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Abstract—The problem of designing high-resistivity soft magnetic materials based on 3d-metal nanocrystal-
line films is discussed. To increase the electrical resistivity, nanogranular composites are proposed; they consist
of superparamagnetic particles embedded into a dielectric matrix. To obtain the required soft magnetic proper-
ties in such composites, it is necessary to realize magnetic ordering due to the effects of magnetic interaction
between nanoparticles. As an example, magnetic films that exhibit good high-frequency properties in a range
up to several hundreds of megahertz are presented. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

The nanocrystalline state of materials is a topical
cross-disciplinary scientific problem involving materi-
als science, solid-state physics, and solid-state chemis-
try [1–4]. During the last 15 years, the interest in this
problem has been substantially increased due to the fact
that a decrease in the grain size (primarily, in metals) to
D < 10 nm results in significant changes in the proper-
ties of nanoparticles. To study the parameters of nano-
crystalline materials, it is necessary to take into account
not only the properties of nanoparticles but also the
interaction between them.

Nanocrystalline composites are applied in various
fields of modern engineering for creating soft and hard
magnetic materials [1, 5] and data media for magnetic-
memory devices [6]. We already discussed the problem
of data media in [7], and, in this work, we study the
problems dealing with the development of soft mag-
netic nanocrystalline materials.

One may question the expediency of designing new
materials if amorphous alloys have excellent soft mag-
netic properties. The point is that 3d metal-based amor-
phous alloys have high electrical conductivity and can-
not be used at frequencies above the kilohertz range.
Nanoparticles consist of a core and a shell—phases
having different physical properties, which should nat-
urally increase the resistivity of such nanocomposites.
Therefore, soft magnetic nanocrystalline materials
open opportunities for their application in high-fre-
quency devices.

STRUCTURE–COERCIVITY CORRELATION 
IN NANOCRYSTALLINE MAGNETIC 

MATERIALS

In the mid-1960s, the soft magnetic properties of
nanocrystalline materials were described in a number
of reviews [5, 8]. It was noted in [5] that the authors of
1063-7842/04/4907- $26.00 © 20909
[9, 10] were the first to study the effect of annealing on
the magnetic properties of amorphous tapes. The
annealed samples consisted of magnetic grains sepa-
rated by an amorphous phase, whose volume fraction in
the composite was ~20%. To decrease the sizes of the
magnetic particles, Cu and Nb were added to the alloy;
an interesting dependence of the coercive force on the
diameter of the magnetic particles was discovered.

However, to be more exact, it was shown in the mid-
1970s that a decrease in the crystallite size in permalloy
films caused a sharp decrease in the coercive force [11].
The magnetic properties of FeNi(SiO) films were stud-
ied depending on the dielectric concentration (Figs. 1, 2).
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Fig. 1. Dependence of the coercive force in (Fe–Ni)–SiO
films on the volume fraction of silicon monoxide. The film
thickness is (1) 100, (2) 200, (3) 300, (4) 400, and (5) 500 nm.
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In this case, dielectric serves as a source of impurity
states in the band structure of a metal and, on the other
hand, increases the number of nucleation centers during
condensation. In the former case, the introduction of a
dielectric impurity modifies the electron spectra and,
hence, changes the fundamental properties of the mag-
net [12]. In the latter case, it favors the formation of a
nanocrystalline structure.

Experiments show that the composition range of
permalloys for which relative changes in the magneti-
zation and Faraday rotation are positive coincides with
the range where these alloys have the properties of a
strong ferromagnet. The concentration dependences of
the saturation magnetization and the Curie temperature
were simulated in [13]. An impurity (Si–O complexes)
was assumed to penetrate into the permalloy lattice and
to create a Coulomb potential that is caused by unsatur-
ated valence bonds and is different from the potential of
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Fig. 3. Dependence of the coercive force on the grain size D
in Fe-based nanocrystalline films. T = 300 K [8].
the unperturbed matrix. The screening of this charge by
electrons of the d band, which has a higher density of
states at the Fermi level, leads to changes in the funda-
mental magnetic parameters. However, the significant
decrease in the coercive force Hc at ~2 vol % impurity
(Fig. 1) was not explained. Electron-microscopic anal-
ysis shows that the crystallite size decreases to the val-
ues when a single-domain state is formed in crystal-
lites. In this case, the main magnetization-reversal
mechanism is rotation of the magnetic moment, which
should increase the threshold magnetization-reversal
fields [14].

These results, along with the data obtained in
[9, 10], were explained in 1990 [15]. In the model pro-
posed, the key factor of the dependence of the coercive
force on the microstructure of a magnet is magnetic
anisotropy and the possibility of controlling its value.
The value of magnetic anisotropy mainly depends on
the crystalline magnetic anisotropy K1, which is deter-
mined by lattice symmetry. For 3d metals, K1 is too
high to reach low values of Hc. However, the effective
contribution of K1 can substantially be decreased by
decreasing the grain size and taking into account the
exchange interaction between grains.

According to the model of random anisotropy pro-
posed to describe the properties of amorphous ferro-
magnets [16], the effective anisotropy Keff in an ensem-
ble of disoriented magnetic particles is determined by
the ratio of the grain size D to the exchange-interaction
radius

where A is the interparticle exchange parameter.
At D > L0, we have Keff = K1N1/2, where N = (L0/D)3.

At D < L0, Keff = K1N–1/2. Therefore, the dependence of
Hc on the grain size has the form shown in Fig. 3 [8].
Three regions can be distinguished in this curve: in
region I, where D > L0, Hc ~ 1/D; that is, Hc increases
with decreasing grain size; in region II, where D = L0,
Hc = 2K1/Ms, where Ms is the saturation magnetization;
and, in region III, where D < L0, Hc ~ D6. Figure 3 also
shows the experimental data for Fe-based nanocrystal-
line materials, which confirm the calculation results.

Thus, we can assume that the model proposed cor-
rectly describes the experimental dependence of the
coercive force on the particle size in nanocrystalline
materials produced by annealing of amorphous sam-
ples. A specific feature of these materials is a particle
size as small as ~10 nm. These materials can be applied
at frequencies as high as several hundred kilohertz [5].
To use these materials at higher frequencies, their resis-
tivity ρ must be increased.

One of the methods for solving this problem is the
use of nanogranular condensates in which magnetic
nanoparticles are embedded into a dielectric matrix.

L0
A
K1
------ 

  1/2

,=
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However, the fraction of a dielectric layer should be
low enough to retain good soft magnetic properties
(high Ms). Therefore, the potential of this approach is
limited by the probability of conduction-electron tun-
neling through a grain boundary [17]. To further
increase ρ, one can use the dependence of the carrier
density on the particle size. The authors of [18] showed
that, when the particle size was smaller than the elec-
tron mean free path, some carriers were localized. The
localization was found to affect the electrical conduc-
tivity more strongly than an increase in the scattering
by boundaries, defects, and impurities. This effect was
detected for 3d-metal nanoparticles with a size D <
7 nm.

Thus, to create high-resistivity nanocrystalline
materials, one has to apply composites with a particle
size <10 nm. Based on the model described above [8],
the coercivity of such composites should be Hc ≈
10−3 Oe. However, other values of Hc were detected
experimentally. For example, in nanocrystalline Fe
films with a particle size D < 10 nm, researchers found
that Hc = 30 Oe in the films with D = 6 nm [19] and Hc =
3–5 Oe in the films with D < 4 nm [20].

Such a significant deviation from the calculated data
can be due to the fact that the model assumed the inde-
pendence of the main magnetic parameters of nanopar-
ticles of their sizes. However, experiments show that
the situation is different. As the value of D decreases,
changes in the structure of nanoparticles increase the
anisotropy constant and decrease Ms and A. For exam-
ple, in the Fe films with D = 6 nm, K = 2.5 ×
106 erg/cm3, Ms = 850 G, and A = 10–7 erg/cm [19].
Thus, the exchange-interaction radius in these samples
decreases as compared to the films with a particle size
D > 10 nm and is equal to L0 = 5 nm; i.e., L0 ≈ D. Then,
to calculate Hc, we have to use the formula Hc = 2K/Ms;
in this case, we obtain Hc > 103 Oe. This value is also
inconsistent with the experimental data. This discrep-
ancy indicates that a specific magnetic order is formed
in 3d-metal films having a particle size <10 nm.

MAGNETIC HYSTERESIS IN NANOGRANULAR 
SYSTEMS WITH SUPERPARAMAGNETIC 

PARTICLES

To analyze the magnetic state of 3d-metal nanocrys-
talline films, let us turn to the results of [21], where the
effects of thermal magnetization relaxation were stud-
ied in an ensemble of noninteracting single-domain
particles having a uniaxial anisotropy. If this system is
magnetized in a field H and the field is then removed,
the remanent magnetization obeys the law

(1)

where t is the time after the field removal and τ is the
relaxation time to the state of thermodynamic equilib-
rium.

Mr Ms t/τ–( ),exp=
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The relaxation time is described by the expression

(2)

where K is the uniaxial anisotropy constant; V is the
particle volume; f0 is the frequency factor, which is
equal to the precession frequency of the magnetic
moment of a particle ( f0 = 109 s–1) in a first approxima-
tion; kB is the Boltzmann constant; and T is the temper-
ature. This exponential dependence results from the
fact that the uniaxial-anisotropy energy of a particle
depends on the angle between its magnetization and the
easy axis. At τ/t ≤ 1, the system changes to a superpara-
magnetic state (Mr = 0, Hc = 0).

Equation (2) can be used to determine the critical
size Vcr of a particle at which it becomes superparamag-
netic at T = const or the temperature TB of transforma-
tion of a particle into a superparamagnetic state at Vcr =
const.

At τ = 100 s, which is the relaxation time character-
istic of induction methods of measuring Mr, we find

(3), (4)

At H = 0, the threshold for the transformation of the
system to a superparamagnetic state is E = KV. At H ≠
0, the threshold decreases and is given by

(5)

The coercive force of a particle at T ≠ 0 is equal to
the field at which the magnetization-reversal threshold
E(H) decreases to a value at which magnetization rever-
sal occurs due to thermal effects in the experimental
time t. Using Eqs. (3)–(5), we obtain [22]

(6)

(7)

where  is the coercive force of the particle at T = 0.

As follows from Eq. (6), the value of Hc decreases
significantly as the nanoparticle size approaches Dcr.
This dependence can be applied to produce nanocrys-
talline materials with a low coercive force. To this end,
it is necessary to determine Dcr for 3d-metal nanoparti-
cles.

Using the parameters of bulk materials, the authors
of [21] obtained Dcr ≈ 20 nm for α-Fe particles at T =
300 K. However, more recent studies showed that, as
the particle size decreases, the particle structure
changes to yield a core–shell system. As a result of
restructuring, the uniaxial-anisotropy energy increases
and Dcr decreases correspondingly. The experimental
dependence of Hc on the core diameter of α-Fe nano-

τ f 0 KV /kBT–( ),exp=
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particles is given in [23]; at T = 300 K, particles with a
core diameter of ~4 nm were found to transform into a
superparamagnetic state (Hc = 0). An oxide shell
around the core is ~2 nm thick. Therefore, for α-Fe
nanoparticles, the critical diameter of the transforma-
tion to a superparamagnetic state at room temperature
decreases to Dcr ≈ 6 nm.

Thus, the data given above indicate that thermal
effects cause a strong dependence of the coercive force
on the magnetic-particle size. It should be noted that
numerous experimental results obtained upon studying
the properties of nanogranular magnetic materials
formed by superparamagnetic particles have not been
completely understood. For example, the appearance of
magnetic hysteresis and magnetic ordering in an
ensemble of superparamagnetic particles in the high-
temperature limit (T > TB) has not been interpreted [24].
Such effects are explained using several factors, such as
a large scatter of particle sizes, the presence of a set of
structurally or magnetically different phases, local
anisotropy, and magnetic interaction between particles
[25].

Therefore, one has to determine a factor that is pre-
dominant in the magnetic behavior of a nanogranular
system in a certain particular case. In this respect, the
experiments [26] on studying the effect of the interpar-
ticle distance on the magnetic properties of an ensem-
ble of 3d-metal clusters placed in a nonmagnetic matrix
are of interest. The authors provided constant nanopar-
ticles sizes and structures and showed that, as the con-
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Fig. 4. Temperature dependence of the diagram for the mag-
netic state of an ensemble of nanoparticles (D = const).
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Fig. 5. Temperature dependence of the coercive force of Fe
nanocrystalline films [19].
tent of a magnetic phase decreased, the system is trans-
formed from a magnetically ordered to a superpara-
magnetic state. This experiment indicates that the
interparticle interaction substantially affects the mag-
netic state of the system.

Allia et al. [27] studied the effects of interparticle
interaction and proposed a diagram of the magnetic
state of an ensemble of nanoparticles depending on the
particle size and temperature. The temperature depen-
dence of this diagram is shown in Fig. 4.

At T < TB, the system is in the ferromagnetic state.
At T > TB, the particles become superparamagnetic and
the magnetic order remains unchanged (ISP region).
According to [27], the magnetic energy of the ith parti-
cle that interacts with its neighbors can be written as

(8)

where the first term on the right-hand side characterizes
the uniaxial-anisotropy energy of the particle; the sec-
ond term describes the energy of interaction between
the particle and the nearest neighbors; Mi and Mj are the
magnetization vectors of the ith and jth particles,
respectively, and summation is carried out over all

neighboring jth particles; and  is the interparticle
magnetic coupling constant.

Using the mean field theory, we can write

(9)

The temperature of transition from region FM to
region ISP is TB = KV/25kB (Fig. 5). At T > TB, magnetic
ordering in the system is formed due to the effects of
magnetic interparticle interaction. In this case, the tem-
perature of transition to the region of a superparamag-
netic (SP) state is

(10)

Region II on the diagram (TB < T < Tp) has various
names: the region of interacting superparamagnetic
particles (ISP) [27] or the region of superferromagnetic
ordering [28]. Since the contributions from the dipole–
dipole and exchange interactions have not been exactly
estimated, we prefer the name ISP. At T > Tp, the system
transforms to the superparamagnetic state, and, at T >
TC, to the paramagnetic state (TC is the Curie tempera-
ture). We now consider the behavior of the coercive
force for the transitions described above. Figure 5
shows the experimental dependence Hc = f(T) for α-Fe
nanocrystalline films with a particle size of D = 6 nm
[19]. Recall that, at T = 300 K, nanoparticles of this
diameter should be paramagnetic. As is seen from
Fig. 5, Hc = const in a wide temperature range (T = 70–
300 K), and, at T < 70 K, this dependence obeys Eq. (7);
that is, TB = 70 K for these films. Similar results were

E KV αsin
2

Km
ij Mi T( )M j T( ),∑+=

Km
ij

E KV KmM2 T( )V .+=

T p

KmM2 T( )
3kB

-----------------------.=
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obtained for Fe–SiO2 films with a mean particle size of
D = 6 nm [29].

To explain the unusual behavior of the Hc = f(T)
dependence in the ISP region (at T > TB), we assume
that magnetization only weakly depends on tempera-
ture here; hence, the interparticle magnetic interaction
energy is constant. Therefore, Hc = const.

Thus, a magnetic order can be created in a system of
interacting superparamagnetic particles; this order is
characterized by a low coercive force and a weak tem-
perature dependence of the coercive force. Since the
3d-particle size in this system is D < 7 nm, this system
can have a high electrical resistivity.

MAGNETIC PROPERTIES 
OF HIGH-RESISTIVITY NANOGRANULAR 

FILMS

The idea of increasing resistivity in nanocrystalline
materials by creating a dielectric layer between mag-
netic nanoparticles was realized in [30]; the authors
studied the structure and magnetic properties of Fe–
Sm–O films. The films were produced by reactive rf
sputtering of an Fe target with Sm2O3 pellets on its sur-
face in an Ar + O2 atmosphere. The oxygen pressure
was varied in the range 0–10% to produce films of var-
ious compositions. The structure, phase composition,
and magnetic and electric properties of these films were
studied (see table).

The film thickness was d = 1 µm. Electron-micro-
scopic analysis showed that the films consisted of two
phases: α-Fe nanocrystallites (D = 10 nm) and samar-
ium oxide particles (D = 3 nm). The most interesting
results were obtained for the Fe83.5Sm3.5O13 film. The
study of the frequency dependence of the quality factor
(Q = µ1/µ2 is the ratio of the real to the imaginary com-
ponent of magnetic permeability) showed that Q
remained high up to f = 40 MHz.

The high-frequency magnetic properties of granular
Co–Al–O films were studied in [31]. The films were
produced by the same methods as in [30]; they consist
of fcc Co particles with D = 5 nm surrounded by a
dielectric Al–O layer. The properties of these films are
the following: d = 1.7 µm, Ms = 800 G, Hc = 5 Oe, and
ρ = 1100 µΩ cm. The frequency dependence of the
magnetic permeability of the films was studied. The
real part µ1 of the magnetic permeability remains virtu-
ally constant up to f = 500 MHz and coincides with the
calculated data. The high resistivity in these films is
caused by a decrease in the size of magnetic nanoparti-
cles to D < 7 nm and by the presence of a dielectric
layer between them. The films produced represent a
new class of high-frequency magnetic materials, which
have a high value of µ1 and a low value of µ2 in a fre-
quency range up to 200 MHz. A higher resistivity was
realized in nanogranular Co–Sm–O films produced by
the pulse-plasma evaporation of a Co5Sm target in a
TECHNICAL PHYSICS      Vol. 49      No. 7      2004
vacuum of 10–6 Torr. This method of film deposition
was described in [7].

In the initial state, the films are superparamagnetic
(TB ≈ 80 K) and consist of Co particles ~2 nm in size
surrounded by Sm2O3 layers. Annealing in a vacuum of
10–6 Torr changes the structure and properties of the
films. Figure 6 shows the dependences of the resistivity,
coercive force, and saturation magnetization on the
annealing temperature. In the initial state, resistivity ρ
of the films is equal to 5 × 10–2 Ω cm, which is about
four orders of magnitude higher than the values charac-
teristic of the corresponding metallic samples having a
polycrystalline structure. The sharp decrease in ρ at
Tann > 600°C is caused by the destruction of the separat-
ing Sm2O3 interlayers and the formation of a galvanic
contact between the metallic particles.

The variation of the coercive force with the anneal-
ing temperature is complex (Fig. 6b). Three regions
with different values of Hc can be distinguished on this
curve. Hysteresis loops that are typical of these regions
are shown in Fig. 7. In region I, the loop becomes open
only at T < 80 K, which indicates a superparamagnetic
state of the samples. In region II (Tann = 200–350°C),
the loop becomes open at room temperature and has
small values of Hc (Hc = 0.1–2 Oe, Fig. 7b). At Tann >
400°C, Hc exhibits two specific features: it first
increases jumpwise to 250 Oe and then increases to
450 Oe as a result of the second jump. Electron-micro-
scopic analysis shows that, at these annealing tempera-
tures, a polycrystalline structure is formed in the films
and the sizes of Co particles increase by an order of
magnitude. Note that, over the whole range of anneal-
ing temperatures, the saturation magnetization
increases virtually threefold (Fig. 6c). Apparently, this
effect is caused by not only structural factors but also
phase transformations [32].

Figure 8 shows the temperature dependence of the
coercive force for two films annealed at Tann = 250 and
350°C in a constant magnetic field. Two segments can
be distinguished on these curves: at low temperatures,
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Hc exhibits a strong dependence, while at high temper-
atures, Hc is virtually unchanged. Performing dM/dH =
f(T) measurements, Zhao et al. [33] determined the
blocking temperature. The transition between the first
and second segments on the Hc = f(T) dependence in
Fig. 8 coincides with the TB temperature. This result
repeats the data given in Fig. 5. This finding allows the
conclusion that the films annealed at Tann = 250–350°C
undergo the transition from the superparamagnetic
state to the state of magnetic ordering of superparamag-
netic particles (ISP region).

These results indicate that, indeed, an ensemble of
interacting superparamagnetic particles can provide
good magnetic properties at a high electrical resistivity.
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CONCLUSIONS
Analysis of the correlation between the microstruc-

ture and physical properties of nanocrystalline materi-
als shows that 3d-metal granular films with a grain size
<10 nm can provide a high resistivity, which offers the
prospect of their application in microwave devices. The
required soft magnetic properties in these materials can
be ensured by the magnetic interaction between nano-
particles. The most interesting technological approach
consists in the deposition of a film having a high con-
tent of a superparamagnetic phase at T = 300 K. Upon
further annealing, the initial composite transforms into
a specific state where magnetic ordering is realized but
the particles remain superparamagnetic. The variation
of the annealing temperature and the residual-gas pres-
sure and the application of a constant magnetic field
allow one to control the physical properties of such
nanocrystalline films over a wide range.
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