ISSN 1063-7834, Physics of the Solid State, 2018, Vol. 60, No. 7, pp. 1425—1431. © Pleiades Publishing, Ltd., 2018.
Original Russian Text © M.N. Volochaev, S.V. Komogortsev, V.G. Myagkov, L.E. Bykova, V.S. Zhigalov, N.P. Shestakov, D.A. Velikanov, D.A. Smolyakov, A.V. Luk’yanenko,
V.B. Rachek, Yu.Yu. Loginov, I.A. Tambasov, A.A. Matsynin, 2018, published in Fizika Tverdogo Tela, 2018, Vol. 60, No. 7, pp. 1409—1415.

SURFACE PHYSICS
AND THIN FILMS

Structural and Magnetic Characteristics of Nanogranular Co—Al, O,
Single- and Multilayer Films Formed by the Solid-State Synthesis

M. N. Volochaev~* *, S. V. Komogortsev’, V. G. Myagkov“, L. E. Bykova®, V. S. Zhigalov“,
N. P. Shestakov“, D. A. Velikanov*, D. A. Smolyakov, A. V. Luk’yanenko* ¢,
V. B. Rachek¢, Yu. Yu. Loginov?, I. A. Tambasov“, and A. A. Matsynin“

4 Kirensky Institute of Physics, Krasnoyarsk Scientific Center, Siberian Branch, Russian Academy of Sciences,
Krasnoyarsk, 660036 Russia
b Siberian State University of Science and Technology, Krasnoyarsk, 660014 Russia
¢ Siberian Federal University, Krasnoyarsk, 660041 Russia
*e-mail: volochaev91@mail.ru
Received January 24, 2018

Abstract—The results of structural and magnetic investigations of nanogranular Co—Al,O; films formed from
Co;0,4/Al thin-film layered structures upon vacuum annealing are reported. The Co;0,4/Al films have been
obtained by sequential reactive magnetron sputtering of a metallic cobalt target in a medium consisting of the
Ar + O, gas mixture and magnetron sputtering of an aluminum target in the pure argon atmosphere. It is
shown that such a technique makes it possible to obtain nanogranular Co—Al,Oj; single- and multilayer thin
films with a well-controlled size of magnetic grains and their distribution over the film thickness.
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1. INTRODUCTION

Nanogranular thin films containing ferromagnetic
(Co, Fe, Ni) nanoparticles distributed in a semicon-
ductor or dielectric matrix based on metal oxides
(In,05, TiO,, SnO,, Al,O;, Zr0O,, etc.) characterized
by the unique combination of magnetic and electrical
properties are promising for application in spintronic
devices, high-density magnetic memory [1, 2], ther-
moelectric converters [3], magnetic field sensors [4],
catalysis [5], and medicine [6]. Of particular impor-
tance is the search for inexpensive high-efficiency
techniques for forming such structures. To date, both
physical [7—9] and chemical [5, 10, 11] methods for
obtaining thin-film nanocomposites are available and
widely used.

In our previous work [12], we proposed a simple
high-efficiency technique of solid-state synthesis of
nanogranular magnetic films, which is based on ther-
mite reactions between thin ferromagnetic metal oxide
layers and a reducing metal. In this technique, the
reagents are selected so that the enthalpy of their for-
mation was higher than the enthalpy of formation of
reaction products. The synthesized films consist of
ferromagnetic (Fe, Co) nanograins uniformly distrib-
uted over an oxide (In,0;, ZrO,, or Al,03) matrix and
exhibit simultaneously the magnetic and semiconduc-
tor (dielectric) properties combined with the high
chemical, thermal, and time stability [ 12—15]. The key
parameters that determine the properties of the syn-

thesized films of the same chemical composition are
the size and shape of magnetic grains and density of
their distribution in a matrix [16]. The technique
described in [12—15] was limited by the fact that a fer-
romagnetic metal oxide (Fe,O; or Co;0,) was
obtained by thermal oxidation of a metallic (Fe or Co)
film in air. This technique can be only used to obtain
bilayer thin-film reagents. The method for forming
ferromagnetic metal oxide films proposed in this study
is based on reactive magnetron sputtering of a ferro-
magnetic metal target in the of Ar + O, gas mixture
atmosphere. This method, which allows repositioning
of reagents and fabricating multilayer structures, has
been successfully tested in the synthesis of nanogran-
ular Co—Al,O; films from Co;0,/Al layered thin-film
reagents in the course of the termite reaction
3Co050, + 8Al = 4Al1,05 + 9Co [15]. Here, we present
the results of structural investigations of the Co—Al,O;
films (morphology, phase composition, and depen-
dences of the size, shape, and distribution density of
magnetic cobalt grains on the initial Co;0, layer
thickness) synthesized from the Co;0,/Al bilayers and
a substrate/(Co;0,/Al),, multilayer structure.

2. EXPERIMENTAL

Thin-film Co;0, cobalt oxide layers were obtained
by high-frequency reactive sputtering of a metallic
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cobalt (99.99% pure) target in the Ar (70%) + O,
(30%) gas mixture atmosphere at a residual pressure of
2.6 x 1073 Torr in a chamber. The Al layers were
formed by low-frequency magnetron sputtering of an

aluminum (99.99% pure) target in the pure argon
(99.999%) atmosphere.

To study the structural characteristics (morphol-
ogy, phase composition, size and shape of magnetic
cobalt grains, and their distribution density) as func-
tions of the initial Co;0, layer thickness, we fabricated
a series of Co;0,/Al films with cobalt oxide layer
thicknesses of 10, 15, 20, 40, 60, 80, and 100 nm on
single-crystal NaCl (001) substrates; the layer thick-
ness ratio was Co;0, : Al = 1 : 0.8. After deposition,
the films were annealed in vacuum at a residual pres-
sure of 10~® Torr and an annealing temperature of
550°C (at the higher annealing temperatures, NaCl
starts intensely evaporating and settling on the cham-
ber walls) for 1 h. The films were then separated from
the substrates in distilled water and deposited on sup-
porting grids for transmission electron microscopy
study and annealed once again in vacuum at a residual
pressure of 10~¢ Torr and a temperature of 700°C to
complete the synthesis [15].

To study the effect of the layer sequence in the ini-
tial thin-film bilayers on the structural and magnetic
characteristics of the Co—Al,O; films, Co;0,/Al and
Al/Co;0, films with respective cobalt and aluminum
layer thicknesses of 20 and 30 nm were deposited onto
the NaCl (001) and glass ceramic substrates. Increas-
ing the aluminum oxide layer thickness, one can
obtain the maximum possible reduction rate and
investigate the films for secondary reaction products
(cobalt—aluminum compounds or ternary cobalt, alu-
minum, and oxygen compounds) formed. After depo-
sition, the films were also annealed in vacuum at a
residual pressure of 10~° Torr and an annealing tem-
perature of 700°C for 1 h.

To synthesize nanogranular Co—Al,O; multilayers,
15-nm-thick Co;0, layers and 12-nm-thick Al layers
were sequentially deposited onto a silicon substrate to
obtain a Si/(Co;0,/Al),, thin-film structure, which
was annealed in vacuum at a temperature of 700°C
and a residual pressure of 10~° Torr for 1 h.

Structural study of the synthesized films was car-
ried out using transmission electron microscopy
(TEM) on a Hitachi HT7700 microscope at an accel-
erating voltage of 100 kV. Cross sections were prepared
using a Hitachi FB2100 (FIB) single-beam focused
ion beam system in accordance with the procedure
described in [17, 18], in which samples are coated with
a amorphous germanium film to ensure the fracture
protection during cutting. The surface relief was exam-
ined on a Nanolnk DPN5000 atomic force micro-
scope. Saturation magnetization Mg and coercivity
H_, as well as the shape of hysteresis loops in the film
plane and perpendicular to it, were measured on a
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Table 1. Interpretation of the diffraction pattern (Fig. 1b)

Ring no. v-Al,O3 B-Co CoO
1 (111)
2 (220)
3 (311)
4 (200)
5 (111)
6 (400)
7 (200)
8 (511)
9 (220)
10 (440)
11 (220)
12 (444)
13 (311)

vibrating-sample magnetometer in magnetic fields of
up to 10 kOe at room temperature.

3. RESULTS AND DISCUSSION
3.1. Nanogranular Co—Al,0; Single- Layer Films

Figure 1a shows a TEM image of the synthesized
Co—Al,O; film with an initial Co;0, layer thickness of
15 nm. The film contains cobalt nanograins, mostly
spherical, which are uniformly distributed in the alu-
minum oxide matrix. The inset in Fig. 1a shows a his-
togram of the distribution of percentage of cobalt par-
ticles as a function of their size. It can be seen that the
distribution is normal and the average particle size is
25 nm. Figure 1b shows the electron diffraction pat-
tern obtained from an area 10 um in diameter. The
interpretation of the diffraction pattern (Table 1)
revealed the presence of the high-temperature y-Al,O5
alumina phase, metal 3-Co, and weak reflections of
the CoO cobalt oxide phase. Figure 1c shows a high-
resolution TEM image of the Co—Al,O; film, in which
one can clearly see that the particles have a 2—3-nm-
thick shell. Since the shell contrast is darker than the
contrast of the nanocrystalline Al,O; matrix, the aver-
age atomic weight of the shell is greater than that of
Al,O5, which is indicative of the presence of cobalt in
its composition.

Since the diffraction pattern contains weak CoO
phase reflections, we may conclude that the particle
shell consists of nanocrystalline CoO. The similar
results were obtained for the rest films; the films only
differed in grain size and shape; the shell thickness was
no larger than 4 nm.

Figure 2 shows the dependence of the average Co
particle size on the initial Co;0, layer thickness. The
sampling for the histogram (inset in Fig. 1a) and plot
(Fig. 2) consisted of no less than one and a half thou-
Vol. 60
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Fig. 1. (a) TEM image, (b) microdiffraction pattern, and (c) high-resolution TEM image of the Co—Al,Oj film.

sand particles for each sample. Particles with a content
of lower than 0.5% were not included in the calcula-
tions. Dots show the experimental data and dash-and-
dot line, the approximation. The results obtained
show that the dependence is almost linear. It should be
noted that as the initial Co;0, layer thickness
increases, the particles are stronger extended and their
dispersion increases; however, the particle sizes
remain within the same order of magnitude.

Note that the size and shape of nanograins formed
are also affected by other factors, including heat con-
ductivity and structure of the substrate and annealing
temperature and time. For example, the experiments
on annealing the films separated from the substrates
immediately after deposition revealed a sharp increase
in the average size and dispersion of cobalt nanograins
and, at an initial cobalt oxide layer thickness of 80 nm
and more, a continuous cobalt film forms.

In our previous work [15], the synthesized Co—
Al,O; films contained the o-Al,O5, a-Co, B-Co, and
CoAl,O, phases; the particle sizes differed by an order
of magnitude and the initial cobalt layer thickness was
20 nm (or 30 nm for Co;0,). The results reported here
show the better film quality, which is indicative of the
obvious advantages of forming the ferromagnetic
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metal oxide by magnetron sputtering over thermal oxi-
dation of a metallic cobalt film in the air medium
[14, 15].
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Fig. 2. Dependence of the average cobalt nanograin size on
the initial Co304 layer thickness.
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Fig. 3. TEM images of (a) the initial Co;04/Al film cross section and (b) synthesized Co—Al,O5 film.
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Fig. 4. TEM images of the Al/Co30, film cross section (a) in the initial state and (b) after the thermite reaction.

Figure 3a shows a TEM image of the initial
Co;0,/Al film cross section. One can clearly see the
aluminum and cobalt oxide layers with the pro-
nounced interface without traces of intermixing. The
cross-sectional image of the same film after annealing
at a temperature of 700°C is presented in Fig. 3b. The
formation of ellipsoidal cobalt nanograins partly
immersed in the substrate and surrounded by the
Al,O; matrix is  observed.

The results of TEM study of the Al/Co;0, films in
the cross-sectional geometry before and after anneal-
ing are shown in Figs. 4a and 4b, respectively. In this
case, cobalt nanograins form on the alumina layer sur-
face.

The average nanograin size is the same in both
cases; however, it is somewhat (by about 40 nm) larger
than in the films on the NaCl substrate (Fig. 2); no
phase composition differences are observed. In addi-
tion, the brighter shell with a thickness of about 2 nm
is observed around the particles, although it is not as
pronounced as in the films on the NaCl substrate. The

PHYSICS OF THE SOLID STATE

lack of clear shell contrast can be related to the forma-
tion of a destructed layer during preparation of cross
sections, which can have a thickness of up to ~20 nm
[19].

Figure 5 shows an AFM image of the surface of a
Co—Al,O; film synthesized from the Al/Co;0, film
bilayer, where one can clearly see the particles uni-
formly distributed over the sample surface. The parti-
cle surface fraction is ¢ = 0.31 £ 0.05. The nanograin
synthesis on the surface makes it possible to broaden
the range of potential application of nanograin films as
catalytically active coatings in hydrogenation and
reduction reactions [20] or as catalytically active cen-
ters in growing nanotube arrays [21]. Since the parti-
cles are tightly bound to the oxide base, such coatings
will have the high thermal stability and wear resis-
tance.

The saturation magnetization measurements
(Fig. 6) allow us to estimate the degree of pure cobalt
recovery. The magnetization value calculated by
reducing the magnetic moment to the total cobalt vol-
Vol. 60
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40 nm

Fig. 5. AFM image of the synthesized Co—Al,O3 film.

ume in a sample (assuming Co to be represented by
only a fcc phase) approaches the saturation in accor-
dance with the Akulov law M = M1 — (o X%
2K/MH)?) (see the inset in Fig. 6), where K is the
grain anisotropy constant, Mis the saturation magne-
tization, and o is the coefficient taking the values
(1/15)'/2 for the uniaxial anisotropy and (2/105)'/? for
the triaxial anisotropy [22, 23]. In this case, the
saturation magnetization was found to be M= (1160 £
20) G. The value understated in comparison with the
saturation magnetization of pure fcc Co (Mg, =
1400 G) can be attributed to the incomplete cobalt
reduction, so Mg = My M, where 1 is the degree of
reduction. Thus, the degree of reduction can be esti-
mated as N = My/M .. = 0.83 £ 0.02. The remaining
cobalt is most likely localized in the grain shells, where
the CoO phase traces are observed.

The obtained n value agrees well with the estimate
based on the analysis of TEM images. In the case of
spherical grains, the volume fraction of the shell is

V= (V,— V)/Vy= (R, — R;)/R;, where Vand R are
the volume and radius of a grain without shell and ¥,
and R, are the volume and radius of a particle with the
shell. Based on the TEM data (Fig. 4b), we take the
radius of a grain without shell to be 20 nm and the shell
thickness, tobe 2 nm, i.e., Ry =22 nm; thus, we obtain
8V = 0.25. Using the ratio between the CoO
(6.45 g/cm?) and metallic fcc cobalt (8.9 g/cm?) den-
sities, we can calculate the cobalt fraction in the
V., = 0.18. Consequently, the fraction of cobalt con-
tained in the grain coresisn'= 1 — 8V, = 0.82, which
agrees with the estimated degree of reduction n =
0.83 £0.02. The coefficient o in the Akulov law can be
chosen (1/15)'/2. Even in this case, the estimated grain
anisotropy constant K = 2.9 x 10° erg/cm? is signifi-
cantly higher than the magnetocrystalline anisotropy
constant of fcc Co (K. ¢, = 1 X 10° erg/cm?) [24—27].
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Fig. 6. Magnetization curves of the nanogranular Co—
Al, O3 films in the film plane (¢ = 0°) and perpendicular to

it (¢ = 90°).

This situation is typical of nanoparticles with the mag-
netic anisotropy determined by the surface effects
directly related to the matrix type and the particle
shape [28—32]. The particle blocking temperature
estimated as 7y = KV/(25kg) = 1400 K (K is the grain
anisotropy constant, V'is the grain volume, and kg is
the Boltzmann constant) even in the smallest grains
(D = 15 nm) is much higher than room temperature;
thus, the magnetic properties reported here can be
considered regardless of the heat relaxation processes.

The films are characterized by the easy-plane mag-
netic anisotropy (Fig. 6) caused by the dipole-dipole
magnetic coupling between grains. The magnetic
anisotropy constant estimated from the experimental
magnetization curves as the difference between the
works on magnetizing along the two different direc-

tions is K, = J-(M(H)L — M(H))dH is K, = —(2.04 +

0.05) x 10° erg/cm?. Taking into account that the
magnetic anisotropy in granular films related to the
dipole-dipole interaction is determined by the volume

fraction of grains (v) and magnetization K, = -2nM év
[33—35], we can make the estimation v = 0.24 + 0.05.
The obtained value is in good agreement with the
TEM (Fig. 4b) and AFM microscopy data (Fig. 5).

3.2. Nanogranular Co—Al,0; Multilayer Films

Figure 7a presents an electron microscopy image of
the cross section of the Co—Al,0; nanogranular mul-
tilayer film obtained from the Si/(Co0,0,4/Al),, layered
structure by the solid-phase synthesis. The synthe-
sized film consists of ten cobalt nanograin layers sep-
arated by the alumina spacers; the film thickness is
~240 nm. In Fig. 7b, one can see an enlarged film frag-
ment showing that the average particle size is about
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Fig. 7. (a) TEM image of the nanogranular Co—Al,O3 multilayer film cross section. (b) Enlarged fragment of this image.

(¢) Microdiffraction pattern corresponding to (a).

20—25 nm and the average interparticle spacing is 5—
10 nm. As the distance from the substrate increases,
the particles lose their spherical shape and their size
increases, especially in the last two layers, which is
most likely due to the reduction of heat dissipation
from the substrate in these layers as compared with the
layers located closer to the substrate.

The electron diffraction pattern in Fig. 7c contains
sharp reflections of the cobalt fcc phase and (440)
reflection from of the y-Al,0; matrix. The diffuse
halos in the diffraction pattern are caused by the sili-
con substrate amorphization during processing the
sample preparation by an ion beam [19].
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Fig. 8. Magnetization curves of the nanogranular Co—
Al,O3 multilayered films in the film plane (¢ = 0°) and

perpendicular to it (¢ = 90°).
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The magnetization of a multilayer granular sample,
as well as of a single-layer film, reduced to the total
cobalt volume is lower than in the single-layer sample
(Fig. 8). Here, the degree of reduction is n =
Mg/ Mg ;.. = 0.50 £ 0.05. The lower-efficiency reduc-
tion as compared with the results obtained for the sin-
gle-layer Co—Al,O; films is apparently due to the
insufficient amount of aluminum in this multilayer
sample.

In addition, the granular multilayer films are char-
acterized by the easy-plane magnetic anisotropy, but,
in this case, it is more pronounced. This magnetic
anisotropy constant estimated from the magnetization
curves, as in the single-layer film, is K, = —(1.58 *
0.04) x 10% erg/cm?. This is lower than in the single-
layer film, since the magnetization of this sample is
lower. However, the volume fraction of grains esti-
mated as was made above for the single-layer film is
v =0.58 £0.05. This explains the large remanent mag-
netization during magnetizing in the film plane, since
at the high degree of filling with grains it should lead to
the greater rectangularity of the hysteresis loop.

4. CONCLUSIONS

Nanogranular Co—Al,O; films were synthesized in
the course of a thermite reaction in Co;0,/Al thin-
film structures obtained by sequential reactive magne-
tron sputtering of a metallic cobalt target in the Ar +
O, gas mixture atmosphere and magnetron sputtering
of an aluminum target in pure argon.

The synthesized films contain B-Co nanograins in
the CoO shell uniformly distributed in the y-Al,O;
matrix. It was established that the average size of the
synthesized cobalt nanograins depends linearly on the
Vol. 60
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initial reagent thickness in the thickness range of 10—
100 nm. The synthesis of the Co;0, layer by high-fre-
quency reactive sputtering makes it possible to obtain
the Co—AlLO; thin films with cobalt nanograins
located on the film surface.

Nanograin Co—Al,O; multilayer films consisting
of ten layers of cobalt nanograins surrounded by Al,O4
spacers were fabricated by the solid-state reaction
from the (Co;0,4/Al),, thin-film multilayer.

The magnetization of the granular single- and mul-
tilayered sample yields degrees of cobalt reduction in
the thermite reaction of 0.83 £+ 0.02 and 0.50 %+ 0.05,
respectively. The measurement of magnetic anisot-
ropy of the granular films allowed us to estimate the
volume fraction of grains as 0.24 + 0.05 for the single-
layer and 0.58 £ 0.05 for multilayer films.
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