Journal of Alloys and Compounds 665 (2016) 197—203

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: http://www.elsevier.com/locate/jalcom

Thermite synthesis and characterization of Co—ZrO»ferromagnetic

nanocomposite thin films

@ CrossMark

V.G. Myagkov *”, V.S. Zhigalov * ", LE. Bykova ¢, S.M. Zharkov * ¢, A.A. Matsynin ¢,
M.N. Volochaev # ", I.A. Tambasov ?, G.N. Bondarenko ¢

@ Kirensky Institute of Physics, Russian Academy of Sciences, Siberian Branch, Krasnoyarsk, 660036, Russia

b Reshetnev Siberian State Aerospace University, Krasnoyarsk, 660014, Russia
¢ Siberian Federal University, Krasnoyarsk, 660041, Russia

d Institute of Chemistry and Chemical Technology, Russian Academy of Sciences, Siberian Branch, Krasnoyarsk, 660049, Russia

ARTICLE INFO

ABSTRACT

Article history:

Received 28 September 2015
Received in revised form

21 December 2015

Accepted 30 December 2015
Available online 5 January 2016

Keywords:

Thermite reactions

Reactive films

Ferromagnetic nanocomposite films
ZrOz

Co—Zr0O, ferromagnetic nanocomposite thin films were successfully synthesized using a new thermite
reaction between Zr and Co304 in layer geometry. The initial Zr/Co304 bilayers were obtained by the
deposition of Zr layers onto Co304 films at room temperature. The process of mixing at the Zr/Co304
interface and synthesis of fine-crystalline Co and amorphous ZrO, phases started at a temperature above
the initiation temperature Tj, ~250 °C which did not depend on the bilayer thickness. For the bilayer
thickness more than 300 nm high-temperature fcc-Co and cubic c-ZrO; (or tetragonal t-ZrO;) phases
were formed. For the bilayer thickness less than ~50 nm stable low-temperature hexagonal hcp-Co and
monoclinic m-ZrO, phases were also present in the reaction product. A partial transformation from
Co304 to CoO occurred after annealing at 300 °C. The secondary reaction between CoO and Zr started
soon after Co304 had been converted to the CoO phase. After annealing at 500 °C more than 80% of Co
was reduced and the final product contained Co nanoparticles above and below the superparamagnetic
critical size embedded into a dielectric ZrO, matrix. The synthesized Co—ZrO, nanocomposite films

possessed soft magnetic behavior, high magnetization and good chemical stability.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Granular solids composed of ferromagnetic nanoparticles
embedded in semiconducting (e.g. Iny0s3, TiO,, ZnO, SnO3) and
insulating (e.g. SiOp, Al;03, MgO, HfO,, ZrO,;) matrices have
attracted a great deal of attention, both from the point of view of
the fundamental perspective and for their potential applications
[1—-3]. These nanocomposites display magnetic and physicochem-
ical properties which strongly depend on the method of prepara-
tion, the particle size, concentration and chemical bonding
between the nanoparticles and matrix. Many approaches have been
developed to synthesize ferromagnetic nanoparticles in semi-
conducting and insulating matrices such as the sol—gel method
[4—6], rf magnetron sputtering [7—9], thermal decomposition [10],
ball milling [11,12], etc. Among the above mentioned oxides ZrO, is
a well known ceramic material which possesses excellent thermal,
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electric, mechanical, optical properties, good chemical stability and
has many practical applications [13—17]. The fabrication of ZrO,-
based ferromagnetic nanocomposites is a challenging goal, as this
can provide ZrO, with the magnetic properties, which considerably
enhance possibilities for applications. In the literature a major part
of the papers is directed towards elucidating the nature of
magnetism in transition metal doped ZrO, [18—20] and stabiliza-
tion of the high temperature crystalline tetragonal (t-ZrO;) and
cubic (c-ZrO;) phases [21—-23]. Although ZrO,-based magnetic
nanocomposites obtained by various methods have been widely
investigated, only a few reports are directed towards investigating
magnetic, optical, magneto-optical, AC conductance and magne-
toresistance properties in Co—ZrO granular thin films [24—28]. The
only method currently used for the fabrication of Co—ZrO, granular
thin films is pulsed laser deposition. These films had an average Co
nanoparticle size of about 2.5—63 nm against the Co volume frac-
tion and showed a very sharp interface between the crystalline Co
nanoparticles and the amorphous ZrO, matrix, with no evidence of
intermixing [24—26]. Increasing the annealing temperature up to
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400 °C lead to the modification of the granular structure, which
resulted in both the nucleation of ultra-small particles and the
coalescence of neighboring particles [27]. In addition, J. Shin et al.
reported the formation of magnetic nanostructures from self-
assembled Co nanodots and nanowires embedded in a yttria-
stabilized zirconia matrix which had been grown on Si(001) at
800 °C and 5 x 10~ Torr O; pressure [28].

Recently, we have demonstrated a new thermite method for
synthesizing ferromagnetic Fe—InyO3 [29] and Fe—ZrO, [30]
nanocomposite films containing o-Fe clusters embedded into a
transparent conducting In;O3; oxide and dielectric ZrO, matrix,
respectively. In this report, we extend this approach to the forma-
tion of magnetic Co—ZrO, nanocomposites using a new thermite
reaction (1):

Co304 + 2Zr = 2Zr0O;, + 3Co (1)

Thermite reactions between fuels such as Al, Be, Mg, B, Hf, Li, Ta,
Ti, Zr and oxidizers such as SiO,, Sn0O,, W03, Mo0Os, CuO, Bi,03, 1,05,
Cr,03, Fe;03 react with a release of large quantities of heat, may
have a self-propagating high-temperature synthesis (SHS) mode
and widely used for the synthesis of materials. For traditional
thermites which contain micron-sized particles, the combustion
velocity is of the order of several centimeters to a few meters per
second [31]. When a fuel and oxidizer particles decease to nano-
scale dimensions the combustion velocity drastically increases to
several km/s [32,33]. These nanocomposite thermites (also termed
nanostructured metastable intermolecular composites, nano-
thermites or superthermites) often have free-standing multilayer
foil geometry [34—37]. In contrast to free-standing multilayer
thermites in reactive bilayer films coupled with a substrate which is
the major heat sink during the reaction, the combustion wave oc-
curs when the temperature of a sample Ts exceeds the initiation
temperature Ti, (Ts > Tiy) and heating rate is higher than 20 K/s
[29,30]. At a heating rate less then 20 K/s the reaction occurs by low
reactive diffusion across the entire interface.

In this work, we describe the low-temperature thermite syn-
thesis of Co—ZrO, nanocomposite films containing Co nanoclusters
separated by ZrO, grains. The final goal was to elucidate structural
and magnetic transformations formed in the Zr/Co304 bilayers after
thermal annealing from 50 to 500°C.

2. Experimental section
2.1. Synthesis

The initial films were obtained by the thermal deposition of Co
layers at a temperature 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 10® Torr. Previously, the substrates were
degassed at 350 °C for 1 h. The Co304 films were obtained by
oxidation in an air environment of the initial Co films at a tem-
perature of ~350 °C. The top Zr layer was deposited at room tem-
perature to prevent a reaction between Zr and Co304 during the
deposition. In these experiments, Zr/CozO4 bilayers with an
approximate stoichiometry Co:Zr = 3:2 were used. The films on
NacCl (001) with the thicknesses of Co equal to 20 nm and Zr - 30 nm
were prepared for transmission electron microscopy (TEM) and in
situ heating electron diffraction studies. In the rest of the experi-
ments films on the glass substrates with a total thickness of
300—400 nm were used. Magnetic, electrical and TEM studies were
conducted on Zr/Co304 bilayers annealed at temperatures between
50 and 500 °C at 50 °C intervals. The samples were held at each
temperature for 1 h. All the synthesized Co—ZrO, samples were
obtained at a pressure of 10~ Torr. In situ TEM experiments were

performed by heating the Zr/Co304 films in the column of the JEM-
2100 transmission electron microscope (JEOL) using a sample
holder with an option of the controlled heating from room tem-
perature to 1000 °C (Gatan Model 652 Double Tilt Heating Holder).
The Zr/Co304 films were separated from the substrate and placed
on a molybdenum TEM grid. Electron diffraction data of the in situ
heating experiments was captured during the experiments.

2.2. Characterization

The phases formed during the synthesis process were identified
using a DRON-4007 X-ray diffractometer (Cu K, radiation). The
thicknesses of the Zr and Co304 layers were determined via X-ray
fluorescent analysis. The saturation magnetization Ms, in-plane
hysteresis loops and magnetic moment of the samples were
measured by a vibrating magnetometer and were also controlled by
torque measurements which had been described in detail in our
previous work [38]. For finding the Co reduction degree n(Ts)
versus annealing temperature Ts the magnetic moment MEOVO of
the initial (before oxidation) Co film with Vg volume was measured.
The degree of Co reduction n(Ts) was obtained using Formula (2):

n(TS) = Ms“°V(TS)/Ms Vo = V(TS)/Vo (2)

where V(Ts) is Co reduction volume after annealing at temperature
Ts.

The resistance R(Ts) measurements were performed by a stan-
dard four-probe method in a vacuum of 10~® Torr while the as-
deposited Zr/Co304 bilayer annealed at a constant heating rate of
4 °C/min from room temperature up to 500 °C, and then cooling at a
rate of ~3 °C/min to room temperature. Magnetoresistance mea-
surements were carried out at room temperature in the magnetic
field up to 4.5 kOe by using the standard four-probe technique.

3. Results and discussion
3.1. Synthesis characterization

The initial Co films had saturation magnetization (M$° = 1400
emu/cm?) coinciding with the saturation magnetization of the bulk
samples. The samples were oxidized in air for the formation of a
Co304 phase which had zero magnetization. To avoid a reaction
between Zr and Co30y4, the initial Zr/Co304 bilayers were obtained
from the deposition of a Zr layer on the Co304 film at room tem-
perature. The magnetization Ms of the samples did not change after
the deposition of the Zr layer.

Fig. 1 shows the Co reduction degree n(Ts) and electrical resis-
tance R(Ts) as a function of annealing temperature Ts for the Zr/
Co304 bilayers. Up to 250 °C the saturation magnetization Ms of the
Zr/Co304 bilayers remained equal to zero (n = 0), which indicated
that there was no mixing and reaction between the Zr and Co304
layers. With the increasing annealing temperature above 250 °C,
the reduction degree n strongly increased up to 300 °C and grad-
ually reached a maximum of n ~0.8 at 500 °C (Fig. 1a). From this it
follows that Reaction (1) had the initiation temperature Tj, ~250 °C
and more than 80% of Co was reduced by Zr. Fig. 1b shows the
electrical resistance R(Ts) versus annealing temperature Ts for the
Zr/Co304 bilayers which were heated at a rate of 4 °C/min to 500 °C
and cooled to room temperature. The temperature increase above
Tin = 250 °C led to a rapid increase in electrical resistance, which
was undoubtedly due to the initiation at Tjy = 250 °C and devel-
opment of Reaction (1). The rapid increasing of the electrical
resistance was associated with the formation of the insulating ZrO,
matrix. After annealing from 300 °C to 400 °C the electrical resis-
tance decreased, which was associated with the continuum
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Fig. 1. (a) The degree of Co reduction n as a function of annealing temperature Ts for
the Zr/Cos04 bilayers. The inset shows the room temperature hysteresis loop of the
synthesized Co— ZrO, nanocomposite after annealing at 500 °C. (b) Electrical resis-
tance of the Zr/Co304 bilayers heated up to 500 °C (the heating rate being 4 °C/min) as
a function of temperature measurement Ts. The inset shows the In R vs =T~ plot for
the as-synthesized Co— ZrO, sample after cooling in the 250 °C - 25 °C temperature
interval.

reaction (1) and the growth of the Co nanoparticles, which
increased the conductivity via an insulating ZrO, matrix. Above
400 °C — 500 °C the electrical resistance weakly depended on the
annealing temperature and it is assumed that the reaction between
Zr and Co304 had been completed at 500 °C. As the temperature
decreased below 500 °C samples began to show metallic-like
behavior. The decreasing electrical resistance was most likely
associated with the Co grain growth, which eventually formed a
percolation cluster in the dielectric ZrO, matrix. As the synthesized
Co—ZrO, samples cooled to the initiation temperature Tj, ~250 °C
the post-reaction processes continued and promoted the insulation
of the Co nanoparticles by ZrO, and the start of the increase of the
electrical resistance. Upon cooling below 250 °C to room temper-
ature the resistance showed a strong temperature dependence, and
it is assumed that the Co—ZrO, films were in the insulating con-
duction regime. For the insulating regime in metal granular films
the resistivity R versus temperature T is described by Eq. (3)
[1,39—41].

R(T) = Ro exp[(To/T)"] (3)

Where n = 1 indicates the thermal activation conduction, n = 1/2
tunneling, and n = 1/4 Mott variable range hopping. The optimal
fitting of the experimental data of the Co—ZrO, film has the
exponent n = 1 for two temperature regions: 20 °C — 110 °C
(To = 560 K, El = 0.048 eV) and 110 °C — 250 °C (To = 560 K,
E2 = 0.0275 eV). The In R against -T~! plot is given in the inset of
Fig. 1b. In both cases the dominant conduction mechanism is
thermally activated conduction. One conceivable reason for the low

electrical resistance activation energy is the result of recrystalliza-
tion and coarsening of Co and ZrO, grains, which can occur in the
110 °C - 250 °C temperature interval. After structural relaxation in
the as-synthesized Co—ZrO> film in the 110 °C — 20 °C temperature
interval the as-synthesized Co—ZrO; films had an activation energy
that is typical for metal granular films at these temperatures [41].

It is significant that only 20% of the Co atoms were not included
into the synthesizing metallic Co nanoclusters. Most likely they
remained in the unreacted Co304 and CoO oxides or in the ZrO,
solid solution, which formed at Co/ZrO; interface during Reaction
(1) as the transition zone between the Co nanoclusters and ZrO;
matrix.

3.2. XRD and TEM characterizations

The X-ray diffraction (XRD) pattern of the initial Zr/Co304 bi-
layers contained reflections from the fine-dispersed polycrystalline
Zr and Co304 phases (Fig. 2a). After annealing at 300 °C the weak
reflections from Co304 disappeared and a new peak (111) of high-
temperature c-ZrO, (or t-ZrO;) phase was formed (Fig. 2b). The c-
Zr0O; and t-ZrO; (in the paper c/t-ZrO;) phases had the proximity of
the related peaks and so, these phases are unambiguously distin-
guished using only conventional X-ray diffraction. The lack of Co
peeks implies that in the initial stage Co was fine-crystalline. Upon
annealing at 500 °C the X-ray patterns contained (111), (200), (311),
(400) c/t-ZrO,, reflections and (111), (200), (220) reflections of the
high-temperature fcc-Co and no peaks from the stable low-
temperature hexagonal hcp-Co and monoclinic m-ZrO, phases
(Fig. 2c). The difference in the binding energies of cobalt in the
hexagonal and cubic modifications is insignificant; therefore in thin
films and nanostructures the fcc-Co phase is often stabilized.

Fig. 3a shows the sand-like microstructure of the top Zr layer of
the initial Zr/Co304 bilayer, which indicates that the crystalline size
of Zr grains is very low (<5 nm). These data are compared with the
XRD average crystallite size ~ 5 nm calculated using broadening of
the (100)Zr reflection by the Scherrer formula. The interpretation of
the electron diffraction reflections (Fig. 3b) confirmed the

m-Zr o- c/t-ZrO,

I (@) RT

L o - CO304 A - CoO
(220) O W (100)

Intensity (arb. units)

20 30 40 50 60 70 80
20 (deg)

Fig. 2. Typical XRD patterns of the initial Zr/Co304 bilayers (a) and the synthesized
Co—ZrO, nanocomposites after annealing at 300 °C (b), 500 °C (c).



200 V.G. Myagkov et al. / Journal of Alloys and Compounds 665 (2016) 197—203

Fig. 3. TEM image (a) and electron diffraction pattern (b) of the initial Zr/Co304 sample.

coexistence of a-Zr and Co304 (see Table 1) in the initial Zr/Co304
films. Fig. 4 shows a typical TEM image, selected area electron
diffraction pattern (SAED) of the Co—ZrO, film after annealing at
500 °C. The average atomic number for the ZrO, phase is lower than
the atomic number of Co thus the ZrO, region appears brighter on
the TEM image (Fig. 4a) than the Co region. The dark regions
correspond to the Co grains and the light region - to the ZrO;
matrix. The TEM observations (Fig. 4a) indicate that the Co nano-
particles have a shape resembling a sphere and were uniformly
distributed in the reaction product. The TEM image, SAED pattern
(Fig. 4) and electron diffraction analysis suggests that the final re-
action product are hcp-Co + fcc-Co nanoparticles embedded in
polycrystalline m-ZrO, + c/t-ZrO; matrix (Table 2). From Fig. 4a it
follows that the average diameter of the Co nanoparticles is 20 nm,
which is comparable with the superparamagnetic critical size,
which is on the order of 20 nm for the Co nanoparticles [42].
However Co nanoparticles with a size below 10 nm are disregarded
in the histogram, because it is impossible to obtain a high resolu-
tion TEM image due to the film thickness (50 nm). This suggests
that all the synthesized Co—ZrO samples contain some amount of
superparamagnetic Co nanoparticles. An important point is that the
histogram is presented for a film thickness of 50 nm and it may be
different from the histograms with film thicknesses of
300—400 nm, which were used for the magnetic, electrical resis-
tance and magnetoresistance investigations.

3.3. Magnetic and magnetoresistance properties

In the Co—ZrO; nanocomposites after annealing at 500 °C more

Table 1

Indexing the diffraction reflections in Fig. 3b.
Rings Co304 a-Zr
1 (111)
2 (220) (100)
3 (311) (101)
4 (400) (102)
5 (422) (110)
6 (511) (103)
7 (440) (112)
8 (622) (202)
9 (711)

than 80% of Co was reduced and thus it had high saturation
magnetization (~500 emu/cm?). The hysteresis loop yielded a
typical hysteresis loop of the original Co film (before oxidation)
with the coercivity ~ 130 Oe (Fig. 1a). The hysteresis loop achieved
saturation at Hg = 500 Oe > H¢ = 130 Oe. This clearly demonstrates
the contribution of the superparamagnetic Co particles and disor-
dered spins at Co/ZrO; interfaces into the hysteresis loop besides
the contribution of the ferromagnetic particles. This result is in
good agreement with the results from the TEM analysis, where
superparamagnetic Co nanoparticles were assumed. The relatively
large value of the ratio M; to Ms equal 0.62 (where M; is magnetic
remanence) indicates that the Co nanoparticles consisted of
randomly oriented equiaxial grains with cubic magnetocrystalline
anisotropy [43].

The Co—ZrO, samples exhibited negative tunneling magneto-
resistance (TMR) which is a characteristic property of granular
ferromagnetic metal/insulator nanocomposites. It is known that
spin-depended scattering of the conduction electrons between
ferromagnetic nanogranules caused giant TMR in these nano-
composites below the percolation threshold (dielectric regime)
[44—4726]. For the Co—ZrO, granular films which had been pre-
pared by pulsed laser deposition the maximum TMR was about 7%
at 50 kOe and saturation magnetization was <50 emu/cm’ [26]. In
contrast to these samples the Co—ZrO, nanocomposite films which
had been prepared by the thermite method revealed very weak
negative magnetoresistance about 0.07% at 4.5 kOe and the high
saturation magnetization Ms ~500 emu/cm?® at room temperature.

3.4. In situ electron diffraction study of the Co—ZrO, thermite
reaction in the Zr/Co304 thin films

In the initial state the Zr/Co304 films contained a-Zr and Co304
layers, as evidenced by the TEM image and corresponding SAED
pattern (Fig. 3 and Table 1). The structural changes in the initial Zr/
Co304 bilayer and the formation of the Zr—Co304 nanocomposite,
monitored in the in situ heating electron diffraction experiment, is
shown in Fig. 5a,b (see the indexing of the diffraction reflections in
Table 3a,b). The analysis of the SAED patterns reveals that CoO and
amorphous ZrO, started forming at 260 °C. This examination
proves that the initiation temperature Tj, of the reaction between
Zr and Co304 was below 260 °C. It is in good agreement with the
annealing investigation which indicates that the initiation



V.G. Myagkov et al. / Journal of Alloys and Compounds 665 (2016) 197—203 201

Number of particles

drean(Co) =20 nm |

dll”
||

10 15 20 25 30 35 40
Size of particles (nm)

Fig. 4. TEM image (a) of Co nanoparticles embedded in the ZrO, matrix, (b) histogram of Co nanopartcles size distribution obtained from the TEM image (a), and (c) electron

diffraction pattern of the Co—ZrO, film after annealing at 500 °C.

Table 2 Table 3
Indexing the diffraction reflections in Fig. 4b. Indexing the diffraction reflections (a) in Fig. 5a at 300 °C and (b) in Fig. 5b at 500 °C.
Rings m-ZrO, c[t-Zr0O, Hcp-Co Fcc-Co (a)
1 (-111) (111) (111) Rings m-ZrO, c/t-ZrOy CoO
§ (200) (002) (200) 100) ] a1
2 (002) (1) 2 (-111) (111)
5 (101) 2 (200) (002) (200) 8(1)(1);
673 (122) (221) (202) (220) (200) 5 (213) (312) 311) 220)
(213) (312) (311)
8 (023) (321) (102) S (gézj) ((3J(2)411) 004) (400 311
9 (041) (004) (400) (110) (101) (041) (004) (004) (400) @11
10 (232) (114) 8 (242) (421) (400)
11 (-313) (420) (103) ?0 (G11) (fé;)
12 (242) (421) (311) (422)
13 (511) (004) (222) (b)
Rings m-Zr0, c/t-ZrO, Hcp-Co Fcc-Co
1 (111)
2 (-111) (111)
3 (200) (002)
4 (002) (111)
5 (101)
6 (122) (221) (202) (220) (200)
7 13) (312) (311)
8 (110) (220)
9 (314) (420) (103)
10 (422) (004) (222)

51/nm 300 °C

51/nm 500 °C

Fig. 5. Electron diffraction patterns of the Co—ZrO, film obtained at 300 °C (a) and
500 °C (b).

temperature Tj, ~250 °C (Fig. 1). With increasing the temperature

up to 300 °C the Co304 reflections gradually disappeared from the
SAED patterns and the polycrystalline reflections of the hcp-Co
began to form above 400 °C. The existence of fcc-Co cannot be
excluded due to the overlap of its main diffraction reflections with
those of hcp-Co. The reflections of the CoO phase completely dis-
appeared at 500 °C and the SAED pattern revealed hcp-Co, fcc-Co
and m-ZrO,, c/t- ZrO; phases (Fig. 5b and Table 3b). The sample
cooling to room temperature did not change the phase composition
and final reaction product contained hcp-Co, fcc-Co and m-ZrO», ¢/
t- ZrO,. This result is in good agreement with the final reaction
product for the TEM samples obtained by annealing at 500 °C (Fig. 4
and Table 2). While the evidence of the Co formation was apparent
from in situ heating electron diffraction experiment and XRD
studies at temperatures higher 400 °C, the magnetic measurements
clearly show the Co formation starting at the initiation temperature
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Tin ~250 °C. The most plausible hypothesis is that above Tj, ~250 °C
Co grains started growing with the fine-dispersed structure which
was not detected by the SAED and XRD experiments.

Notice that in the samples with the thickness of 50 nm (pre-
pared for the TEM and in situ heating electron diffraction studies)
stable hcp-Co and m-ZrO, phases were formed, but in the samples
for magnetic and electrical investigations with the thickness of
above 300—400 nm the high temperature fcc-Co and c/t- ZrO;
phases, metastable at room temperature, were formed. A possible
reason for the formation of the hcp-Co and m-ZrO, phases is stress
relaxation in the thin layers that created favourable conditions for
the equilibrium formation hcp-Co and m-ZrO, nanoclusters.
However, in the thick layers the reaction stresses insignificantly
relaxed and arrested the high temperature fcc-Co and c/t- ZrO,
phases which were the product of reaction (1).

From the in situ heating electron diffraction experiments it fol-
lows that the reaction mechanism proposed involves CoO forma-
tion in the 260 °C - 500 °C (Table 3a) temperature range and
therefore the existence of intermediate reactions (4), (5):

2C0304 — Co0 + 0, (4)
2Co0 + Zr — 2Co + ZrO, (5)

The intermediate reactions often accompany the main reaction
in different thermite systems including the classical thermite re-
action between Fe;03 and Al (Goldschmidt reaction) [48—50].
Recently we showed that the intermediate reactions were also
present in the thermite reaction between Fe;03 and Zr [30].

As is known, thin film solid state reactions are characterizes by
the initiation temperature Tj, and the first phase arising in the film
interface when the temperature of a sample Ts exceeds Tiy, (Ts > Tin)
[51—54]. We noticed that the initiation temperature Tj, ~250 °C of
Reaction (1) coincided with the initiation temperature of the
thermite reaction in the Zr/Fe;O3 thin film [30]. It is common
knowledge that the driving force of Al-based thermite reactions is
the big negative heat of Al,03 formation (AHf = —1676 kJ/mol). It is
reasonable to suggest that the driving force of Zr-based reactions is
the negative heat of ZrO, formation (AHf = —1080 kJ/mol). There-
fore, different reaction systems which are controlled by ZrO, syn-
thesis must have the same initiation temperature Tj, ~250 °C.
Indeed, the value Tj, ~250 °C is in good agreement with the initi-
ation temperature Tj, ~250 °C in Zr/CuO nanothermite mixture [55]
and with the study where the ZrO, nanoparticles were obtained by
glycothermal processing [56]. In these papers [55,56] using the
curves of differential thermal analysis (DTA), thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC), the
initiation temperature Tj, ~250 °C was defined as the temperature
at which heat release started.

Based on all the above, it can be concluded that the final product
of the thermite reaction in the Zr/Co304 thin films contained Co
nanoparticles above and below the superparamagnetic critical size
embedded into a dielectric ZrO, matrix. The particle size of Co
during the thermite reaction in the Zr/Co304 thin films strongly
depended on the experimental conditions such as the heating rate
and annealing time. The synthesized Co—ZrO, samples had good
temperature stability and these samples did not change the mag-
netic properties over 8 months at room temperature. Therefore, the
choice of the heating rate, the annealing temperature and anneal-
ing time determined the structural and magnetic properties of the
nanocomposite Co—ZrO; thin films.

4. Summary

In summary, the Co—ZrO, ferromagnetic nanocomposites were

synthesized using a new thermite reaction between Zr and Co304
thin films. The initial Zr/Co304 films were obtained by the Co films
oxidation and sequential deposition of a Zr layers. Thermite reac-
tion (1), using Zr and Co304 films as a fuel and an oxidizer in Zr/
Co304 bilayers, started above the initiation temperature Tj, = 250
°C. At the annealing temperatures above 300 °C the partial trans-
formation (2) from Co304 to CoO occurred and thermite reaction (4)
between CoO and Zr started. After 500 °C thermite reactions in the
Zr/Co304 films finished and showed a high level of Co reduction
(>80%). The final products with a film thickness of 50 nm contained
Co nanograins with an average grain size of 20 nm uniformly
distributed in the dielectric ZrO, matrix. The thermite method
provides a promising route to the formation of Co—ZrO, ferro-
magnetic nanocomposite thin films having low initiation temper-
ature, soft magnetic properties, high magnetization and good
chemical stability.
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