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Fe-ZrO, ferromagnetic nanocomposite thin films are successfully synthesized using a thermite reaction
between the Zr and Fe,03 layers. The initial Zr/Fe,03 bilayers were obtained by the deposition of Zr layers
on o-Fe,05 films at room temperature. The mixing at the Zr/Fe,03 interface and synthesis of a-Fe and the
amorphous ZrO, phases start at a temperature above the initiation temperature T;, ~ 250 °C. Together
with the formation of o-Fe, partial transformation from Fe,Os; to Fe304 occurs after annealing at
300 °C. The secondary reaction between Fe304 and Zr starts soon after the Fe,0O3 is converted to the
Fe304 phase. The crystallization of amorphous ZrO, and the formation of the ZrO, cubic/tetragonal
Reactive films phase occurs above 400 °C. After annealing at 500 °C the reaction products contain (110) textured
Ferromagnetic nanocomposite films o-Fe nanocrystals with a diameter of about 34 nm embedded in an insulating c-ZrO, (or t-ZrO;)
710, matrix. The synthesized Fe-ZrO, nanocomposite films possess soft magnetic behavior, high magnetiza-
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tion and good chemical stability.
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1. Introduction

Metal-ceramic nanocomposites have attracted a great deal of
attention, both from the point of view of the fundamental perspec-
tive and for their potential applications due to high chemical
inertness, refractory properties, high dielectric constant, wear
resistance and high fracture toughness properties [1-3]. Zirconia
Zr0, is one of the most important oxide ceramics. ZrO, has three
stable polymorph modifications: the monoclinic (m-ZrO,) from
room-temperature up to 1170 °C, tetragonal (t-ZrO,) between
1170°C and 2370°C, and cubic (c-ZrO,) above 2370°C. As is
known, doping suitable metal cations is an effective way to
stabilize the high temperature tetragonal t-ZrO, and cubic c-ZrO,
phases at room temperature (RT). In particles the tetragonal
t-ZrO, phase may also be stable in pure ZrO, [4-6]. Many physico-
chemical properties of ZrO,-based materials are determined by the
relationship between these modifications, which strongly depend
on the preparation conditions.

The fabrication of composites with nanoparticles of a transition
metal (TM) embedded into a ZrO, matrix or TM doped ZrO, is
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challenging goal, however this can provide ZrO, with the magnetic
properties that considerably enhance possibilities for applications.
In recent years TM doped ZrO, thin films have received great atten-
tion, due to the theoretical predictions of room temperature mag-
netism in TM diluted oxides (DMO). Based on ab initio electronic
structure calculations it was predicted that Mn doped c-ZrO, were
to be ferromagnetic above 500 K [7]. However, the experimental
results are ambiguous and show room temperature intrinsic
ferromagnetism in Mn doped ZrO, above 400 K [8], defect-induced
ferromagnetism [9] or the formation of non-magnetic phases [10].
The theoretical data also suggests the half-metallic properties and
high temperature ferromagnetism of Fe doped ZrO, [7] or the
formation of the antiferromagnetic ground state [11,12]. The
experimental results show that doping ZrO, by Fe atoms stabilizes
the formation of the tetragonal and cubic solid solutions, which are
not magnetically ordered [13], antiferromagnetic [11] or have low
magnetization [14,15] at room temperature. Contrary to solid solu-
tions, magnetic Fe-ZrO, composites with nanoparticles of Fe and
Fe;0,4 embedded into the insulating ZrO, ceramic matrix prepared
by the reduction in hydrogen of a totally stabilized ZrggFeq.101 .95
solid solution [16], mechanical milling [17] and electron beam-
physical vapor deposition, are to possess soft magnetic properties
and relatively large saturation magnetization [18].
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In this work, we present a new approach to the formation of
magnetic Fe-ZrO, nanocomposites using the thermite thin film
reaction (1):

2Fe,0; + 3Zr = 3Zr0, + 4Fe  AH, =2790]/g (1)

Thermite mixtures belong to a wide class of energetic materials
that contain a fuel (for example, Al, Mg, B, and Zr) and an oxidizer
(W03, M0o0s, CuO, Bi,03, and Fe,03) [19]. These mixtures react
with a release of large quantities of heat and may have a self-
propagating high-temperature synthesis (SHS) mode. A typical
combustion front, when the energetic mixtures contain micron-
sized particles, has a propagation velocity on the order of several
centimeters to a few meters per second and has a high front tem-
perature above 3000 K [19-21]. In nanocomposite thermites (also
termed nanostructured metastable intermolecular composites,
nanothermites or superthermites), for which the size of the parti-
cles is reduced to the nanoscale, the combustion wave velocity
reaches several km/s [22,23]. However, compared to other ther-
mite reactions, thermochemical and material properties of reaction
(1) for both nanothermites and traditional micron-sized thermites,
is still imperfectly understood. Chigna et al. [24] prepared samples
of Fe-doped c-ZrO, by thermite reaction (1) between powders of
metallic Zr and a-Fe,03 via combustion synthesis (SHS synthesis).
Unexpectedly, under these synthesis conditions, the reaction prod-
ucts contained only a solid solution and did not contain pure a-Fe,
according to reaction (1). Lv et al. [25] reported the combustion
properties of o-Fe,03/Zr composite particles and the highest
combustion temperature reaching 2378 °C (2651 K), which is
close to the calculated adiabatic temperature 2951 K [24]. The
nanoporowders of Fe and ZrO, were synthesized from Fe,03 and
Zr by reaction (1) using high ball milling with average grain sizes
of about 12 nm and 71 nm, respectively [26]. The study of nanoth-
ermites, containing a fuel and oxidizer in the nanofilm form, began
in Al/CuO [27-30], Al/MoO, [31] multilayers, Al/CuO bilayers [32],
Fe,03/Al nanothermite films [33] and Fe,03/Al bilayers [34].

It is well known that solid-state reactions in thin films start at
lower temperatures than in bulk materials. With the increase of
the annealing temperature above the initiation temperature Tj, at
the interface, the formation of only one phase (first phase) occurs.
Further increase of the annealing temperature leads to the forma-
tion of a phase sequence. At the moment there are no generally
accepted theories predicting the first phase, phase sequence and
the initiation temperature, although some models are available
[35-38, and references therein]. However, in literature there are
no reports about thermite reactions in Zr/Fe,O3 bilayers.

In this work, we demonstrate low-temperature thermite syn-
thesis of Fe-ZrO, nanocomposite films containing ferromagnetic
o-Fe nanoclusters separated by ZrO, grains. The final goal was to
elucidate the sequence of the phases and structural transforma-
tions formed in the Zr/Fe,05 bilayers after thermal annealing from
50 °C to 500 °C.

2. Experimental section
2.1. Synthesis

The initial films were obtained by the thermal deposition of Fe layers at a tem-
perature of 250 °C onto NaCl(001) and chemically pure glass substrates having a
thickness of 0.18 mm in vacuum at a residual pressure of 1076 Torr. Previously,
the substrates were degassed at 350 °C for 1 h. The a-Fe,03 films were obtained
by oxidation in an air environment of the intial Fe films at a temperature of
350 °C. The top Zr layer was deposited at room temperature to prevent a reaction
between Zr and Fe,0; during deposition. In these experiments, we used Zr/Fe,05
bilayers with an approximate 4Fe:3Zr stoichiometry. The NaCl(001) films with
thicknesses of Fe - 20 nm and Zr - 30 nm were prepared for transmission electron
microscopy studies. In the rest of the experiments we used films on glass substrates
with total thicknesses of 50-400 nm and only the experimental results for films
with Fe thicknesses - 100nm, Zr - 150 nm are presented here. The initial

Zr[Fe,03 bilayers were annealed at temperatures between 50 and 500 °C at 50 °C
intervals. The samples were held at each temperature for 1 h. All synthesized Fe-
Zr0, samples were obtained at a pressure of 10~ Torr.

2.2. Characterization

The morphology and chemical composition of the films were investigated by
transmission electron microscopy (TEM) using a JEOL JEM-2100, equipped with
an energy-dispersive spectrometer (EDS) Oxford Inca x-sight, at the accelerating
voltage of 200 kV. The phases formed during the synthesis process were identified
using a DRON-4007 X-ray diffractometer (Cu Ko radiation). The thicknesses of the
Zn and Fe,03 layers were determined via X-ray fluorescent analysis. Mossbauer
measurements were made with the conventional acceleration spectrometer MS-
1104Em in transmission geometry with the source *’Co in a Cr matrix at 296 K.
The parameters of the hyperfine structure of the spectra were determined by fitting
the model spectrum to an experimental spectrum in linear approximation by the
least-squares method. The isomer shift value is relative to that of iron metal o-Fe
at 293 K. The saturation magnetization Ms and in-plane hysteresis loops were mea-
sured by a vibrating sample magnetometer and were also controlled by torque
measurements. For all samples the saturation magnetization Ms was determined
relative to the initial o-Fe film value. The saturation magnetization M and the
experimental determination of magnetic properties by a torque is described in
detail in our previous work [39].

3. Results and discussion

The initial o-Fe films had saturation magnetization
(Mg = 217 emu/g) coinciding with the saturation magnetization of
the bulk samples. Oxidation in air led to the formation of an
o-Fe,0; phase and sharp reduction of magnetization up to
2 emu/g. Since the magnetization of the a-Fe,03; phase at room
temperature is approximately 0.127 emu/g [40], one can make a
conclusion that the oxidation products contain a small amount of
magnetic oxides, such as y-Fe,03; and Fe;0,, in addition to the
principal o-Fe;03 phase. To avoid reactions between Zr and
Fe,03, the initial Zr/Fe,Os; bilayers were obtained from the
deposition of a Zr layer on the Fe,03 film at room temperature.
The magnetization Ms of the initial Zr/Fe,O3 samples did not
change after the deposition of the Zr layer.

The diffraction patterns of the initial Zr/Fe,05 bilayers contained
weak reflections from the fine-dispersed polycrystalline Zr and
o-Fe,0; phases (Fig. 1a). The RT Mdssbauer spectra of the
Zr[Fe;03 bilayers for the initial sample and after annealing at
300°C, 400°C and 500°C are presented in Fig. 2 and their
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Fig. 1. (a) Typical XRD pattern of the initial Zr/Fe,05; bilayers (a) and the
synthesized Fe-ZrO, nanocomposites after annealing at 300 °C (b), 400 °C (c),
500 °C (d).
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Fig. 2. Room temperature Mdssbauer spectra of the initial Zr/Fe,O5 bilayers (a) and
the synthesized Fe-ZrO, nanocomposite after annealing at 300 °C (b), 400 °C (c),
500 °C (d).

parameter values are listed in Table 1. The Mdéssbauer data of the
initial Zr/Fe,O3 bilayers show the formation of primary o-Fe,03
(~85%) and secondary y-Fe,03 (~15%) phases (Table 1). The X-ray
spectra did not contain reflections of the y-Fe,03 phase. However,
the magnetic measurements account for the 5% content of the
v-Fe,03 in the original sample. The obtained difference between
the Mossbauer and magnetic data is due to the occurrence of an
exchange interaction at the a-Fe,03/y-Fe,03 interface, which leads
to the antiferromagnetic ordering of the moments of the y-Fe,03
local areas. It gives the reduction of magnetization in the y-Fe,03
phase. These data provide clear evidence that the initial samples
are Zr/Fe,0O3 bilayers. Fig. 3 shows the relative magnetization
Ms/My and electrical resistance as a function of annealing
temperature for the Zr/Fe,03 bilayers. Up to 250 °C the saturation
magnetization Ms in the initial Zr/Fe,03 bilayers did not change,
which indicates that there was no mixing or reaction between the
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Fig. 3. (a) Relative magnetization Ms/Mj as a function of annealing temperature for
Zr[Fe,03 bilayers. The inset shows the room temperature hysteresis loop of the
synthesized Zr-Fe,0; nanocomposite after annealing at 500 °C. (b) Electrical
resistance of Zr/Fe,O5; bilayers heated to 500°C at 2°C/min as a function of
temperature measurement.

Zr and Fe,03 layers. With the increasing of the annealing tem-
perature above 300 °C, the saturation magnetization Ms gradually
increased and reached a maximum of Ms ~ 0.8M close to 450 °C
(Fig. 3a). From this it follows that reaction (1) has the initiation
temperature T;, ~ 250 °C. A minor increase in the magnetization
Ms occurs after annealing at 500 °C and indicates a start of the
nonferromagnetic phase formation.

Fig. 3b shows the electrical resistance versus temperature for
the Zr/Fe,05 bilayers that are heated at 2 °C/min to 450 °C and
cooled to room temperature. The temperature increase above
Tin = 250 °C leads to a rapid increase in electrical resistance, which
is undoubtedly due to the initiation and development of reaction
(1). The electrical resistance above 400 °C does not depend on

Table 1
Mossbauer parameters for the Zr/Fe,05 bilayers.
IS, mm/s H, kOe QS, mm/s W, mm/s A Phase
+0.02 +3 +0.02 +0.02 +0.03
(a) RT 0.383 516 -0.42 0.19 0.85 o-Fe,05
0.250 513 0 0.21 0.15 v-Fe;04
(b) 300 °C 0.28 488 —-0.02 0.24 0.21 Fe;04
0.66 456 0.01 0.37 0.43
0.01 331 0 0.24 0.33 o-Fe
0.16 - 0.57 0.22 0.03 Impurity phases
(c) 400 °C 0.27 487 -0.01 0.21 0.10 Fe304
0.66 454 0.04 0.40 0.24
0.01 330 0.01 0.22 0.63 o-Fe
0.13 - 0.53 0.23 0.03 Impurity phases
(d) 500 °C 0.28 488 0 0.21 0.07 Fe304
0.67 455 -0.01 0.32 0.16
0.01 330 0 0.23 0.63 o-Fe
0.14 - 0.52 0.23 0.03 Impurity phases
1.02 - 1.89 0.85 0.11 FeO

Here IS is the isomer chemical shift relative to a-Fe, +0.02 mm/s; H is the hyperfine magnetic field on Fe nuclei, +5 kOe; QS is the quadrupole shift or splitting, +0.03 mm/s; W

is the linewidth of absorption, +0.03 mmy/s; S is the relative spectral area, +0.05.
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the annealing time and it follows that the reaction between Zr and
Fe,03 is fully completed.

After annealing at 300 °C the weak reflections from Fe,05 disap-
pear and a new peak (311) Fe30,4 is formed (Fig. 1b). The lack of
o-Fe and ZrO, peaks implies that in the initial stage o-Fe becomes
fine-crystalline and ZrO, is amorphous. The X-ray analysis is in
close agreement with the Mdssbauer data (Fig. 2b), which shows
the formation of 64% Fe304 and 33% o-Fe in the reaction products
(Table 1). It is suggested that in addition to the formation of o-Fe as
provided by reaction (1), partial transformation of Fe,03 to Fe304
occurs. Cao et al. [41] demonstrated that Fe,05; nanoparticles were
converted to crystalline FesO4 nanoparticles under vacuum or
nitrogen atmosphere when heated to 420 °C.

Upon annealing the samples at 400 °C, the intensity of the
(311) Fe304 peak decreases and a weak (110) a-Fe reflection
begins to originate (Fig. 1¢). This suggests the reduction of the con-
tent of the Fe304 fraction and expansion of o-Fe in the reaction
product. The c-ZrO, and t-ZrO, phases have the proximity of the
related peaks and thus these phases are unambiguously distin-
guished using only conventional X-ray diffraction. The formation
of the (111) c-ZrO, (or t-ZrO,) peak indicates the crystallization
of amorphous ZrO, to a metastable c-ZrO, (or t-ZrO,) phase. It is
in good agreement with the Mossbauer data (Fig. 2c) which reveals
the reduction of the content of Fe;04 to 34% and the increase of
o-Fe to 63% (Table 1). From this it is inferred that the accompany-
ing reaction (2) between Fe;0,4 and Zr starts soon after the Fe,0s is
converted to Fe3O4 phase:

27r + Fe;0,4 = 3Fe + 2710, )

As the annealing temperature increases to 500 °C, in addition to
the (111) peak other (200), (220), (311) peaks of c-ZrO,/t-ZrO,
phase can be observed (Fig. 1d) and no evidence of the m-ZrO,
monoclinic phase appears. The formation of only the (110) a-Fe
reflection shows that a-Fe nanoclusters are texturated along the
substrate normal. According to the Scherrer equation, the average
size of the o-Fe nanoclusters was estimated to be about 34 nm;
and the size of c-ZrO,/t-ZrO, grains calculated using the (111),
(200), (220), (311) peaks was 110-140 nm. This indicates that
the reaction products contain (110) texturated o-Fe grains which
are separated by polycrystalline c-ZrO, (or t-ZrO,) nanocrystals.
The phase content of a-Fe (63%), determined from the Mdssbauer
spectra (Table 1) does not change and the Fe;0,4 content decreases
to 23% after annealing at 500 °C. The Mdssbauer spectra contain
one doublet with IS of ~1.02 mm/s, corresponding to the electronic
configurations of Fe?* in the octahedral site, characteristic of Fe?* in
FeO which is associated with the formation of wustite (FeO) [42].
The big value of the quadrupole splitting OS = 1.89 mmy/s assumes
that FeO form at the o-Fe grain boundary. This result can testify to
partial (~11%) transformation of Fe304 to the paramagnetic FeO
phase (Table 1) and it agrees well with the reduction of saturation
magnetization (Fig. 3a) after annealing at 400 °C. After annealing at
300°C, 400°C and 500°C the Mossbauer spectra contain a
component (in Table 1 “impurity phases”), which is described as
a doublet. Its small amount (~3%) hampers the estimate of the
accurate Mossbauer parameters and phase identification.
Hypothetically, this component can correspond to the FeC or FeN
impurity phases, which are formed in the course of the reaction
of Fe with carbon and nitrogen impurities. These impurities are
believed to have arisen in the annealing chamber.

Fig. 4 shows a typical TEM image, selected area electron
diffraction (SAED) pattern, high resolution transmission electron
microscopy (HRTEM) image and EDS spectrum of the Fe-ZrO, film
after annealing at 500 °C. The EDS analysis shows that the Fe-ZrO,
films consist of Fe, Zr and O (Fig. 4d). The average atomic number
for the ZrO, phase is lower than the atomic number of a-Fe thus
the ZrO, region appears brighter on the TEM image (Fig. 4a) than
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Fig. 4. TEM image (a), SAED pattern (b), HRTEM image (c), and, EDS spectrum (c) for
the Fe-ZrO, film after annealing at 500 °C.

the o-Fe region. The dark regions correspond to the Fe grains and
the light region - to the ZrO, matrix. The TEM observations
(Fig. 4a) indicate that the o-Fe grains have a rough ring shape with
a grain size of 10-60 nm and the a-Fe nanocrystallites have good
uniformity in the reaction product. This grain size agrees with
the average size of the o-Fe grains determined by XRD. The
HRTEM image (Fig. 4c) of the Fe-ZrO, film after annealing at
500 °C shows lattice fringe spacing equal to 0.256 nm, which is
in good agreement with the (200) atomic plane of c-ZrO,/t-ZrO,
phase. From this it follows that the ZrO, grains have (200)-pre-
ferred orientation and this finding is consistent with the XRD
measurement. Although XRD could not distinguish tetragonal
t-ZrO, from cubic c-ZrO, zirconia, the SAED pattern (Fig. 4c)
interpretation confirms (see Table 2), that the c-ZrO, phase, rather
than the t-ZrO,, was stabilized during the thermite synthesis of the
Fe-ZrO, composites.

The inset of Fig. 3a presents a typical in-plane hysteresis loop of
a synthesized Fe-ZrO, film after annealing at 500 °C, which is
characterized by a relative large value of the magnetic remanence
(Mr) to Ms ratio (0.71). The large Mr/Ms value indicates that the Fe
particles consist of randomly oriented equiaxial grains with cubic
magnetocrystalline anisotropy [43]. The occurrence of hysteresis
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Table 2

Indexing diffraction rings in Fig. 4b.
Rings c-Zr0, t-Zr0O, o-Fe Fes04
1 (111) (111) (220)
2 (200) (200) 311)
3 (400)
4 (110)
5 (220) (202)(220)
6 311) (113)(311)
7 (222) (222) (440)
8 (511)
9 (200)
10 (400) (004)(400) (533)
11 (331) (313) (211)
12 (422) (422) (800)
13 (511) (115) (660)
14 (440)

loops confirms that the size of the a-Fe nanoclusters in the Fe-ZrO,
films is larger than the superparamagnetic critical size. According
to the estimate in Ref. [44] the superparamagnetic critical size of
transition metal nanoparticles ranges from 1nm to 10 nm.
Experimentally, the transition of Fe particles from ferromagnetic
to superparamagnetic state is observed when the particle size is
<24 nm [44,45].

Based on the Mdssbauer data (Table 1) after annealing at 300 °C,
400 °C and 500 °C the volume fractions are equal to 33%, 63%, 63%
for o-Fe; and to 64%, 34%, 23% for Fe30,4, respectively. We suppose,
that the saturation magnetization of the synthesized o-Fe
(1710 emu/cm?) and Fe;04 (477 emu/cm?) phases are equal to
the bulk sample values and estimate the relative values of magne-
tizations Ms/My 0.50, 072, 0.69 after annealing at 300 °C, 400 °C
and 500 °C, respectively. The calculated values correspond closely
to the experimental data presented in Fig. 3a. From this it follows
that only o-Fe and Fe304 are the magnetic phases in the reaction
products. The Mossbauer data do not indicate the presence of other
iron oxides or phases of the Fe-Zr-0 system.

Based on the above analysis the step-by-step evolution from Zr/
Fe,03 bilayers to Fe-ZrO, nanocomposite films was obtained, and
the corresponding schematic illustration is presented in Fig. 5.

The extensive studies of the mechanism of a classical thermite
reaction between Fe,03 and Al (Goldschmidt reaction) by various
groups indicates that the Fe;0,4 formation and intermediate reac-
tions, including the reaction between Fe304 and Al, occur before
getting the final product [46-48]. It was well known that in
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Fig. 5. Schematic illustration of solid-state synthesis of Fe-ZrO, nanocomposites by
successive annealing of the Zr/Fe,05 bilayers. Bright dots and dark dots denote o-Fe
and FeO nanoclusters, respectively.

additions to the grain size, the important parameter of granular
films is x. the percolation threshold. For the volume fraction
X > X., Nanograins can aggregate into a connecting network and
initiate the metallic conductivity of the granular films. The initial
Zr[Fe;03 bilayer has the metallic conductivity determined by the
Zr layer. After heating to 500 °C and sequential cooling to room
temperature the electrical resistance of the synthesized Fe-ZrO,
nanocomposite increases nearly four times relative to the initial
Zr/Fe,05 bilayer (Fig. 3b). However, the electrical resistance is
about 10'* lower for pure ZrO, films with the same thickness at
room temperature. From this it follows that the o-Fe nanograins
have weak interconnection because they are separated by ZrO,
interlayers and the volume fraction of the «-Fe nanograins is
slightly below the percolation threshold. This result is in agree-
ment with a rough estimate of the volume fraction of o-Fe
X ~ 0.5 using Egs. (1) and (2). This value is lower than the range
limit x. =0.5-0.6 of the percolation threshold for many granular
systems of metal nanoclusters embedded in dielectric matrix [49].

It is well known that thermite reactions in powders and
free-standing multilayer foils are triggered by local heating and
demonstrate the SHS mode at room temperature. Typically,
thermite reactions in bilayers deposited on glass substrates occur
in the SHS mode (combustion wave) above T;, and at heating rates
>20 °C/s only [34,50]. However, at heating above T;, = 250 °C with
rates >20 °C/s the thermite reaction in the Zr/Fe,O3 bilayers on
glass substrates do not have the SHS regime. A possible
explanation is in the fact that ZrO, has low thermal diffusivity
(0.63 - 10° m?/c), which is about 20 times lower than that of
Al,O3 (13 -10°m?/c), which is a reaction product of Al-based
thermite reactions. In the beginning, reaction (1) on the Zr/Fe,03
interface of the ZrO, nanocrystals forms a heat-shielding interlayer
which decreases heat exchange between the Zr and Fe,Os films.
This is a reason for the decreasing reaction rate and the SHS regime
suppression.

After annealing at 500 °C the XRD patterns, magnetic and
electrical properties do not change during 6 months, which suggests
good temperature stability of the synthesized Fe-ZrO, samples. The
heating rate and the choice of the subsequent annealing conditions
are the controlling parameters which determine the formation of
nanostructures, which, in turn, determine the physicochemical
properties of the nanocomposite Fe-ZrO, thin films.

In summary, we demonstrated a new way to synthesize ferro-
magnetic Fe-ZrO, nanocomposite thin films. The initial Zr/Fe,03
films were obtained by Fe film oxidation and sequential deposition
of the Zr layer. Thermite reaction (1), using Zr and Fe,0s3 films as a
fuel and an oxidizer in Zr/Fe,03 bilayers, starts above the initiation
temperature Tj, =250 °C with the predominant formation of Fe,
Fe304 and ZrO, phases. At annealing temperatures above 300 °C,
the thermite reaction (2) between Fe304 and Zr starts. After
500 °C thermite reactions (1) and (2) reduce the magnetization of
the Fe-ZrO, nanocomposite thin films to about 80% of the initial
Zr[Fe;03 film. The final products contain mainly the o-Fe nano-
grains separated by the c-ZrO, (or t-ZrO,) matrix. The thermite
method provides a promising route to the formation of Fe-ZrO,
ferromagnetic nanocomposite thin films having low initiation
temperature, soft magnetic properties, high magnetization and
good chemical stability.
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