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Abstract—The classical solid-phase reaction between Fe2O3 and Al layers in thin films is initiated. It is shown
that, in the reaction products, Fe granulated films are formed in the Al2O3 nonconducting matrix. Analysis of
the reaction equation demonstrates that the volume fraction of iron in the granulated films is less than the per-
colation threshold. This determines the magnetic properties of iron clusters in a superparamagnetic state. It is
assumed that the nanocrystalline microstructure exists in thin films after solid-phase reactions proceeding under
conditions of self-propagating high-temperature synthesis. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION
Granulated films consisting of ferromagnetic nano-

clusters contained in a nonconducting matrix have been
intensively studied in recent years, because they exhibit
very interesting properties, such as giant magnetoresis-
tance [1], giant anomalous Hall effects [2], specific
optical properties [3], and quantum-confinement
effects [4]. From the practical point of view, these films
can be used as media for magnetic and magneto-optical
recording [5, 6]. Granulated magnetic films that contain
nanoclusters of Fe, Ni, Co, and their alloys in SiO2 and
Al2O3 matrices have been the main subject of recent
investigation in this field. A conventional method of
producing metallic nanoclusters inside a nonconduct-
ing matrix in thin films is codeposition of a metal and
an insulator onto a substrate. In this case, the nanoclus-
ters are randomly distributed over the matrix and their
size depends on the conditions of thermal annealing
and deposition. However, the successive deposition of
a metal and an insulator can result in self-organization
in the formation of metallic nanoclusters [7]. The devel-
opment of new techniques for preparing granulated
samples is very important, because this makes it possi-
ble to extend the range of structural characteristics
determining the physical properties of nanocomposites.

The purpose of this work was to investigate Fe nan-
ogranulated films formed inside the Al2O3 matrix.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The preparation procedure is based on initiating the
classical solid-phase reaction in thin films:

Fe2O3 + 2Al = Al2O3 + 2Fe. (1)
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Earlier [8, 9], it was demonstrated that solid-phase
reactions in bilayer thin films at high heating rates pro-
ceed under conditions of self-propagating high-temper-
ature synthesis. The self-propagating high-temperature
synthesis in thin films proceeds in the form of a surface
combustion wave. This process is characterized by the
initiation temperature T0. In our case, the reagents for
reaction (1) were bilayer and multilayer Al/Fe2O3 film
samples, which were prepared by dc ion-plasma sput-
tering through successive deposition of Fe2O3 and alu-
minum layers without vacuum deterioration. The tar-
gets used in producing Al and Fe2O3 films were pre-
pared in the form of wafers cut respectively from
monolithic aluminum and a conducting ceramic coat-
ing of iron oxide, which was obtained by plasma depo-
sition [10].

The films were evaporated on glass substrates at a
temperature of ~320 K in an argon atmosphere at a
pressure of 5 × 10–2 Pa. The evaporation rate was
0.3 nm/s for aluminum and 0.2 nm/s for iron oxide. The
total thicknesses of the aluminum and iron oxide films
lay within the ranges 15–50 and 40–120 nm, respec-
tively. The samples obtained were heated at a rate no
less than 20 K/s in order to initiate the wave of self-
propagating high-temperature synthesis. For bilayer
film samples, the solid-phase reaction proceeded at
temperatures above the initiation temperature T0 ~
800 K under conditions of self-propagating high-tem-
perature synthesis. The front of the propagation of
high-temperature synthesis, which was observed visu-
ally, is typical of self-propagating high-temperature
synthesis in thin films [8, 9]. For multilayer film sam-
ples, the observation of the front of self-propagating
high-temperature synthesis was hampered. For this rea-
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son, these samples were subjected to thermal annealing
through heating to a temperature 10–20 K higher than
the initiation temperature T0 and heat treatment at this
temperature for 50 min (the time required for complet-
ing the reaction and subsequent annealing).

3. RESULTS AND DISCUSSION

Figure 1a shows a typical x-ray diffraction pattern
for the [Al(20 nm)/Fe2O3(40 nm)] × 4 multilayer film
sample prior to the solid-phase reaction. This pattern
contains reflections attributed to α-Fe2O3. The forma-
tion of Fe3O4 in small amounts is also possible in the
initial samples. The absence of reflections attributed to
aluminum implies that aluminum is in an amorphous or
finely crystalline state. After the solid-phase reaction
(Fig. 1b), reflections from α-Fe2O3 and Fe3O4 disap-
pear and the reflections assigned to iron and amorphous
α-Al2O3 appear in the x-ray diffraction pattern. The
presence of the reflections associated with Fe(110) in
the x-ray diffraction patterns, along with other weak
reflections or their complete absence, indicates that iron
nanocrystallites are characterized by a preferred orien-
tation of the (110) plane aligned parallel to the substrate
surface. The size distribution of nanoclusters and the
relative volume of the metallic fraction x are important
factors responsible for the magnetic properties of gran-
ulated materials. It follows from the reaction equation
that xr = 0.365. This value is less than the percolation
threshold xp. For many granulated systems that contain
metallic nanoclusters in a dielectric matrix, the perco-
lation threshold is estimated as xp = 0.5–0.6 [11]. This
suggests that the metallic nanoclusters are separated
from each other. The separation of iron nanoclusters is
confirmed by a high resistivity of the samples, namely,
ρ = 10–6–10–4 Ω m, which is typical of metallic clusters

Fig. 1. X-ray diffraction patterns of the [Al(20
nm)/Fe2O3(40 nm)] × 4 multilayer film: (a) initial sample
and (b) sample after thermal annealing at a temperature of
800 K for 10 min.
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in a nonconducting matrix below the percolation
threshold.

The size of iron grains in the direction perpendicular
to the sample surface was determined from the broad-
ening of the diffraction peak of Fe(110) according to
the Scherrer formula. The mean grain size was found to
be 28 nm. As was shown by Chen et al. [12], particles
with a smaller size exist in a one-dimensional state.
Under the assumption that the iron cluster in other
directions has the same size, the cluster should exhibit
a magnetic single-domain structure. In this case, the
sample can be treated as an ensemble of single-domain
particles and its behavior can be described in terms of
the Stoner–Wohlfahrt theory. The magnetization curve
for an ensemble of single-domain particles has the form
of a hysteresis loop with the following parameters:
Mr = 0.5MS and Hc = 0.958 K/MS (see, for example,
[13]). Figure 2 depicts a typical magnetization curve for
Fe–Al2O3 films obtained as a result of reaction (1). The
absence of a hysteresis loop permits us to assume that
the iron clusters predominantly occur in the superpara-
magnetic state. A similar hysteresis curve, which can be
considered as a superposition of magnetization curves
for iron nanoclusters in superparamagnetic and mag-
netic states, was observed earlier for Co–Ag granulated
films [14]. The coexistence of the superparamagnetic
and magnetic states can also be observed in ferromag-
netic nanoclusters inside a nonconducting matrix [15].
The critical size below which the iron nanoclusters in
the Al2O3 matrix are in the superparamagnetic state is
approximately equal to 10 nm [12]. This suggests that
the size distribution of iron nanoclusters in the samples
under investigation is rather broad and covers sizes
from several to tens of nanometers. It should be noted
that no hysteresis loop is observed even at a tempera-
ture of 77 K. It follows that the blocking temperature TB

1000
800
600
400
200

0
–200
–400
–600
–800

–1000

M
, e

m
u/

cm
3

–3 –2 –1 0 1 2 3
H, kOe

Fig. 2. Magnetization curve for the [Al(20 nm)/Fe2O3
(40 nm)] × 4 multilayer film after thermal annealing at a
temperature of 800 K for 10 min. The magnetization is
given per unit volume of iron.
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for iron nanoparticles in the superparamagnetic state is
below this temperature.

The reaction products are formed solely at the front
of self-propagating high-temperature synthesis. The
characteristic reaction time is determined from the for-

mula t = τ/  where τ is the thermal diffusivity of the
bilayer film sample and Vf is the front velocity at the
initiation temperature of self-propagating high-temper-
ature synthesis. Let us assume that τ is determined by
the thermal diffusivity of the metal oxide; i.e., τ ~ (1–5) ×
10–7 m2/s and Vf ~ 1 × 10–2 m/s [8, 9]. As a result, the
characteristic reaction time is estimated as t = (1–5) ×
10–3 s. Under the assumption that the reaction proceeds
in the solid phase at a temperature close to the melting
point of the metal and that the diffusion coefficient is
determined to be D ~ 10–12–10–14 m2/s, the size of

metallic clusters is estimated as r ~  = (3–70) nm.
This estimate is in good agreement with the aforemen-
tioned sizes of iron nanoclusters formed as a result of
reaction (1). The dependence of the front velocity of
self-propagating high-temperature synthesis Vf on the
substrate temperature TS (TS > T0) follows a law close to
the Arrhenius law. Consequently, this velocity should
determine the size distribution function and the mean
size of iron nanoparticles. Therefore, the microstruc-
ture can be controlled both by varying the substrate
temperature TS upon initiating the self-propagating
high-temperature synthesis in Al/Fe2O3 bilayer films
and by choosing the conditions of subsequent heat
treatment. In turn, the microstructure determines the
magnetic properties of Fe–Al2O3 granulated films.

Note that the nanocrystalline microstructure should
be predominant after passing the wave of self-propagat-
ing high-temperature synthesis in all the samples con-
taining more than two phases in the reaction products.
In particular, similar microstructure and magnetic prop-
erties are observed in Fe–TiO2 films after the solid-
phase reaction between Ti and Fe2O3 layers.

4. CONCLUSIONS
It was demonstrated that the solid-phase reactions

proceeding under conditions of self-propagating high-
temperature synthesis can be used for preparing granu-
lated media. Specifically, the Fe–Al2O3 granulated
films were obtained after the solid-phase reaction

V f
2

Dt
P

between Al and Fe2O3 layers. Analysis of the reaction
equation proved that the volume fraction of iron is less
than the percolation threshold. In the studied samples,
the (110)-textured iron nanoclusters are in superpara-
magnetic and magnetic states.
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