 K), the line
shape being roughly unaltered.

6.3. Ferrite Ba-Based Samples 

Three types of samples containing Ba oxide nano-
particles–-BaFe2O4 and BaFe12O19 (5 wt %) in the PE
matrix–-were studied by EPR. For BaFe2O4 samples,
the broad line predominates in the room-temperature
spectra with parameters analogous to that observed for
the sample with 5 wt % Fe2O3 in the PE matrix. In the
room-temperature spectrum of the BaFe12O19 sample,

on the contrary, the narrow line with ∆H ≈ 120 Oe and
g ≈ 2.00 is more pronounced (Fig. 6.4).

The EPR spectra of the BaFe2O4 sample were broad
and rather asymmetric at all temperatures. Below about
125 K the linewidth and the amplitude rapidly
increased and decreased, respectively. Temperature
dependences of ∆H and A also reveal an additional
anomaly near 50 K. As is known, bulk BaFe2O4 is non-
magnetic [35]. The observed strong EPR signal with a
superparamagnetic character allows one to think that it
is related to a phase with a radically different composi-
tion. The EPR spectrum behavior below 125 K suggests
that such a phase could be magnetic Fe3O4, which
undergoes the Verwey transition at 119 K [35]. It should
be noted that the observed temperature behavior of the
EPR linewidth in BaFe2O4 nanoparticles closely resem-
bles that of commercially available nanoparticle mate-
rial nanocatTM [36]. There is evidence that the major
phase in nanocat is Fe3O4 [36]. The dependence ∆H(T)
for nanocat shows similar features near 120 K and
below 50 K as those observed in our BaFe2O4 sample.
The acceleration of the EPR linewidth broadening
below 50 K can be due to spin-glass freezing phenom-
ena and has often been observed in various iron oxide
nanoparticles [25, 28, 32].
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Fig. 6.8. FMR spectra for the sample containing 4.65 wt %
Fe in the polyamide matrix in a high-temperature region.
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Fig. 6.9. FMR spectra for the sample containing 4.65 wt %
Fe in polyamide matrix in a low-temperature region.
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EPR spectra of the BaFe12O19 sample at different
temperatures showed a characteristic superparamag-
netic behavior with an increase in the broad and a
decrease in the narrow resonance under cooling. In
contrast to the BaFe2O4 sample, the position of the
broad line does not shift so significantly toward lower
fields. Below 10 K, a fine structure was observed in the
spectra at g ≈ 2. The observed significant superpara-
magnetic narrowing of the EPR signal in the BaFe12O19
sample at high temperatures can be evidence of the
reduced magnetic anisotropy. According to the litera-
ture data, bulk hexaferrite BaFe12O19 is characterized by
high uniaxial anisotropy (about 3.3 × 106 erg/cm3) [35].
Because, in nanoparticles, the contribution of the parti-
cle surface to the total magnetic anisotropy can be
appreciable and can even dominate [29, 37], the high
bulk anisotropy does not guarantee a high value of the
anisotropy for nanoparticles. The reduction of aniso-
tropy in nanoparticles can also be due to structural
imperfections and/or to the particle smallness. Earlier,
it was found that for BaFe12O19 nanoparticles with an
effective diameter of less than approximately 12 nm,
the specific magnetization and coercivity drastically
decreased [38].

7. MAGNETIC STUDIES

From the magnetic standpoint, the materials under
investigation can be regarded as the systems of nonin-
teracting single-domain magnetic particles displaying
superparamagnetic properties. The magnetic behavior
of such systems can be described by the Stoner–Wohl-
farth model [39], according to which the energy of a
particle in the magnetic field can be expressed as

E = KVsin2θ – µHcos(θ – ψ), (5)

where K is the particle uniaxial anisotropy constant; V
is the particle volume; µ = VMs is the magnetic moment
of the particle with the saturation magnetization Ms;
and θ and ψ are the angles between the particle easy
axis and its magnetic moment and between the applied
field H and the particle magnetic moment, respectively.
It can be shown that for fields lower than a characteris-
tic field Hk = 2K/Ms (the anisotropy field), two minima
of the energy function E exist, separated by the field-
dependent energy barrier Eb. These two minima corre-
spond to the opposite orientations of the particle mag-
netic moment. The energy barrier in the presence of the
magnetic field H is given by

Eb = KV(1 – H/Hk)2. (6)

In the course of magnetization, once the magnetic
field has reached the value of H = Hk, the magnetization
reversal occurs. In the Stoner–Wohlfarth model, it is
supposed that coherent spin rotation takes place; i.e., all
spins during magnetization reversal remain parallel.
The magnetization curve M(H) of the system can be
calculated numerically using Eq. (5). The anisotropic

properties of the particle lead to the appearance of hys-
teretic properties, with a characteristic hysteresis loop
in the M(H) curve. The magnetic anisotropy of the par-
ticle can result from the magnetocrystalline anisotropy
of its material, shape anisotropy, strain anisotropy, and
the surface anisotropy related with the breaking of the
symmetry at the surface and the interaction between the
particle and its surrounding material.

At a finite temperature, the particle magnetic
moments can overcome the energy barrier Eb by means
of thermal agitation. The relaxation time τr for this pro-
cess can be described by the Neel–Arrhenius law [20]:

τr = τ0exp(KV/kBT), (7)

where τ0 is the constant on the order of 10–9 s. In the
case of H = 0, Eb = KV and the relaxation process is
essentially determined by the particle anisotropy and
volume.

If a time characteristic of the measurement process
(τ) is much larger than τr, the particle magnetic
moments can relax freely leading to a thermal equilib-
rium behavior without any hysteresis. In contrast, if
τr > τ, the particles are thermally stable and the system
exhibits an irreversible magnetic behavior with hyster-
etic properties. Using the value τ = 102 s characteristic
for quasi-static magnetic measurements gives (in the
case of H = 0) the Bean–Livingstone relation for the

magnetic blocking temperature  [40]:

 = KV/25kB. (8)

 marks the transition to the so-called blocking
state, which, in principle, can be treated as an analog of
the magnetically ordered state in bulk materials. Below

, the system of magnetic anisotropic nanoparticles
displays the hysteretic properties necessary for mag-
netic recording purposes. It is widely accepted to deter-

mine  as the point at which temperature hysteresis
in the ZFC–FC curves (see below) appears [41, 42].

From the Stoner–Wohlfarth energy barrier–field
dependence (Eq. (6)), the following temperature depen-
dence for the coercive force of the blocked superpara-
magnetic system was obtained:

Hc(T) = Hc(0)(1 – aT1/2), (9)

where Hc(0) is the value of the coercive force at T = 0 K
and a is a coefficient. Using the fact that the coercive

force disappears above , it is possible to obtain 

from the experimental Hc(T ) dependence as  =
1/a2. Victoria [43] has shown that another than the
Stoner–Wohlfarth field dependence of Eb is possible:
Eb ~ H3/2, which gives the temperature dependence of
Hc(T ) as T2/3.
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A magnetization isotherm M(H) of a superparamag-
net can be presented using the Langevin function
as [44]

M = MsL(H/kBT), (10)

where L(x) = x) – 1/x is the Langevin function,
Ms is the saturation magnetization, and µ is the mag-
netic moment of a particle.

Our X-ray, Mössbauer, and EPR studies showed that
Fe nanoparticles include α-Fe, iron oxides (mainly γ-
Fe2O3 and Fe3O4), and various iron carbides. In the bulk
form, all of them have high Curie temperatures well
above room temperature: α-Fe, 1043 K; γ-Fe2O3,
848 K; Fe3O4, 858 K; Fe3C, 483 K; and Fe2C, 653 or
520 K (depending on the crystal structure) [44, 45]. The
Curie temperatures of Co and Ni are 1394 and 655 K,
respectively [45]. The anisotropy constants are 4.78 ×
105 erg/cm3 for Fe, 4.0 × 106 erg/cm3 for Co, and –5.8 ×
104 erg/cm3 for Ni at room temperature [45]. Using
these constants and Eq. (8), one can estimate the values
of the particle diameters necessary to obtain the
blocked state of the system at room temperature. They
are about 16 nm for Fe, 8 nm for Co, and 34 nm for Ni.
At the same time, it is necessary to note that the nano-
particle anisotropy can be much higher than that of the
corresponding material in the bulk state. Thus, the real
size of the nanoparticles blocked at room temperature
can be much smaller than the values listed above.

For the magnetization temperature and the field
dependences measurements, a Princeton Applied
Research vibrating sample magnetometer (model
PARC-155) equipped with a flow helium cryostat and a
high temperature insert was used. The sensitivity of the
magnetometer was better than 5 × 10–5 emu. The mag-
netic measurements were carried out in the temperature
range from 4.2 to 380 K and in magnetic fields up to
4.5 kOe. Measurements of hysteresis loops were made
by saturating the pristine sample in a maximum avail-
able field of 4.5 kOe. From the loops, the coercive field
(Hc) and the remanent magnetization Mr were deter-
mined. To investigate the “blocking” properties of our
materials, so-called field-cooled (FC) and zero-field-
cooled (ZFC) magnetization measurements were made.
In the ZFC measurement, the sample was cooled in the
absence of magnetic field down to 4.2 K and, then,
magnetization was measured while the sample was
warmed in the desired field. In the FC measurement, the
magnetization was measured while the sample was
cooled in the presence of the desired field.

7.1. Fe-Based Samples 

Magnetic properties of Fe nanoparticles were stud-
ied in [46–49]. Hou et al. [46] prepared a powder of
Fe-based nanoparticles by reducing Fe3O4 nanoparti-
cles coated with SiO2 to avoid agglomeration. The
median diameter of the particles was about 20 nm. The
particles have a core–shell structure with the core con-

(coth

sisting of α-Fe (major portion of the particle) and the
shell consisting of iron oxide. The particles with differ-
ent contents of iron oxide were prepared. It was estab-
lished that the particles with the lowest oxide content
were characterized by the highest magnetic anisotropy
values (with anisotropy constant K of about 1.42 ×
106 erg/cm3). Increasing the iron oxide content led to
the decrease in magnetic anisotropy to K = 7.8 ×
105 erg/cm3. The authors related this decrease with the
lower magnetic anisotropy in iron oxide than in α-Fe.
Bodker et al. [47] established the magnetic anisotropy
constant equal to 1.2 × 106 erg/cm3 in carbon-supported
α-Fe nanoparticles with an average size of 3 nm from
ac magnetic susceptibility measurements. Prados et al.
[48] studied α-Fe nanoparticles prepared by the inert
gas condensation method with subsequent oxygen pas-
sivation. The nanoparticles have a core–shell structure
with the iron oxide shell, and their diameters range
from 2.5 to 10 nm, depending on preparation condi-
tions. They displayed at 5 K a coercive force (Hc) of
about 1300 Oe, which decreased with an increase in par-
ticle diameter. The authors explained the hysteretic prop-
erties of the particles by unidirectional anisotropy [27].
Santos et al. [49] studied Fe particles embedded in alu-
mina (Al2O3) matrix. The samples contained 7.8 wt %
Fe and various ratios of Fe and iron oxides depending
on heat treatment conditions. According to magnetiza-
tion measurements, samples containing 18% Fe (the
rest was Fe3O4 and α-Fe2O3 oxides) exhibited a coer-
cive force of 819 Oe at 300 K and 1142 Oe at 80 K and
a saturation magnetization of 2 emu/g at 300 K. The
samples with a high α-Fe content (about 70%) display
Hc = 370 Oe and a saturation magnetization of 9 emu/g
at 300 K.

In our work, magnetic measurements were made for
Fe-based samples obtained in wide range of concentra-
tions (up to 50 wt %), under various preparation condi-
tions, with various polymeric matrices, and exposed to
various kinds of treatment.

All investigated Fe samples exhibited hysteretic
properties with coercive force Hc depending on the Fe
concentration and the preparation conditions. The max-
imum value of Hc (950 Oe) was observed in the sample
containing 5 wt % Fe in the PE matrix. Samples with the
same composition prepared in different experiments had
some scattering in Hc: for samples with 5 wt % Fe in the
PE matrix, the scatter was about 300 Oe. The magnetic
moment per Fe atom also depended on the Fe concen-
tration, the type of polymeric matrix, and the prepara-
tion conditions, and for the samples with 5 wt % Fe had
the value in the range of 0.7–1.0 µB/atom in the field of
4.5 kOe at room temperature. Figure 7.1 shows a typi-
cal hysteresis loop measured at room temperature for a
plate sample containing 5 wt % Fe in the PE matrix
with Hc = 950 Oe. The major portion of the experimen-
tal results was obtained for the samples containing
5 wt % Fe in the PE matrix. Samples with other Fe con-
tents in the PE matrixes were characterized by smaller
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values of the coercive force, with its decrease while the
Fe content increased (for the samples with 30 and
50 wt % Fe, Hc was 240 and 40 Oe, respectively).

Using polynomial interpolation, the initial magneti-
zation curve was extracted from the hysteresis loop
(Fig. 7.1) and then fitted by the Langevin function (10).
The Langevin function fit gave the values of Ms ≈
1 µB/atom and µ ≈ 6000 µB. The µ value increased with
an increase in the Fe content (µ ≈ 1.8 × 104 µB for the

sample with 10 wt % Fe in the PE matrix) that points to
the increase in particle size. Remanent magnetization
Mr usually was about 1/3 of Ms in almost all investi-
gated Fe-based samples. ZFC–FC measurements made
for the sample with 5 wt % Fe in the PE matrix showed
that its blocking temperature is higher than room tem-
perature.

The temperature dependence of the coercive force
Hc was measured for a plate sample with 5 wt % Fe in
the PE matrix at temperatures up to 100°C. Heating the
sample led to a decrease in Hc and Mr. It should be
noted, that after cooling back to room temperature, the
magnetic properties of the sample were exactly the
same as before heating. The Hc(T) dependence obeys
the T1/2 law (Fig. 7.2), determined in the framework of
the Stoner–Wohlfarth model (Eq. (9)). The experimen-
tal data fit to T1/2 dependence gives Hc = 2475 Oe at 0
K, and the temperature at which Hc vanishes is 670 K.
Because there should be no hysteresis above the block-
ing temperature, this temperature could be regarded as

the blocking temperature . It should be noted, that
according to the EPR data, Mr disappears at about
430 K (see Fig. 6.7), which is consistent with the mag-
netization data.

Using Eq. (8), the experimental values of  =
670 K, and the average nanoparticle diameter 3.57 nm
for the sample with 5 wt % Fe in the PE matrix, we esti-
mated the average anisotropy constant for Fe nanopar-
ticles to be about 9.5 × 107 erg/cm3. This is close to
5.9 × 107 erg/cm3 recently obtained for the annealed
4 nm Fe48Pt52 fct nanoparticles at the IBM Research
Center [5].

Table 7.1 contains the hysteresis loop parameters of
the powder sample with 5 wt % Fe in the PE matrix
after keeping it in air at room temperature for different
periods of time. As it can be seen, exposure to air for
two weeks resulted in about a 7% decrease in Mr and
Hc. For the plate sample with the same composition, no
changes in the hysteresis loop parameters were found
after keeping the sample in air for one month. We also
studied the time relaxation of Mr for this sample at
room temperature. The sample was previously magne-
tized in a field of 4.5 kOe. Then, magnetization mea-
surements in zero magnetic fields after 1, 24, and 168 h
were conducted. Our results (see Table 7.2) showed the
4% decrease in magnetization after 168 h.

A set of experiments were conducted to investigate
the influence of the technological parameters of the
sample preparation and sample heat treatment on the
magnetic properties of the materials under investiga-
tion. The influence of the preparation conditions on the
magnetic properties of the samples was studied for a set
of powder samples with 1.3 and 5 wt % Fe in the PE
matrix synthesized at 240°C by the reaction of pentac-
arbonyl thermodestruction. The sample preparation
conditions differed from sample to sample in the man-
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Fig. 7.1. Hysteresis loop of the plate sample containing
5 wt % Fe in the PE matrix measured at room temperature.
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Fig. 7.2. Coercive force vs. T1/2 for the plate sample con-
taining 5 wt % Fe in the PE matrix. Data points correspond
to experimental values, and the solid line is a least-squares
approximation to Eq. (9).

Table 7.1.  Coercive force Hc and remanent magnetization
Mr of a powder sample with 5 wt % Fe in the PE matrix after
exposure to air for different periods of time

Exposure time, h Hc, % Mr , %

Original 100 100

24 99 98

120 97.7 95.2

336 94.1 92.6
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ner of (1) adding pentacarbonyl to the reaction mixture
(by drops or at once), (2) stirring the reaction mixture
(with or without stirring), and (3) cooling the reaction
mixture (in the presence or absence of the external
magnetic field).

The obtained hysteresis loop parameters measured
at room temperature are summarized in Table 7.3. It
should be noted that subsequent measurements for
samples with 5 wt % Fe in the PE matrix prepared in
different external magnetic fields up to 3.3 kOe (other
conditions being identical) showed a coercive force
increase for the samples prepared in a stronger external
field.

A set of samples containing 5 wt % Fe in the PE
matrix was used to investigate how their magnetic
properties depend on the technological treatment, such
as rinsing (treatment with a solvent, benzene). Magne-
tization, Mössbauer, and EPR measurements were
made on the following samples: (1) an as-prepared
powder without rinsing, (2) an as-prepared powder
rinsed for 3 h (partly rinsed sample), (4) an as-prepared
sample rinsed for 12 h, and (5) a plate sample pressed
from the powder rinsed for 12 h. Hysteresis loop mea-
surement showed that Hc was the same in all samples.
At the same time, magnetization at 4.5 kOe did not
change in the partly rinsed sample and increased
roughly threefold after rinsing for 12 h. Pressing the
plate did not lead to an essential increase in magnetiza-
tion. In the Mössbauer spectra of the pristine sample, a
sextet with relatively broad and low-amplitude compo-
nents was not distinctly visible. After rinsing for 12 h,
the sextet becomes sharply defined. This can be
explained by an increase in the molecular field acting
on the atomic nuclei due to the increase in sample mag-

netization. The latter is connected with an increase in
the concentration of magnetic particles in the sample
after removing the extant oil by rinsing. The EPR spec-
tra of the samples can be represented by a superposition
of wide and narrow lines. Rinsing for 12 h led to a
change in the ratio of the narrow and broad components
in favor of the former. Further narrowing was observed
in the pressed plate sample. As was previously found
for various nanoparticle systems, smaller particles and
γ-Fe2O3 are characterized by a narrower EPR signal.
The broad EPR signal arises from amorphous Fe. The
observed changes in EPR spectra can be explained by
some additional oxidation and washing out of larger
nanoparticles and some recrystallization of amorphous
Fe in the particles during pressing.

In further rinsing experiments, the as-prepared pow-
der sample with 5 wt % Fe in the PE matrix was treated
with benzene for 12, 24 and 36 h. After 12-h rinsing, the
magnetization increased and the coercive force did not
change. However, further rinsing led to a significant
decrease in both Hc and magnetization. Hc completely
vanished after rinsing for 24 h, and the magnetization
was about 0.1 of its initial value with a paramagnetic-
type M(H) curve after 36 h of rinsing. We measured
M(H) dependences of the dried deposit formed in the
solvent during rinsing. Its magnetization curves had a
ferromagnetic character without hysteresis. This
behavior can be related to the removal of particles from
the sample during prolonged rinsing. The particles in
the deposit are not fixed in a matrix and that is why they
can be freely rotated by the magnetic field, which leads
to the absence of the coercive force in the deposit.
Therefore, it can be concluded that the fixation of par-
ticles in the matrix (and their interaction with the
matrix) plays one of the dominant roles in forming the
hysteretic properties of materials.

The sample containing 5 wt % Fe in the PE matrix
prepared from iron formate Fe(HCOO)3 by thermode-
struction at 230°C did not reveal any hysteresis at room
temperature. Its magnetization was low (0.025 µB/atom
in a field of 4.5 kOe) and had a superparamagnetic field
dependence.

Table 7.2.  Relaxation of magnetization of the plate sample
containing 5 wt % Fe in the PE matrix

Time, h Mr, %

1 100

24 97

168 96

Table 7.3.  Influence of the preparation conditions on the room temperature hysteretic parameters of powder Fe-containing
samples with a PE matrix

Sample A B C D E F

Fe content, % 5.0 5.0 5.0 1.3 1.3 1.3

Coercivity Hc, Oe 540 680 450 270 530 130

Saturation magnetization Ms , µB per Fe atom 1.1 0.90 0.78 0.64 – –

Remanent magnetization Mr/Ms 0.32 0.37 0.31 0.21 0.31 0.20

Mixing of MCC By drops At once By drops At once By drops At once

Stirring Yes Yes Yes No No Yes

Magnetic field, kOe No field 3.3 2.8 3.3 3.3 1.1
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We studied the influence of heat treatment on the
magnetic properties of a sample containing 5 wt % Fe
in the PE matrix at temperatures of 195, 215, 240, 260
and 290°C in air. For each temperature, we took two
pieces of the sample. We held both pieces at the desired
temperature for 10 min. Then, one piece was placed in
the magnetic field of 7 kOe (texturing magnetic field).
For the samples cooled in magnetic field, we measured
the magnetization curves along and transversely to the
direction of the texturing magnetic field. We did not
find any differences between these curves and the mag-
netization curves of the samples cooled without exter-
nal magnetic field for all temperatures of heat treat-
ment. Such a behavior can reflect the presence of strong
chemical bonding of metallic particles with the sur-
rounding polymeric matrix and a small contribution of
the shape magnetic anisotropy to the total anisotropy of
the particles.

The magnetization curves of the samples heat
treated at different temperatures are shown in Fig. 7.3.
The corresponding values of the remanent magnetiza-
tion, magnetization in the field of 4.5 kOe, and coercive
force measured at room temperature and at 100°C are
summarized in Table 7.4.

As one can see, heat treatment leads to a progressive
decrease in the coercive force of the samples. The fast-
est coercive force decrease is observed in the tempera-
ture range 240–260°C, i.e., in the range of polyethylene
melting. It was determined from Mössbauer spectra
that heating causes an increase in the iron oxide content
(see Section 5). That is why the decrease in the coercive
force can be related to the particle oxidation (it should
be noted that γ-Fe2O3 has a significantly lower magne-
tocrystalline anisotropy than pure Fe).

The behavior of the specific magnetization is more
complex. Whereas the remanent magnetization consis-
tently decreases with an increase in the heat treatment
temperature, which simply reflects the decrease in the
sample coercive force, the magnetization in the field of
4.5 kOe first markedly decreases and then increases
(see Table 7.4). The observed magnetization decrease
can also be related to the oxidation of nanoparticles.
According to the Mössbauer measurements for the
samples with the same composition heat treated in an
analogous manner, previously formed iron(III) oxide is
reduced to the oxide containing Fe+2.5 at high tempera-
tures of treatment. This process can be responsible for
the magnetization increase in the samples heat treated
at high temperatures.

Hysteresis loops were measured for the sample heat
treated at 210°C for 10 and 60 min. The increase in heat
treatment time led to a further decrease in Hc by about
5%, which can be associated with further oxidation.
The blocking temperature also decreased after high-

–4000

–0.4

–6000 –2000 0 2000 4000 6000

–0.6

–0.8

–0.2

0.2

0.4

0.6

0.8

0

5 wt % Fe + PE

H, Oe

1

5

2
3
4

M, µB/atom

Fig. 7.3. Room-temperature hysteresis loop for the original
sample containing 5 wt % Fe in the PE matrix (curve 1) and
demagnetization curves for the sample heat treated in air at
(2) 29, (3) 240, (4) 260, and (5) 195°C.

Table 7.4.  Remanent magnetization Mr , coercive force Hc,
and magnetization at 4.5 kOe at room temperature and at
100°C for the samples containing 5 wt % Fe heat treated at
different temperatures in air

Hc Mr
M

(at 4.5 kOe)
Hc

(at 100°C)

Oe µB µB Oe

Original 950 0.25 0.72 566

195°C 720 0.16 0.48

215°C 570 0.14 0.50

240°C 490 0.15 0.56

260°C 270 0.10 0.55 230

290°C 170 0.08 0.64
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Fig. 7.4. ZFC–FC curves measured in 300 Oe for the
(1, 2) original and (3, 4) heat-treated (at 280°C for 6 h) sam-
ple containing 5 wt % Fe in PE matrix: (1, 3) FC and
(2, 4) ZFC.
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temperature heat treatment. Figure 7.4 shows the ZFC–
FC curves for the original (not heat treated) and heat-
treated (6 h at 280°C) sample containing 5 wt % Fe in
the PE matrix. The magnetization temperature hystere-
sis characteristic for the blocking state becomes visible
for the heat-treated sample at about 250 K (it follows
from Hc(T) measurements that the blocking tempera-
ture for the original sample is about 670 K). Rapid mag-
netization rising below 70 K can be related to the trans-
formations of the particle internal magnetic structure.

We also measured the coercive force in the samples
containing 5 wt % Fe in the PE matrix (with the coer-
cive force of 950 Oe) after exposing them to –70°C and
the liquid-nitrogen temperature for various periods of
time and cycling between –70 and +30°C. The samples
were kept at –70°C for up to 9 h and at the liquid-nitro-
gen temperature for up to 21 h. On cycling, the samples
were cooled down to –70°C and kept at this tempera-
ture up to 2 h; then, they were heated up to +30°C and
kept at this temperature for 30 min. Five cooling–heat-
ing cycles were made. This treatment did not lead to a
noticeable change in the coercive force: its difference
from the initial value was in the range of 30–50 Oe.

Figure 7.5 shows the room-temperature magnetiza-
tion curves of a commercially available micron-sized
carbonyl Fe powder and two samples containing 5 and
12.3 wt % of micron-sized Fe particles in the PE
matrix. The latter samples were prepared by simply
adding the Fe micron-sized powder to the melt of poly-
ethylene in mineral oil. The coercive force was equal to
zero in all three samples. The magnetization curves
were not saturated due to the effects of the demagneti-
zation fields inside the particles. The specific magneti-
zation of the Fe powder approached the value of
2.2 µB/atom. The specific magnetization of the samples
containing micron-sized particles in the PE matrix was
about half as large as that of the pure Fe powder. This
can be related with Fe losses on the stage of rinsing. Fe
loss arises due to the weak bonding of micron-sized
particles to the polymeric matrix in the resulting com-
posite materials. These samples can be regarded as a
simple mechanical mixture of two separate phases, a
polymer and Fe particles. On the contrary, the magnetic

polymers containing nanoparticles studied in this work
are characterized by essential particle binding to the
surrounding polymeric matrix.

The results of studying the powder samples contain-
ing various amounts of Fe in the PP and PAMD matri-
ces are summarized in Tables 7.5 and 7.6. In the sam-
ples with PAMD and PP matrices, the coercive force
increases with increasing the Fe concentration. How-
ever, the room-temperature values of Hc in these sam-
ples were at least three times lower than in the samples
containing 5 wt % Fe in the PE matrix. Heat treatment
of the samples at 300°C for 10 min led to a decrease in
the coercive force and to an increase in the specific
magnetization.

We studied the influence of matrix rigidity on the
magnetic properties of Fe-based samples. To do this,
the following samples were prepared: 5 wt % Fe in the
paraffin matrix and 30 wt % Fe (relative to PE) in a
mixed PE–paraffin matrix. In the latter case, the relative
content of polyethylene in more rigid paraffin was suc-
cessively increased: the samples with 5, 10 and 20 wt %
PE (relative to paraffin) were prepared. The sample with
5 wt % Fe in the paraffin matrix had a coercive force of
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Fig. 7.5. Room-temperature magnetization curves for
micron-sized Fe powder (curve 1) and for the samples con-
taining 5 (curve 3) and 12.3 wt % (curve 2) of micron-sized
Fe particles in the PE matrix.

Table 7.5.  Coercive force Hc, remanent magnetization Mr , magnetization in the field of 4.5 kOe for powder samples contain-
ing Fe in polyethylene and polyamide matrices

Matrix Fe, %

Room temperature T = 77 K

Hc Mr M at 4.5 kOe Hc Mr M at 4.5 kOe

Oe µB µB Oe µB µB

PP 19.69 250 0.12 0.47

PP 30 360 0.008 0.04 500 0.012 0.05

PAMD 5.2 110 0.096 0.59

PAMD 14.2 180 0.09 0.49

PAMD 48.2 340 0.18 0.71
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about 650 Oe and a magnetization of 1.5 µB/atom in the
field of 4.5 kOe. In the set of samples containing 30 wt %
Fe (relative to PE), the magnetization decreased from
~1 to ~0.3 µB/atom with the increase in the PE content
from 5 and 20 wt % PE. Simultaneously, the increase in
the coercive force from about 100 Oe to about 900 Oe
was observed.

7.2. Co-Based Samples 

Magnetic properties of Co particles have been well
documented [50–58, 60–67]. Woods et al. [50] studied
thin films containing 5–10 layers of Co nanoparticles
deposited on a thermally oxidized silicon substrate.
Monodisperse Co nanoparticles were obtained by high-
temperature solution phase synthesis. Each particle was
coated by an oleic acid shell 2 nm in thickness. The par-
ticles were 3 and 5 nm in diameter and were assembled
into closely-packed arrays with a spacing between par-
ticles of about 4 nm. The measurements of magnetic
noise power density produced by the samples were
made using a variable-temperature scanning SQUID
microscope. From the data obtained, the blocking tem-
peratures of 20 K and 55 K and the magnetic anisotropy
constants of 3.08 × 106 and 1.87 × 106 erg/cm3 were
determined for the samples with 3- and 5-nm Co parti-
cles, respectively. Chen et al. [51] studied the magnetic
behavior of Co nanoparticles synthesized in inversed
micelles. The average diameter of the particles was
1.8–4.4 nm depending on preparation conditions. The
blocking temperatures varied from 19 K for 1.8-nm
particles to 50 K for 4.4-nm particles. The coercive
force also increased with an increase in nanoparticle
diameter (Hc = 640 Oe for 1.8 nm and Hc = 12.5 kOe
for 4.4 nm at 10 K). The magnetic anisotropy constant
determined from the blocking temperature was 3 ×
107and 5 × 106 erg/cm3 for the particles with a diameter
of 1.8 and 4.4 nm, respectively. The saturation magne-
tization for 1.8-nm particles was about 200 emu/g
(2.1 µB/atom), which is about 20% larger than the bulk
value (162.5 emu/g or 1.7 µB/atom [45]). Colloids con-
taining cobalt nanoparticles were prepared by decom-

position of an organometallic precursor in the presence
of a stabilizing polymer by Respaud et al. [52, 53]. Two
compositions with average particle diameters of 1.5
and 2.0 nm were obtained. The first one had a blocking
temperature of 9 K; the second one, of 13.5 K. Magne-
tization measurements in high fields (up to 50 kOe)
revealed deviations from the Langevin behavior in a
superparamagnetic temperature region. From the mag-
netization measurements (fitting M(H) curve to the
Langevin function and taking into account the mag-
netic anisotropy of the particles), the magnetic aniso-
tropy constants were determined to be (0.83–1.3) × 107

and (7.3–8.5) × 106 erg/cm3 for the samples with a par-
ticle diameter of 1.5 and 2 nm, respectively. It was also
found that the magnetization did not saturate even in
high magnetic fields and the high-field susceptibility
increased with reduction of the particle size. This
behavior was related to a two-step magnetization pro-
cess: orientation of the magnetic moments of the parti-
cles and orientation of the internal canted spin structure
of the particle along the external magnetic field (this
process contributes to the large high-field susceptibil-
ity). The magnetic moment per Co atom was found to
be 1.94 and 1.83 µB for particles with diameters of 1.5
and 2 nm, respectively.

Peng et al. [54] obtained Co particle assemblies on
a polyimide film with a thickness of about 100 nm
using a plasma-gas-condensation type cluster beam
deposition technique. The process was conducted in an
argon atmosphere with oxygen admixture. The result-
ing particles had a mean diameter of 6 and 13 nm and a
core–shell structure. The electron diffraction patterns
showed the coexistence of fcc Co (core) and CoO
(shell). Magnetization measurements revealed a field
hysteretic behavior below about 200 K with a coercive
force of about 2.5 kOe for 13-nm particles at 5 K.
Below 200 K, the temperature ZFC–FC hysteresis was
also observed. FC hysteresis loops displayed a bias
characteristic for unidirectional exchange anisotropy
below 200 K (for the sample with 6-nm nanoparticles,
the bias was about 10.2 kOe after cooling in 20 kOe).
The observed hysteretic behavior was explained by

Table 7.6.  Coercive force Hc, remanent magnetization Mr , magnetization in the field of 4.5 kOe at room temperature and at
100°C for the original powder samples containing Fe in polyethylene and polyamide matrices and the samples heat treated at
300°C for 10 min

Hc Mr MH = 4.5 Hc (at 100°C)

Oe µB µB Oe

19.69% Fe in PP original 250 0.12 0.47 180

19.69% Fe in PP heat treated 120 0.06 0.65 100

5.2% Fe in PAMD original 110 0.096 0.59 70

5.2% Fe in PAMD heat treated 80 0.17 0.89 50

14.24% Fe in PAMD original 180 0.09 0.49 120

14.24% Fe in PAMD heat treated 80 0.06 0.65 50
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uniaxial magnetic anisotropy related to exchange
anisotropy [27]. The temperature at which the bias dis-
appeared (~200 K), which marks an anisotropic
exchange loss, was much lower than the Neel tempera-
ture of bulk CoO (293 K). Because of this observation,
the authors suggested the exchange interaction between
the ferromagnetic Co core and the disordered spins of the
ferromagnetic–antiferromagnetic interface (Co–CoO) to
be the main origin of exchange anisotropy. The spin glass
freezing temperature of this noncollinear magnetically
ordered layer was supposed to be 200 K. The unidirec-
tional exchange anisotropy was also observed in oxide-
passivated Co nanoparticles by Gangopadhyay et al. [55].

The magnetic properties of Co nanoparticles
embedded in various matrices have been studied in [57,
58]. Dupuis et al. [56] studied Co nanoparticles with a
diameter of 2.8 nm in conducting (Ag) and isolating
(SiOx) matrices. The samples were obtained using low-
energy cluster beam deposition. Magnetization mea-
surements showed that the blocking temperature
increased from about 20 K for the samples with 5 at. %
Co to about 70 K for the samples with 20 at. % Co. The
difference between Tb in Ag and SiOx matrices was
insufficient. Jamet et al. [57] studied a system of Co
nanoparticles with a diameter of 3 nm embedded in a
20-nm-thick Nb film. Samples were prepared by low-
energy cluster beam deposition. The system of particles
had a blocking temperature of 14 K and a magnetic
anisotropy constant of 2 × 106 erg/cm3. The contribu-
tions of the shape, magnetoelastic, magnetocrystalline,
and surface anisotropy energies were considered to be
possible sources of the observed magnetic anisotropy.
It was shown that the main contribution arose from the
surface anisotropy and could be explained in the frame-
work of the Néel anisotropy model [59] by a breaking
of the cubic symmetry at the particle surface. Hickey
et al. [58] obtained small Co particles (less than 1.5 nm
in diameter) in the Cu matrix by a rapid quenching of
the molten Co13Cu87 alloy. The magnetic anisotropy of
3 × 108 erg/cm3 was obtained for the particles contain-
ing 30 atoms of Co.

We measured the M(H) curves for the samples con-
taining 4–15 wt % Co in the PE matrix prepared under
different conditions. Figure 7.6 shows the magnetiza-
tion curves of the powder sample containing 4 wt % Co
in the PE matrix synthesized at 300°C, measured at dif-
ferent temperatures. The observed field hysteresis
points to the blocking state of the Co nanoparticle sys-
tem at room temperature and below it. On cooling, the
coercive force rises reaching 680 Oe at 4.2 K (at room
temperature, it is 590 Oe). The magnetization also
increases on cooling, although it is slightly temperature
dependent below room temperature, in particular, in the
region of 50 K where a Fe sample is characterized by a
sharp magnetization rise with cooling (Fig. 7.7). Simul-
taneously, the character of the M(H) dependence is
changed: at room temperature, magnetization at
4.5 kOe approached the saturation value, while at

4.2 K, saturation was absent. Such a behavior can be
caused by an increase in the magnetic anisotropy in a
low-temperature region. The magnetization at 4.5 kOe
is 1.05 µB/atom at 295 K and 1.95 µB/atom at 4.2 K; the
latter is greater than the volume value 1.7 µB/atom [45].
Note that, according to elemental analysis, the oxygen
content of the 4 wt % Co sample is no more than 0.04%.
Theoretical calculations made in [60–64] predict the
increase in magnetic moments in nanoparticles of 3d
transition metals Fe, Co, and Ni compared to the bulk
values. This increase was related to a narrowing of the
3d band in the surface layer of the particle due to a
reduced coordination number of a 3d atom at the sur-
face. This effect is especially pronounced in small par-
ticles where the relative number of atoms at the surface
is high and they play an essential role in the formation
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Fig. 7.6. Magnetization curves of the powder sample con-
taining 4 wt % Co in the PE matrix prepared at 300°C.
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Fig. 7.7. FC (300 Oe) magnetization vs. temperature for Co
and Fe samples with 4 and 5 wt % of the metal in the PE
matrix, respectively.
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of the particle magnetic properties. The increase in the
magnetic moment was observed experimentally in Co
particles with a diameter of 1–2.5 nm in colloid (1.83–
1.94 µB/atom) [52, 53], 1.8–4-nm Co particles in
micelles [51], and in the experiments with Fe, Co, and

Ni superparamagnetic clusters in molecular beams [63,
65–67]. In [66, 67], it was established that the Co mag-
netic moment in cluster is 2.2 µB/atom.

The blocking temperature  of the sample con-
taining 4 wt % Co in the PE matrix can be determined
from the Hc(T) dependence. However, it was found that
in contrast to the sample with 5 wt % Fe in the PE
matrix, Hc in the Co sample did not obey the T1/2 law
and fitting the experimental data to this law gave unre-

alistic  values. The T2 law gave the best fit to the
data. Figure 7.8 shows the experimental Hc values
together with the approximating T2 curve. Extrapola-
tion of T 2 dependence to a high-temperature region
allowed one to obtain the temperature at which the hys-
teresis disappeared (560 K), which can be regarded as

. By using this value and Eq. (8) (the particle diam-
eter is 3 nm), one can estimate the effective anisotropy
constant K to be 1.5 × 108 erg/cm3, which is about two
orders of magnitude higher than in bulk Co (4 ×
106 erg/cm3 at room temperature [45]).

The sample containing 4 wt % Co in the PE matrix
was heat treated in air at 280°C for 2 h. The results of
the heat treatment are shown in Table 7.7. As one can
see, heat treatment does not change the coercive force
of the sample. This can be related to an insufficient Co
oxidation during heat treatment. Magnetization in the
heat-treated sample was about twice as large as in the
original sample. This increase can be connected with
processes of crystal structure transformations in Co
nanoparticles. Heat treatment and high-temperature
magnetization measurements of the Co sample reveal
an essential difference in the coercive behavior between
this sample and the Fe sample of analogous composi-
tion. In the latter, heat treatment led to the decrease in
both Hc and magnetization (Table 7.4).

From the standpoint of the results obtained for the
Co sample synthesized at 300°C, one could expect that
increasing the temperature of synthesis could give the
samples with better magnetic characteristics (in partic-
ular, higher magnetization). The increase in the prepa-
ration temperature could lead to a more complete parti-
cle formation but also to the formation of too large par-
ticles. A possible solution is a two-stage preparation
process. At the first stage, we obtain samples with small
Co particles by conducting the process at a lower tem-
perature (240°C). At the second recrystallization stage
(heat treatment at higher temperatures), larger nanopar-
ticles form from tiny Co clusters. At this stage, the high
viscosity of the polymer prevents the formation of too
large particles.

A series of samples containing Co in the PE matrix
with the metal concentrations 5, 10, and 15 wt % was
synthesized at 240°C. The highest Hc value of about
400 Oe was observed in the sample with 5 wt % Co.
The as-prepared samples were characterized by small
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Fig. 7.8. Coercive force vs. temperature of the sample con-
taining 4 wt % Co in the PE matrix prepared at 300°C.

Table 7.7.  Coercive force Hc, remanent magnetization Mr ,
magnetization in the field of 4.5 kOe at room temperature for
the original and heat-treated (280°C, 2 h) powder samples
containing 4 wt % Co in the polyethylene matrix

Hc Mr MH = 4.5

Oe µB µB

4 wt % Co in PE original 590 0.35 1.05

4 wt % Co in PE heat treated 590 0.62 1.96
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Fig. 7.9. Room-temperature demagnetization curves for the
samples containing 5, 10, and 15 wt % Co in the PE matrix
synthesized at 240°C and heat treated at 280°C for 6 h in air.
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magnetization (the highest value in 4.5 kOe was
0.016 µB/atom). Heat treatment in air at 280°C for 6 h
led to a roughly 30-fold increase in magnetization. The
coercive force did not change. Figure 7.9 shows the
room-temperature demagnetization curves for the sam-
ples containing 5, 10, and 15 wt % Co in the PE matrix
synthesized at 240°C and heat treated at 280°C for 6 h
in air.

7.3. Heterometallic Particles 

Magnetic properties of heterometallic nanoparticles
have been studied in [68–71]. Li et al. [68] obtained
heterometallic Fe1 – xCox nanoparticles with Co concen-
tration x = 0, 0.2, 0.4, 0.6, 0.8, and 1 using the hydrogen
plasma-metal reaction method. As-prepared particles
had mean diameters from 40 to 51 nm and an oxygen
content no more than 2.5 wt % depending on composi-
tion. The crystalline phase content, lattice constants,
and magnetic characteristics of the nanoparticles dis-
played the same dependence on composition as those
of the corresponding bulk alloys. In particular, there
was a maximum of about 180 emu/g in the saturation
magnetization–composition dependence at 40% Co (in
the bulk, the Ms maximum value is 240 emu/g). The
coercive force in the nanoparticle system had a maxi-
mum value of 860 Oe at x = 0.8. Hc increased with Co
concentration increasing from about zero for pure Fe
nanoparticles. The sample oxidized at 873 K in air was
composed of α-Fe2O3, CoFe2O4, and Co3O4 and had an
acicular shape being 1000 nm in length and 30 nm in
width. The magnetic properties of the oxidized nano-
particles were determined by CoFe2O4. The coercive
force of the oxidized particles was 1 kOe higher in the
whole composition range. Turgut et al. [69] studied the
powder of oxide-coated FeCo nanoparticles prepared in
an rf plasma torch reactor. The particles had an average
diameter of 27 nm and contained α-FeCo phase and
CoFe2O4. The coercive force at 250 K was found to be
about 140 Oe and the room-temperature magnetization
was 190 emu/g. On cooling, Hc rose up to 280 Oe at
5 K. Exchange anisotropy effects were observed
(shifted hysteresis loops), which resulted from the
interaction between the ferromagnetic FeCo core and
the ferromagnetic CoFe2O4 shell.

The magnetization measurements of PdFe nanopar-
ticles (Pd–0.4 at. % Fe) were made by Shinohara et al.
[70]. The nanoparticles of various diameter (from 8.2 to
34.4 nm) were produced by the gas evaporation method
in an Ar atmosphere. It was established that the sponta-
neous magnetization of the particles decreased with a
decrease in the particle size. The results were explained
in terms of the core–shell model by the existence of a
nonmagnetic layer on the particle surface. The thick-
ness of the layer was estimated from the experimental
magnetization data to be about 3.3 nm. The core mag-
netization was comparable with the bulk value of
2.1 emu/g. The nature of the surface nonmagnetic layer

was related with localization of electrons in the layer.
This localization decreases the itinerancy of electrons,
which determines the magnetism of the material.

Chowdary et al. [71] prepared SmCo5 nanoparticles
with an average diameter of 40 nm by ball milling. It
was found that their coercive force decreased with
reduction of the strain imparted to the particle in the
course of the preparation process.

In this work, we studied the following heterometal-
lic powder samples: 10 wt % Fe–Pt (with a 1 : 1 metal-
to-metal ratio), 5.5 wt % Fe–Co (10 : 1), 6 wt % Fe–Co
(5 : 1), 10 wt % Fe–Co (1 : 1), and 6.5 wt % Fe–Sm
(3 : 1) in the PE matrix.

The Fe–Pt sample exhibited at room temperature
pure paramagnetic behavior with a linear M(H) plot.
The magnetization at 4.5 kOe was 0.3 µB per average
magnetic atom.

The sample containing 5.5 wt % Fe–Co was pre-
pared by the simultaneous thermodestruction of Co and
Fe formates (Co(HCOO)2 and Fe(HCOO)2) at 250°C. It
was characterized by paramagnetic behavior at room
temperature with a magnetization of 0.025 µB/magnetic
atom in 4.5 kOe. The sample containing 10 wt % Fe–Co
was synthesized by the thermodestruction of the
FeCo(CO)4 cluster at 300°C. It also revealed a para-
magnetic magnetization curve at room temperature
with a slightly higher magnetization of about
0.04 µB/magnetic atom in the field of 4.5 kOe. The
magnetization curves for this sample are shown in
Fig. 7.10. On cooling, the magnetization increased and
a small hysteresis of about 100 Oe appeared at 4.2 K.
The M(H) curve did not saturate in 4.5 kOe even at
4.2 K. The difference between the ZFC and FC magne-
tization curves (temperature hysteresis) (Fig. 7.11)
appeared only below 25 K, which can be considered to
be the blocking temperature.
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Fig. 7.10. Magnetization curves for the sample containing
10 wt % Fe–Co (1 : 1) in the PE matrix measured at 4.2, 77,
and 295 K.
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The sample with 6 wt % Fe–Co (5 : 1) was prepared
by the thermodestruction of the FeCo(CO)4 cluster at
270°C. Its room-temperature M(H) curve (Fig. 7.12)
did not demonstrate hysteresis. The temperature ZFC–
FC hysteresis appeared below about 250 K, which can
be regarded as the blocking temperature for this sam-
ple. The low-temperature M(H) curves of this sample
are characterized by a strong dependence on its mag-
netic history. The magnetization curve M(H) measured
at 77 K after cooling in a zero magnetic field is located
below the room-temperature curve for the fields higher
than 300 Oe (Fig. 7.12). A decrease in the magnetiza-
tion on cooling was observed for the ZFC M(H) curve
(Fig. 7.11). At the same time, the FC M(H) curve shows
a rapid magnetization increase in the temperature range

below about 100 K. The demagnetization curve mea-
sured at 4.2 K after cooling in a field of 4.5 kOe showed
that this field was not sufficient to bring the sample into
the demagnetized state. These effects can be associated
with the appearance of a noncollinear magnetic struc-
ture in the particles on cooling and with the presence of
essential exchange anisotropy in a low-temperature
region.

The sample containing 6.5 wt % Fe–Sm (3 : 1) was
obtained by the thermodestruction of the FeSm(CO)n

cluster at 270°C. Iron-rich Sm–Fe bulk compounds
(such as SmFe7, Sm2Fe17Cy) have high magnetic aniso-
tropy and magnetization at room temperature. The
SmFe7 anisotropy exceeds that of the well-known per-
manent magnet NdFeB. These properties become
stronger upon the addition of carbon due to the increase
in the Curie temperature. Upon the formation of nano-
particles in a polymeric matrix, carbon can transfer
from the matrix to the particle with the corresponding
effect on magnetic properties. Adding Sm to Fe can
also enhance its oxidation resistivity.

Figure 7.13 shows the room-temperature magneti-
zation curve of the Fe–Sm sample. The sample is char-
acterized by a relatively high magnetization (about
1 µB/magnetic atom), but the magnetic field hysteresis
in the M(H) curve is absent.

7.4. Oxide-Based Samples and the CoCl2 Sample 

The magnetic properties of various iron oxide nano-
particles have been addressed in many works. Among
recent works focusing on γ-Fe2O3 nanoparticles, one
can note [24, 72–79].

Zhang et al. [75] prepared 4–5-nm γ-Fe2O3 particles
encapsulated within a SiO2 shell by coprecipitation of
ferrous and ferric salts. The system of such particles
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Fig. 7.11. ZFC and FC magnetization vs. temperature in the
field of 300 Oe for the samples containing 6 wt % Fe–Co
(5 : 1) (curve 1–-FC, 2–-ZFC) and 10 wt % Fe–Co (1 : 1)
(curve 3–-FC, curve 4–-ZFC); and in the PE matrix
(1, 3) FC and (2, 4) ZFC.
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Fig. 7.12. Magnetization curves for the sample containing
6 wt % Fe–Co (5 : 1) in the PE matrix at temperatures of
4.2, 77, and 295 K.
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exhibited a superparamagnetic behavior in the range
from room temperature to the blocking temperature of
15 K. The effective anisotropy constant was estimated

from  to be 1.57 × 106 erg/cm3. The magnetization
of the system measured in the field of 30 kOe was
20 emu/g Fe2O3 at 5 K and 5 emu/g Fe2O3 at 300 K.
Martinez et al. [24] fabricated γ-Fe2O3 nanoparticles
through a vaporization–condensation process. The
resulting powder contained nanoparticles with a mean
diameter of about 9–10 nm. The blocking temperature
determined from ZFC–FC measurements was about
72 K. An additional anomaly was observed in the FC
M(T) curve in the region of 42 K, which was attributed
by the authors to the onset of the spin-glass state in the
particle surface layer with a thickness of 0.6 nm. The
saturation magnetization of the particles was found to
be 5 emu/g at 5 K. In the temperature range below about
23 K, the shifted hysteresis loops were observed after
field cooling with the exchange shift field of 1500 Oe at
4.2 K. Morales et al. [72] obtained γ-Fe2O3 nanoparti-
cles by coprecipitation from solution and by laser
pyrolysis of Fe(CO)5. The particles with a mean diam-
eter of 12 nm were characterized by Hc = 29 Oe and
Ms = 65.4 emu/g at room temperature (260 Oe and
72.7 emu/g, respectively, at 5 K). For smaller particles,
Ms decreased and Hc at 5 K increased (at room temper-
ature, Hc = 0); for 3.5-nm particles, Hc at 5 K was 3 kOe
and Ms was 9.9 emu/g. Dormann et al. [73] studied the
effects of interaction between γ-Fe2O3 nanoparticles
dispersed in poly(vinyl alcohol) and in powder.

In [74, 76–79], the systems of γ-Fe2O3 nanoparticles
were studied in various matrices. Sohn et al. [74] inves-
tigated a thin (800 µm) magnetic film containing
γ-Fe2O3 particles (5 wt % Fe) with a mean diameter of
5 nm in the [NORCOOH]30[MTD]300 diblock copoly-
mer (NORCOOH = 2-norbornene-5,6-dicarboxylic
acid, MTD = methyltetracyclododecene). The blocking
temperature of such a system, determined as the tem-
perature at which the magnetic field hysteresis disap-
peared, was 16 K. The effective anisotropy constant of

the particle system calculated from the  value was
1.58 × 106 erg/cm3. The saturation magnetization of the
material was 39 emu/g Fe2O3. The temperature depen-
dence of the coercive force obeyed the T1/2 law with
Hc = 530 Oe at 0 K. Beutivegna et al. [76] prepared the
samples containing 0.28 vol % γ-Fe2O3 particles with a
mean diameter of 10 nm in a silica xerogel matrix. The
saturation magnetization of the nanoparticle system
was 24% lower than that of the bulk material, and the
anisotropy constant was 1.8 × 105 erg/cm3. Sappey
et al. [77] studied a diluted system (the volume concen-
tration of the magnetic component was 0.02%) of
γ-Fe2O3 nanoparticles (mean diameter of 7 nm) embed-
ded in the silica matrix. From the ZFC and FC magne-
tization curves, it was established that the blocking
temperature was about 60 K, the coercive force at 0 K

Tb
m

Tb
m

was 250 Oe, and the anisotropy constant was 6.4 ×
105 erg/cm3. The observed anomalous ZFC M(T) peak
dependence on magnetic field was explained by the size
distribution of the particles. Ziolo et al. [78] investi-
gated a material containing γ-Fe2O3 particles with a
diameter of 5–10 nm in sulfonated polystyrene. The
magnetization of the sample with 21.8 wt % γ-Fe2O3
was almost the same as that of the bulk material. The
blocking temperature determined from the magnetiza-
tion measurements of an analogous sample with 2 wt %
γ-Fe2O3 was about 40 K [79]. This material was super-
paramagnetic at room temperature, and the coercive
force of 1200 Oe was observed at 10 K. The magneti-
zation of the sample containing 2 wt % γ-Fe2O3 mea-
sured in a field of 9 kOe was three times smaller than
that of the bulk γ-Fe2O3.

EXAFS, EPR, and Mössbauer investigations [80]
showed that our materials obtained by the thermode-
struction of iron acetate Fe2(CH3COO)3 in the polyeth-
ylene matrix contained γ-Fe2O3 nanoparticles. The
samples with the iron oxide concentration from 1 to
30 wt % were studied. At room temperature, the super-
paramagnetic behavior was observed. Figure 7.14
shows the M(H) curve for the sample with 23 wt %
Fe2O3. The Langevin function (10) fitted to the experi-
mental M(H) curve in Fig. 7.14 gives Ms = 9.6 emu/g
Fe2O3 (0.14 µB/atom) and the average magnetic
moment of a particle µ = 4800 µB. It should be noted
that bulk γ-Fe2O3 is a spinel ferrimagnet with a mag-
netic ordering temperature of 848 K and a saturation
magnetization of 81 emu/g at 4.2 K and 76 emu/g at
298 K [44]. The observed saturation magnetization in
the nanoparticle system is much lower than that in the
bulk material, which is usually related to the emergence
of a noncollinear spin structure in the nanosized state
stable even in strong magnetic fields [24, 75]. In the
samples with a lower γ-Fe2O3 content, the saturation
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Fig. 7.14. Room-temperature magnetization curve of the
sample containing 23 wt % Fe2O3 in the PE matrix.



S60

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY      Vol. 47      Suppl. 1      2002

GUBIN et al.

magnetization decreased to about 1.5 emu/g for the
sample with 1.4 wt % γ-Fe2O3. Figure 7.15 shows the
ZFC and FC M(T) dependences measured for the sam-
ple with 7.1 wt % γ-Fe2O3 in the field of 490 Oe. As one
can see, there is the temperature ZFC–FC hysteresis
below about 30 K. The field hysteresis disappears at
32 K (at 4.2 K, it has a value of 200 Oe). Taking 32 K
as the blocking temperature, the effective anisotropy
constant Keff was estimated by Eq. (8) (the mean particle
diameter was 4 nm) to be 3.2 × 106 erg/cm3, which is
much higher than the bulk value 4.7 × 104 erg/cm3 [81].

Barium ferrite nanoparticle systems have been
studied in [82–86]. Fang et al. [82, 83] studied
BaFe12 − 2xZnxSnxO19 (x = 0–1.1) nanoparticles obtained
by chemical coprecipitation. The particle diameter
decreased from 95 nm at x = 0 to 45 nm at x = 1.1. Mag-
netization measurements were performed for the sam-

ples obtained by the cold pressing of a nanoparticle
powder. The approach to the magnetic saturation law
was used to determine the saturation magnetization Ms
and the anisotropy constant. At low temperatures
(78 K), the Ms(x) dependence passes through a maxi-
mum, Ms 92 emu/g, at x = 0.3. The anisotropy constant
at 0 K decreased with an increase in x from 4.1 ×
106 erg/cm3 at x = 0 to 2 × 106 erg/cm3 at x = 1.1. The
coercive force slightly increased with increasing tem-
perature (at 297 K, it was 1620 Oe at x = 0.1 and
5875 Oe at x = 0). Ong et al. [84] studied magnetic
relaxation phenomena in BaFe12 – 2xZnxSnxO19 samples
with x = 0–0.5. It was shown that with increasing x, the
magnetic viscosity and fluctuation field increased while
the activation volume decreased. These trends were
related to a decrease in the particle size, the anisotropy
constant, and the wideness of their distribution. The
calculated activation volume was much smaller than the
actual particle volume, which pointed to the incoherent
magnetization reversal mechanism in this system.

Garcia del Muro et al. [85] prepared
BaFe10.4Co0.8Ti0.8O19 particles with different mean
diameters (45 and 7.6 nm) by the glass crystallization
method. Magnetic measurements were carried out for
the samples in which the particles were fixed in the glue
matrix in order to prevent their rotation during mea-
surement. The magnetization in the sample with
7.6-nm particles at 5 K was about 58 emu/g in the field
of 200 kOe and was not saturated. For 45.4-nm parti-
cles, the saturation magnetization at 5 K was 80 emu/g.
The coercive force at 5 K was 5500 Oe in the sample
with 7.6-nm particles. The ZFC–FC temperature hys-
teresis was observed below 40 K in the system of
7.6-nm particles even in the field of 70 kOe. The
authors attributed the observed magnetic behavior to
the spin-glass state in the surface layer of nanoparticles.
Liu et al. [86] obtained BaFe12O19 particles with a mean
diameter of 10–30 nm using a complex multistage pro-
cess involving the formation of hydroxide precursor
particles from the water-in-oil microemulsion with sub-
sequently calcining it at temperatures up to 950°C. The
powder calcined at 950°C displayed a coercive force of
5639 Oe and a saturation magnetization of 69.74 emu/g
at room temperature.

We investigated the samples with 5 wt %
BaOFe2O3, 5 wt % SrOFe2O3, and 40 wt % BaFe2O4
and BaFe12O19 in the PE matrix. Figure 7.16 shows the
M(H) curve for the sample with 5 wt % BaFe2O4 at
room temperature. As one can see, the curve is charac-
terized by the absence of hysteresis and essential curva-
ture. The Langevin function fit gave an Ms value of
0.09 µB per Fe atom. ZFC–FC measurements for this
sample revealed the blocking behavior (the temperature
hysteresis) below about 60 K. This means that the sam-
ple displays superparamagnetic properties at room tem-
perature. It should be noted that, according to our EPR
measurements, the sample with BaOFe2O3 mainly con-
sisted of γ-Fe2O3, which could explain small values of
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Fig. 7.15. ZFC and FC magnetization vs. temperature in the
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magnetization. The increase in the BaFe2O4 content to
40 wt % did not lead to the appearance of hysteretic
properties at room temperature (Fig. 7.17). The field
dependence of the magnetization measured for the
sample containing 5 wt % SrOFe2O3 in the PE matrix
also did not display hysteresis. The magnetization was
rapidly saturated to the value of about 35 emu/g of the
magnetic component at 4.5 kOe.

The field dependences of the magnetization M(H)
measured at 293 K for the CoO and CoCl2 samples
were straight lines with a magnetization of 2.5 × 10–3

and 1.4 × 10–2 µB per Co atom, respectively. It should
be noted that both compounds in the bulk form are anti-
ferromagnetic with Néel temperatures of 292 K for
CoO and 25 K for CoCl2 [87, 88].

7.5. Manganese-Based Samples 

Magnetic molecular clusters with nanometer sizes
and high total spins (S = 10–14) and, consequently,
with large magnetic moments are well known in molec-
ular chemistry. Molecular clusters are the objects with
internal magnetic ordering and crystal structure and can
be regarded as single-domain nanosized magnetic par-
ticles. They are characterized by a well-defined and
uniform size and shape, which is important for high-
density magnetic recording. The dodecanuclear
manganese cluster (“Mn12”) with the formula
[Mn12O12(CH3COO)16(H2O)4] · 2CH3COOH · 4H2O
has the total spin S = 10 with Mn(III) and Mn(IV) spins
coupled antiferromagnetically. The high-spin ground
state is combined with a strong easy axis anisotropy.
The magnetic moment of the cluster µ ≈ 21 µB near
40 K [89–91]. The behavior of the cluster in any type of
matrix has not hitherto been studied. Preservation of
such properties as uniform size and shape, strong easy

axis anisotropy, and large magnetic moment or, at least,
some of these properties in a room-temperature region
can give a material with essential advantages for mag-
netic recording. With this in mind, we decided to make
the first step toward the incorporation of molecular
clusters into a polymeric matrix.

Figure 7.18 shows the temperature dependences of
the FC (1 kOe) magnetization for the samples contain-
ing 5 wt % of highly oxidized Mn in the PE matrix. The
samples were prepared in order to obtain Mn12 in the
polyethylene matrix: sample 1 was fabricated using
Mn(CH3COO)2 and KMnO4, and for sample 2, H2O2
was used instead of KMnO4. As one can see, magnetiza-
tion of sample 1 is much higher than that of sample 2. In
the temperature range below 40 K, the magnetization in
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Fig. 7.17. Room-temperature magnetization curves for the
samples containing 40 wt % BaFe2O4 and BaFe12O19 in the
PE matrix (magnetization is given per gram of the magnetic
component).
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sample 1 rapidly increases. Figure 7.19 shows the M(T)
of sample 2 measured in the field of 2 kOe on a scale
convenient for observation specific features of the
curve. As one can see, there are two maxima near 100 K
and 40 K. It is known that Mn and its oxide are antifer-
romagnets with the Neel temperature of 100 and 122 K,
respectively [44]. The first maximum (at 100 K) in
Fig. 7.19 can be due to antiferromagnetic ordering in
Mn and its oxide. The second maximum is observed at
about 40 K at which the sharp magnetization increase
in sample 1 is observed. It should be noted that the
M(T) curve of sample 1 (Fig. 7.18) has a ferromagnetic
character (a monotonic increase with decreasing tem-
perature). According to Sessoli et al. [90], magnetiza-
tion ordering in Mn12 clusters begins at a temperature of
40 K. The Mn12 cluster has a complex magnetic struc-
ture formed as a result of the competition between
ferro- and antiferromagnetic interactions. It is possible

that the magnetic structure of highly oxidized Mn par-
ticles in the sample 1 forms in an analogous way.

Figure 7.20 shows the hysteresis loop measured for
sample 1 at a temperature of 32 K. The magnetization
curve is not saturated in the field of 4.5 kOe. There is
also a coercive force of about 600 Oe, which can be
related to the magnetic anisotropy arising from the
interaction of the particles with the polyethylene
matrix. In the field of 4.5 kOe at 4.2 K, sample 1 had a
magnetization of about 0.16 µB per Mn atom. Such a
small magnetic moment of Mn atom (as compared with
the Mn12 cluster) can be caused by insufficient oxida-
tion of Mn during preparation.

The experimental preparation of Mn nanoparticles
is the first step on the road to creation of stable materi-
als containing monodisperse nanoparticles (molecular
clusters) with significantly elevated magnetic
moments. Such nanoparticles can be characterized by a
perfect identity, which is very important and promising
for the magnetic storage purposes.

7.6. Mo-Based Samples 

As it was shown in several theoretical studies, mag-
netism in reduced dimensionality (surface, films, or
small particles) is not a priori restricted to the elements
exhibiting magnetic properties in the bulk [92, 93]. A
possible enhancement of the local density of states of
magnetic electrons (3d, 4d, 5d) at the Fermi level in the
surface layer can lead to fulfillment of the Stoner crite-
rion for ferromagnetism even if it is not valid in the bulk
state. In the nanosized state, the surface can play a cru-
cial role in the formation of the total magnetic proper-
ties of a system due to the essential relative amount of
atoms at the surface.

Measurements for gadolinium showed an increase
in the surface Curie temperature by about 60 K com-
pared to the bulk value and a canted surface magnetiza-
tion [94]. Evidence of surface magnetic ordering at the
Rh (100) surface (Rh is not magnetic in the bulk state)
was obtained by measuring the linear magnetic dichro-
ism [95]. Taniyama et al. [96] measured the magnetiza-
tion in pure Pd particles with a mean diameter of 5.9
and 7.2 nm prepared by the gas evaporation method. It
was established that the nanoparticles exhibit magnetic
properties, which can be explained assuming that the
particles have a ferromagnetic surface and a nonmag-
netic core. At 1.8 K, the magnetization of 5.9-nm nano-
particles in the field of 55 kOe was about 0.75 emu/g.

We carried out magnetization measurements for the
samples containing 5 wt % Mo or MoO3 in the PE
matrix at room temperature. The sample with MoO3
displayed a paramagnetic behavior with the magnetiza-
tion 5 emu/g MoO3 (0.09 µB/atom Mo). M(H) for the
sample with 5 wt % Mo (Fig. 7.21) can be represented
as consisting of a ferromagnetic component (a sharp
magnetization increase at the initial stage) and a strong
paramagnetic component (subsequent increase with
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magnetic field). Similar M(H) curves were observed for
Pd nanoparticle systems by Taniyama et al. [96] and
were accounted for by the ferromagnetic nature of the
particle surface layer and the paramagnetic behavior of
its core. The magnetization of the Mo sample in
4.5 kOe is about 3.9 emu/g (0.07 µB/atom). It should be
noted that the magnetic susceptibility in bulk Mo is
9.3 × 10–7 emu/g Oe [97], which gives the magnetiza-
tion value only 4.2 × 10–3 emu/g Oe at 4.5 kOe. The
observed magnetic properties of the Mo samples point
to the possible onset of magnetic ordering and enhance-
ment of paramagnetism in Mo in the nanosized state.

7.7. Nd–Fe–B Particles in Styrene 

The hysteresis loops of a styrene fluid (suspension)
and a powder containing Nd–Fe–B nanoparticles were
measured at room temperature (Fig. 7.22a, 7.22b). The
samples were obtained by the electrosparking method.
The magnetization of the samples at 4.5 kOe was
almost the same for the suspension and the powder. At
the same time, the coercive force in the latter case was
about 9 times higher (100 Oe) than in the case of the
suspension. This may be related to the free state of the
particles in the suspension or with the more intense
interparticle magnetic interactions in the powder due to
smaller distances between them. ZFC–FC measure-
ments of the powder did not reveal any peculiarities,
which could be related to the blocking temperature. The
powder magnetization monotonically increased with
temperature up to room temperature. Near 40 K, mag-
netization increased more sharply, which can be due to
the transformation of the internal magnetic structure of
the particles.

8. CONCLUSIONS

The main aim of this work was to develop novel
polymeric materials containing magnetic single-

domain nanoparticles suitable for the purposes of high-
density magnetic and optical data storage.

To solve this task, the samples containing magnetic
nanoparticles with various compositions, including
such complex materials as ferrites and heterometallic
compounds, in different polymeric matrices were
obtained and investigated. For the synthesis of most
samples, we used the method of thermodestruction of
metal-containing compounds, among which carbonyls,
acetates, formates, and complex clusters can be men-
tioned. The influence of the technological parameters
of the synthesis (temperature, stirring speed, existence
or absence of the magnetic field, etc.) on the sample
properties was studied. A large body of experimental
data on variation of the nanoparticle composition, con-
centration in the samples, nature of matrices, etc., was
obtained. It has been shown that the complex of proper-
ties and structural parameters of a new material can be
changed targetly by controlling the listed parameters.

The samples containing Fe in a wide range of con-
centrations, Co, Mo, Mn, Fe with Pt, Co, Sm, and Nd;
oxides Fe2O3, MoO3, CoO, BaOFe2O3, BaFe12O19, and
SrOFe2O3 were investigated by the X-ray, Mössbauer,
EPR, and vibrating sample magnetometer methods. As
polymeric matrices, high-pressure polyethylene, syn-
diotactic and isotactic polypropylene, and polyamide
were used. The structure of the nanoparticles in the
most promising material containing Fe in the polyeth-
ylene matrix was thoroughly investigated and charac-
terized by the Mössbauer, EPR, TEM, SAXS, and other
methods. It was shown that the nanoparticles had a
complex structure comprising pure Fe and Fe carbides
and oxides. Lognormal nanoparticle size distribution
was established, the largest particles being no larger
than 10 nm in size.

It was established that the polymeric materials con-
taining nanoparticles of Fe, Co, Mn, Pt–Fe, Sm–Fe,
Nd–Fe, CoO, BaO–Fe2O3, SrOFe2O3, CoCl2, Mo, and
MoO3 exhibit a magnetic behavior. Our findings show

–4000 –2000 2000 4000

–0.02

0.03

0.02

0.01

0

–0.01

–0.03

(a)
Fluid

Powder

0

M, emu

H, Oe

Fig. 7.22. Hysteresis loops (in the fields up to (a) 4.5 and (b) 120 Oe) for the samples (fluid and powder) containing NdFeB nano-
particles obtained by electrosparking method.

M, emu

H, Oe
–0.008

(b)

–80 0 80

Fluid

Powder

–0.004

0

0.004

0.008



S64

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY      Vol. 47      Suppl. 1      2002

GUBIN et al.

that the samples containing Fe or Co in the PE, PP, and
PAMD matrices have properties suitable for magnetic
recording. The samples with 5 wt % Fe and 4% Co in
the PE matrix had especially favorable properties. The
first (Fe) sample is characterized by the coercive force
in range from 800 to 950 Oe at room temperature and
by the blocking temperature of about 400°C. The coer-
cive force of the second (Co) sample is 590 Oe. The
room-temperature magnetization in a field of 4.5 kOe
for the Fe and Co samples is close to 1.0 µB/atom. In the
latter case, it can be doubled by heat treatment. The
remanent magnetization Mr is about 1/3 of the values in
4.5 kOe. Our magnetization measurements showed the
thermal and time stability of the magnetic parameters
(coercive force and remanent magnetization) essential
for the purposes of data storage for the Fe and Co sam-
ples. Mechanical properties of the samples were also
quite stable and even higher than in pure polymers.

The coercive force values in our samples are close
to those in commercially available floppy and ZIP
disks: about 800 Oe for BASF EXTRA 1.44 Mb (the
magnetic material is Fe2O3) and about 1500 Oe for
IOMEGA ZIP 100 Mb (the magnetic material is α-Fe)
(the figures are given in accord with our experimental
measurements). Recently, the IBM research center has
reported values for the coercive force up to 6 kOe for
the film samples prepared from ferrofluids containing
FePt nanoparticles obtained by reduction of platinum
acetylacetonate by diol and by decomposition of iron
pentacarbonyl Fe(CO)5 in high-temperature solution [5].
However, the method used in [5] to fabricate magnetic
media is much more complex than ours and at the
present stage of development seems not to allow prep-
aration of large quantities of the material.

Our SAXS, TEM, and AFM measurements made
for the sample with 5 wt % Fe in the PE matrix gave the
value of the nanoparticle diameter of about 3.6 nm.
Mössbauer investigations confirmed that the particle
diameters did not exceed 10 nm. According to our esti-
mations, the average interparticle distances in the sam-
ples containing 5 wt % Fe and 4 wt % Co in the PE
matrix should be about 20 nm. In accordance with our
calculation, in principle, this could give the value of
about 40 Gbit/in2 for the information recording density,
assuming that 100 nanoparticles are used for storage of
1 bit of information. The blocking temperature of the
Fe sample is at least about 370 K above room tempera-
ture, which is a suitable value from the standpoint of
storage stability and the power of the existing lasers
necessary for optical recording. Both materials contain-
ing 4 wt % Co or 5 wt % Fe in the PE matrix can be
regarded as very promising for magnetic data recording
and storage.

The investigations made in this work also allowed
us to obtain new fundamental results, which can be
used in further development of magnetic materials for
data recording based on polymeric matrices. These
results concern the magnetic properties of the samples

obtained by the thermodestruction of MCC (coercive
force and magnetization and their temperature depen-
dences, blocking temperature and its concentration
dependence), the particle structure and size distribu-
tion, and the influence of heat treatment on the mag-
netic properties of the samples and corresponding
transformations inside the particles.

One of first questions arising in relation with the
material application as data storage media is which
method could be used or adapted to read/write informa-
tion. As is known, currently available DVD systems use
blue solid-state lasers. The future decrease in wave-
length is a rather difficult independent task. In princi-
ple, the diffraction laws of optics limit information stor-
age density of magneto-optical (MO) media. However,
for the writing process in MO media, it is shown that
there is no critical problem in creating magnetic
domains of smaller size than the Rayleigh resolution
limit. On the other hand, the readout process has a crit-
ical dependence on the Rayleigh limit, which allows the
detection of domains with a minimum size proportional
to the wavelength (and numerical aperture). To solve
this problem, several readout processes by the magnet-
ically induced superresolution method have been pro-
posed. In these methods, by using the temperature dis-
tribution profile from a laser beam and an external mag-
netic field, it is possible to create a magnetically
induced mark region using the polar Kerr effect, rather
than read out a recorded mark smaller than the diffrac-
tion limit. The realization of these methods needs two
or three magnetic layers with an external magnetic
field.

In [98], a magnetic superresolution readout process
based on a change in the magnetization orientation at
high temperature is described. To realize this process,
the authors propose a double-layer film composed of a
memory layer with perpendicular anisotropy and a
readout layer with in-plane magnetization. By heating
this film, magnetization in the readout layer rotates
from in-plane to perpendicular position by the effect of
exchange coupling with the memory layer. This transi-
tion occurs in a very short temperature range where the
readout process is possible. At other temperatures, the
readout-layer magnetization stays in-plane and pre-
vents any domain detection.

It is necessary to note that some other advanced
optical methods to read/write information are under
development now. One of the ideas in this area is to use
near-field optics to minimize the light spot creating bits
on the recording media. Near-field optics uses the fact
that for short distances from the aperture, light can pass
through an aperture much smaller than a wavelength in
width. This allows creation of bits smaller than a light
wavelength and an increase in recording density. At
Lucent Technologies’ Bell Laboratories (Murray Hill,
NJ), a laser diode with an aperture of 250 nm on its mir-
rored end was recently developed [99]. With the help of
this laser, the Lucent team could write and read optical
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data with a density of 7.5 Gb/in2. In future develop-
ments, this technology could yield apertures of 30 nm,
which could increase data density to more than
500 Gb/in2.

Our experimental results show that the technology
created can be considered rather promising for the fab-
rication of advanced materials for magnetic and optical
storage. In our opinion, available samples demonstrate
the main properties required for these applications. At
the same time, a study to create a commercial prototype
of the magnetic storage media should be strongly cor-
related with activity in creating advanced read/write
systems. It should be especially stressed that, as far as
we know, the proposed technology is really the first
available one that permits the fabrication of kilogram-
scale volumes of magnetic materials containing nano-
particles.
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