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In situ electron diffraction was used to study structural transformations
during the formation of Co-InyO3 ferromagnetic nanocomposite thin films in a
thermite reaction of In/Co304 bilayer thin films. Heating was performed from
room temperature to 600°C at a rate of 4°C/min, while simultaneously electron
diffraction patterns were recorded at a speed of 4 frames/min. This made it
possible to determine the initiation, 185°C, and finishing, 550°C, temperatures
of the solid-state synthesis, as well as the change in the phase composition
during the thermite reaction. The synthesized Co-InyO3 film nanocomposite
contained ferromagnetlc cobalt nanoclusters surrounded by an In203 layer,
with an average size of 20 nm, and had a magnetization of 400 emu/cm® and a
coercivity of 50 Oe at room temperature The estimate of the effective inter-
diffusion coefficient of the reaction suggests that the main mechanism for the
formation of the Co-InyO3 nanocomposite is diffusion along the grain bound-

aries and dislocations.

INTRODUCTION

Composite ferromagnetic films containing nan-
oclusters of 3d-metals Co, Fe, and Ni in a dielectric
or semiconductor matrix obtained by various phys-
ical and chemical methods, including the sol-gel
method, spray pyrolysis, the microemulsion method,
magnetron sputtering, pulsed laser deposition, ion
implantation, and joint deposition have been inten-
sively studied.'™ Although the synthesis of these
nanocomposites often passes under equilibrium
conditions, the magnetic and other physicochemical
properties strongly depend on the fabrication tech-
nique used, the particle size and concentration, and
the type of chemical bond between the nanoparticles
and the matrix. Recently, there has been a surge in
nonequilibrium processing of ferromagnetic com-
posites using methods like pulsed laser 1rrad1a-
tion, pulsed laser depos1t10n ion
1mplantat10n 12,13 and ball-milling.'* Thermite syn-
thesis of materials also takes place under nonequi-
librium conditions. Thermites comprising of nano-
sized fuels, such as Al, Mg, Ti, and Zr, and oxidizers,
such as Sn02, CuO, Bi203, NiO, Co304, and Fe203,
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are termed nanostructured metastable intermolecu-
lar composites, nanothermites or superthermites,
and have been widely investigated as a subclass of
nano-energetic materials. In contrast to traditional
energetic materials, nanomaterials have fuel and
oxidizer particles decreased to nanoscale dimen-
sions, and possess high interfacial contact areas,
which decrease the diffusion distances between the
reactants. As a result, the nano-energetic materials
have lower ignition temperatures, low ignition
delay, an enhanced rate of energy release, extre-
mely high heating rates, and a significant increase
in the combustion Ve10c1ty to several km/s.'>~® The
temperature of the combustion wave reaches sev-
eral thousand degrees, which can lead to a very
supercooled state and rapid quenching of the reac-
tion product. Nanocomposites obtained under
nonequilibrium conditions often have
metastable phases and possess unusual magnetic
and physicochemical properties.

In recent years, multilayer reactive nanotermites,
consisting of alternating nanosized layers of metal
fuel and oxidizing agents with a total thickness in
the range from 0.1 to several microns, have
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attracted considerable attention, both for under-
standing reaction mechanisms and for practical
applications.'® ! Recently, a simple and effective
method of solid-state synthesis of magnetic
nanogranular thin films has been proposed, based
on initiating thermite reactions between 3d-metal
oxide films (Fey,O3, Co304) and In, Zr, Zn, and Al
metals, whose oxides are wide-gap semiconductors
or dielectrics.?>?® Such an approach makes it
possible to obtain thin single-layer and multilayer
nanogranular films with a well-controlled size and
distribution of magnetic granules over the thickness
of the film.?® Among several types of nano-energetic
materials, multilayer nanofilms are a simple model
system, both for the theoretical and experimental
study of atomic transfer across the interface. How-
ever, the fundamental reaction mechanisms at the
nanoscale remain unclear. Important steps in this
direction can be provided by the studies of scenarios
of the initial reaction stage on the interface between
the two reactive nanolayers.

This paper presents the results of investigations of
the structural properties of the Co-InyO3 nanocom-
posite thin films obtained by initiating a thermite
reaction in a In/Co304 bilayer film system. Indium
oxide (InyO3) is a wide-gap n-type semiconductor
characterized by a high concentration of free electrons
in combination with transparency in the visible range
of electromagnetic radiation.?® This provides a variety
of practical applications of this oxide. Co-InyOs
nanocomposites and cobalt-doped In,O3 attract atten-
tion due to their possible use in ogtoelectronic and
spintronic devices and gas sensors.** 6

The study of the formation processes of Co-InyO3
nanocomposite thin films was carried out directly in
the column of a transmission electron microscope
(TEM) by heating the film sample of In/Co304 from
room temperature to 600°C. In situ electron diffrac-
tion was used to study the structural transforma-
tions during the solid-state reaction. This method
had previously been successfully used by the
authors to study solid-state reactions in thin-film
systems: Fe/Pd,*"3® CwAu,*® Fe/Si,*° Al/Pt.*' In
this paper, in situ electron diffraction for thermite
reactions in thin films was used for the first time.
The initiation and finishing temperatures of the
thermite reaction, which occurred between the In
and Co304 nanolayers and the phase composition of
the reaction products, were determined. An esti-
mate of the effective interdiffusion coefficient of the
reaction was given.

EXPERIMENTAL PROCEDURES

Figure 1 illustrates the process of the fabrication
of the Co-InyOs3 nanocomposite thin films. The
thicknesses of the Co and In layers in the In/
Co304 bilayer films were chosen according to the
equation of thermite reaction (1):

3Co0304 + 8In = 4Iny03 + 9Co (1)
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Fig. 1. lllustration of the solid-state synthesis of the Co-In,O3
nanocomposite thin films.

For a solid-state reaction to occur, the reagents
must satisfy the condition that their formation
enthalpy (AH) must be higher than the formation
enthalpy of the reaction products. For reaction (1),
this condition is satisfied: AH(Co30,4) = —891 kd/mol
is higher than AH(Iny,O3) = —925.8 kd/mol.*?

The fabrication of the initial bilayer In/Cos04
films was carried out in several stages:

1. Thermal deposition of Co films with a thickness
of ~ 20 nm in a vacuum at a residual pressure of
1.3 x 1077 kPa on the fresh cleaved single
crystal of the NaCl(001) substrate;

2. Formation of Co30, films by air oxidation of the

Co layers at 350°C for 30 min.;

3. Thermal deposition of the In layer with a

thickness of ~ 35 nm in a vacuum at a residual
pressure of 1.3 x 10~ kPa onto the Co30, film
surface. To prevent an uncontrolled reaction
between the In and Co304 layers, In was
deposited on the substrate at room temperature.
Materials of a high level of purity were used for
the evaporation: Co (99.98%), and In
(99.995%).* The In and Co layer thicknesses
were determined by x-ray fluorescence analysis.
The total thicknesses of the bilayer films under
study were 55-60 nm.

4. The In/Co304NaCl(001) films were separated

from the NaCl(001) substrate in bidistilled
water at room temperature.

The structure and local elemental composition of
the samples were studied using a JEOL JEM-2100
TEM equipped with an Oxford Inca x-sight energy
dispersive spectrometer at an accelerating voltage
of 200 kV, and a special sample holder (Gatan
heating holder, model 652 with a double tilt), which
allows for monitoring the sample during heating
from room temperature to temperatures up to
1000°C.

As part of this work, the authors carried out
in situ electron diffraction investigations of the
processes of the thermite synthesis of Co-InsO;
nanocomposite films by thermal heating in In/Co30,
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bilayer films. For this purpose, In/Co30, bilayer
films placed on a molybdenum TEM grid were
heated from room temperature to 600°C at a rate of
4°C/min. Simultaneously with the heating, electron
diffraction patterns were registered (at a speed of 4
frames/min) and synchronous sample temperature
measurements were carried out. This made it
possible to obtain information on the initiation and
finishing temperatures of the thermite reaction, and
on the change in the phase sequence during the
process of synthesis between the In and Co30,
nanolayers. The analysis of the intensity of the
electron diffraction reflections and the interpreta-
tion of the electron diffraction patterns were made
using the Gatan Digital Micrograph software and
the ICDD PDF 4+ crystallographic database.**

The saturation magnetization was measured on
an MPMS-XL. SQUID magnetometer (Quantum
Design) on in-plane magnetic fields.

RESULTS AND DISCUSSION

The initial In/Co30, samples were bilayer thin
films consisting of In and Co30,4 nanolayers. The
electron diffraction pattern (Fig. 2a), obtained from
the initial In/Co30,4 film by the method of selected
area electron diffraction from an area with a
diameter of ~ 1 um, has complete sets of diffraction
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Fig. 2. Electron diffraction patterns obtained from the In/Coz0, film
in the initial state (a) and at a temperature of 157°C (b).

reflections of a polycrystalline type, characteristic of
the phases: In (the space group 4/mmm, lattice
constants: a = 3.252 A, ¢ = 4.9466 A, PDF Card #
04-004-7737) and Co30,4 (the space group Fd-3m,
lattice constant ¢ = 8.0837 A, PDF Card # 00-042-
1467).

The sample was heated from room temperature to
600°C at a rate of 4°C/min in the TEM column
(in situ electron diffraction mode). When the tem-
perature was near the melting point of indium,
157°C, the reflections of In disappeared from the
electron diffraction pattern (Fig. 2b) and only the
reflections from Co304 remained. The diffraction
pattern did not change until the temperature
reached 185°C (Fig. 3), when, in addition to the
reflections corresponding to the Co30, phase,
diffraction reflections appeared corresponding to
interatomic distances (111) and (200) fcc-Co (the
space group Fm-3m, lattice constant a = 3.5447 A,
PDF Card # 00-015-0806) and diffraction reflections
corresponding to the InyO3 phase (the space group
Ia-3, lattice constant a = 10.118 A, PDF Card # 00-
006-0416). The appearance of the diffraction reflec-
tions corresponding to the fcc-Co and In,O3 phases
indicates the beginning of thermite reaction (1) of
the reduction of Co from Co304 to form InyOs.

During the heating process, when the sample
temperature reached 400°C, a sharp change in the
set of the diffraction reflections in the electron
diffraction pattern was observed (see Fig. 4a). The
reflections from the Co304 phase disappear and
reflections from the hep-Co phase appear (the space
group P6s/mmec, lattice constants a = 2.5071 A,
¢ = 4.08686 A, PDF Card # 04-001-3273) and reflec-
tions from the CoO phase (the space group Fm-3 m,
lattice constant a = 4.2612 A, PDF Card # 00-048-
1719) are also present in the film in a small
quantity.

When the sample was heated to 550°C, the
intensity of the diffraction reflections increased,
which is related to the reaction relaxation processes,
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Fig. 3. Electron diffraction pattern obtained from the In/Coz0, film at
a temperature of 185°C.
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Fig. 4. Electron diffraction patterns obtained from the In/Coz0, film
at temperatures of 400°C (a) and 600°C (b).

including the increase of the size of the Co grains
and the improvement of the crystal quality in the
insulating In,O3 matrix, but no new phases were
formed. Further heating to 600°C did not lead to a
change in the set of diffraction reflections in the
electron diffraction pattern (see Fig. 4b). The cool-
ing of the sample to room temperature also did not
lead to a change in the intensity and set of
diffraction reflections in the electron diffraction
pattern. According to the electron diffraction data,
the reaction was completely finished at a tempera-
ture of ~ 550°C.

The TEM (Fig. 5), scanning TEM (Fig. 6a) and
energy dispersive spectroscopy (EDS) elemental
mapping images of Co, In and O (Fig. 6b, ¢, and
d), obtained from the In/Co30, film after heating the
sample to 600°C, show that the Co nanoparticles are
uniformly distributed in the reaction product. From
the histogram (inset in Fig. 5), it follows that the
average diameter of the Co nanoparticles is
~ 20 nm. However, Co nanoparticles smaller than
4 nm were not included in the histogram, since they
are not visible in the TEM image. These data
confirm that, during the heating of the In/Co30,
film, cobalt was reduced from the cobalt oxide as a
result of the thermite reaction (1), and the Co-InyO3
nanocomposite was formed.
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Fig. 5. TEM image of the In/Co30, film after heating to 600°C. Inset
histogram of the size distribution of the Co nanopatrticles.

From the results of the study, it follows that the
initiation temperature, T}, of the thermite reaction
(1) in the In/Co304 thin-film system is 185°C, and
the finishing temperature, Tg,, of reaction (1) is
550°C. During the heating of the In/Cos0, film
system, a sequence of phases was observed:

Co304 + In 185°C Co304 + Iny03 + feeCo 400°C hepCo
+ feeCo + Ing O3 + CoO

(2)

From the foregoing, it follows that the reaction (1)
starts at a temperature of initiation T;, ~ 185°C
and, at a temperature of 400°C, the reaction occurs
at a diffusion length equal to the total film thick-
ness, d = 55 nm. At a rate of 4°C/min, the heating
from 185°C to 400°C corresponds to a reaction time
t ~33 x 10%s. Assuming a weak temperature
dependence of diffusion in the 185—400°C tempera-
ture range, and using the equation for reaction—
diffusion, d? = 6D ¢, we can estimate the order of
the effective diffusion coefficient, Dgg ~ 0.9 x 10
14 cm?s. It has been experimentally established
that diffusion along surfaces, dislocations, and grain
boundaries (GBs) is several orders of magnitude
faster than bulk diffusion.*’ Fast GB diffusion plays
a predominant role in the atomic migration in solids
and solid-state thin-film synthesis. The experimen-
tal values of GB diffusion coefficients in thin films
for most metals have (10 ?-10"'®) cm?s values in
the 100-800°C temperature range.**=° It can be
assumed that this mechanism is the main process
that controls the atomic transfer through the layers
of the reaction product.

Thermite mixtures react with a release of large
quantities of heat and may have a self-propagating
high-temperature synthesis mode. For the most
reactive bilayers connected to the substrate, the
solid-state reaction between the layers starts in a
self-propagating mode only above the initiation
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Fig. 6. Scanning TEM image (a) of the In/Co30, film after heating to 600°C and the corresponding EDS elemental mapping images of Co (b), In
(c) and O (d).

temperature, T;,, and with a heating rate exceed-
ing > 20 K/s.?? In our case, at heating rates < 20
K/s, the reaction proceeds in the reaction—diffusion
mode.

Figure 7 shows the room-temperature hysteresis
loop for the synthesized Co-InyO3 nanocomposite
thin film, according to which the film magnetization
is 400 emu/cm?® and the coercivity is about 50 Oe.
These values are stable and do not change with
time. The absence of saturation in fields stronger
than the coercivity suggests that the synthesized
Co-Iny,03 samples contain a certain amount of
superparamagnetic Co nanoparticles
(d < 20 nm).”’ These particles, and disordered
spins at the Co/Iny,O3 interface, contribute to the
strong-field portion of the hysteresis loop of the Co-
IngO3 thin film. The relatively large ratio, M,/
M, ~ 0.5, between the remanent magnetization M,
and the saturation magnetization M (Fig. 7), shows
that the Co nanoparticles consist of randomly
oriented grains with a cubic magnetocrystalline
anisotropy.’?
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Fig. 7. In-plane hysteresis loop of the synthesized Co-In,O3
nanocomposite thin film at room temperature.

M (emu/cm3)

CONCLUSION

The main results of our investigations are as
follows. The synthesis of ferromagnetic Co-Ins0O;
thin-film nanocomposites in the In/Co30, layered
system was obtained using a thermite reaction:
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3Co0304 + 8In = 4Iny035 + 9Co. In situ electron
diffraction was used to study the structural trans-
formations during the thermite reaction. The heat-
ing was performed directly in the transmission
electron microscope column by heating the film
sample of In/Co304 from room temperature to 600°C
at a rate of 4°C/min, with the simultaneous regis-
tration of the electron diffraction patterns. A com-
plex of structural and magnetic investigations
unambiguously revealed the formation of ferromag-
netic cobalt nanoclusters with an average size of
20 nm embedded in the In,O3 matrix. The synthe-
sized Co-In,03 film nanocomposites had a magneti-
zation of about 400 emuw/cm® and a room-
temperature coercivity of about 50 Oe. The initia-
tion, 185°C, and finishing, 550°C, temperatures of
synthesis and the phase composition of the reaction
products were determined. The effective interdiffu-
sion coefficient, Do ~ 0.9 x 107 1% cm?/s, was esti-
mated, and corresponded to the diffusion coefficient
along the grain boundaries and dislocations. Thus,
the thermite method is promising for synthesizing
ferromagnetic nanocomposite thin films consisting
of ferromagnetic nanoparticles.
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