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A literary review of the experimental results concerning phase state and crystal
structure, magnetoresistive and magnetic properties of the thin-film composite ma-
terials formed on the base of granules of ferromagnetic Co metal or Fe Co, , alloy
embedded into the insulator matrix (SiO, SiO,, Al,0,) via different discovery meth-
ods is presented. As shown, the value of magnetoresistance, character of its field
dependences and magnetic characteristics depend on the concentration and size dis-
tribution of ferromagnetic granules. At the specified conditions, the perpendicular
anisotropy can be realized in the structures as ferromagnetic granule—insulator ma-
trix; the reasons of such anisotropy are analysed.
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1. Introduction

The fundamental research of the physical properties of new nanosize func-
tional materials (granular film alloys [2, 3], composites [4], arrays of
magnetic nanoparticles [5], vacuum tunnel structures [6]), as well as
graphene material that can become an effective substitute for metallic
conductive matrices [7], is still actual in the context of the development
of the elemental base of spintronics [1]. As it was shown by the analysis
of previous studies [8—11], the combination of materials of the ferromag-
netic component and conducting matrix makes possible to form structures
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that combine high saturation fields with high thermostability, allows
realizing the effect of high magnetotransmission. Generally, Refs. [8—
11]aimed at studying the phase state, crystal structure, magnetoresistive
properties of composite materials based on ferromagnetic materials with
different types of a non-magnetic matrix (metallic or insulator). It was
shown (see, e.g., Ref. [8]) that the value of magnetoresistance (MR),
coercive force, and saturation field depend significantly on the size of
magnetic nanoparticles, their concentration, and distribution in the non-
magnetic matrix. A specific feature of the ferromagnetic metal-dielectric
composite materials is the realization of the tunnel spin-polarized con-
ductivity that causes the appearance of the tunnel magnetoresistance [12].
At the same time, the probability of occurrence of this effect and its magni-
tude essentially depends on the components volume fraction that is part
of their composition. An important question becomes the percolation
threshold, in the transition through which there is a change like compo-
site material conductivity. This is due to the difference in the conductivity
mechanisms of the metal (the processes of scattering in the volume of
metal granules) and insulator (tunnelling between the granules through
insulator channels) phases, its magnetic and magnetoresistive properties.

It is importantly from the point of view both problems of the physics
of magnetism and the applied aspect are the study of superparamagne-
tic — superferromagnetic — ferromagnetic transformations for the mag-
netic component [13]. As known [14], all magnetic nanoparticles, depen-
ding on the critical sizes D,(T) and D,(T), can be divided into three
categories: superparamagnetic, single-domain, and multi-domain ferro-
magnetic. Here, D,(T) is a critical size between superparamagnetic
granules and single-domain particles at a certain temperature called
blocking temperature, while D,(T) is a critical size between single-do-
main ferromagnetic granules and multi-domain particles. All three
above-mentioned species of nanoparticles have different magnetic pro-
perties under the applied field and affect differently on the magneto-
resistive effects.

For instance, the Co nanoparticles with sizes that do not exceed a
certain critical value, exhibit superparamagnetism due to their low
energy of magnetic anisotropy in single domains. Within the limits of
single-domain particles, magnetic moments change the direction in the
case when their thermal energy is greater than the energy of magnetic
anisotropy. Thus, the behaviour in a magnetic field of an ensemble of
this kind of single-domain particles has a paramagnetic nature. It is
well known [15] that paramagnetic nanoparticles are not suitable for
memory storage since thermal fluctuations lead to the loss of stored
data. To stabilize the residual magnetization at a zero external magnetic
field, the Si nanoparticles are introduced into the antiferromagnetic
matrix, e.g., a SiO, matrix [15].
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Significant interest in Fe Co, , film alloys arose after the discovery
of the giant magnetoresistance effect in multilayer systems based on
ferromagnetic layers with nonmagnetic interlayers. They have widely
used as elements of various types of equipment and devices of modern
electronics [16]. In this case, the research of magnetoresistive and
magnetic properties of composite materials based on Fe Co, , introduced
into the insulator matrix as a magnetic material with high resistivity,
saturation magnetization, permeability in the high-frequency range,
and a high frequency of ferromagnetic resonance [17] remain relevant.

The goal of this work is to summarize the data on the phase state,
crystal structure, magnetic and magnetoresistive properties of composite
materials formed on the basis of the ferromagnetic materials’ granules
(Co, Fe Co, ,) and insulator matrix (SiO, SiO,, Al,0,) by using different
methods depending on the thickness of samples, their composition and
heat treatment conditions (regime).

2, Structure of the Ferromagnetic-Insulator-Type
Composite Materials

Typically, for the formation of composite materials of a ferromagnetic—
insulator-type, different methods are wused. These methods allow
realization of simultaneous deposition on the substrate of the metal and
insulator components (magnetron, ion-beam, resistive, etc.) [18], as well
as such as sol—gel and ion implantation methods [19, 20].

Cross-section TEM images of thin film sample with a total thickness
of 30 nm prepared by the co-evaporation technique of Co and SiO at
Xg, = 83.33% [21] presented in Fig. 1, a. The sample consists of Co nano-
granules, between which channels with SiO are formed. According to
Ref. [21], the reason for the segregation of SiO on the Co granules sur-
face is to decrease the system energy, since the surface energy of SiO is
much lower than Co. The average size of magnetic component grains, which
evenly distributed in the matrix of the insulator material, is circa 6 nm.

The method for the formation of composite materials by condensation
of a multilayer structure Co(0.7)/Si0,(3)],,/S10,(10)/Si (the thickness in
the brackets is in nm) with ultra-thin layers is proposed in Ref. [22]. An
additional buffer layer of SiO, with a thickness of 10 nm application
leads to three-dimensional growth of the Co granules in the form of
spherical clusters. According to Ref. [22], such growth of the magnetic
material on the buffer layer surface is due to the difference between the
surface energies of Co and SiO,. The next layer of amorphous SiO,
perfectly wets this granular Co layer, resulting in a surface layer having
a wave shape. At the next Co layer condensation, the formation of
clusters occurs predominantly on the grooves of the surface roughness.
The periodic repetition of the condensation of Co and amorphous SiO,
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Fig. 1. Cross-section TEM images of thin film sample with the total thickness of 30
nm prepared by the co-evaporation technique of Co and SiO at x, = 83.33% [21] (a),
and [Co(0.7)/Si04(3)],,/S8i0,/Si multilayer thin film structure [22] (b) after con-
densation

layers results in the multilayer structure with self-organizing growth
(Fig. 1, b) [22]. The average size of the Co grains for the Co(0.7)/
S10,(3)],,/810,(10)/Si structure does not exceed 3 nm.

Important for further analysis of the magnetic properties of compo-
site materials is the phase state of the magnetic components. As well
known, for Co, a low-temperature h.c.p. phase is stabilized in a bulk
state. The polymorphic transition from h.c.p. Co to f.c.c. Co occurs at
the temperatures of 690-700 K. However, the different phase state can
stabilize in Co granules depending on their size in the as-deposited state
[23—26]. The h.c.p. phase is stabilized only for granules with the size of
more than 40 nm. Simultaneously h.c.p. and f.c.c. phases have observed
if the granule size varies in the range from 20 to 40 nm. Besides, for
granules with an average size of less than 20 nm, there is an f.c.c.-phase
only. It should also be taken into account that the embedding of Co into
the insulator matrix can change the ranges of granular sizes in which
the f.c.c. and h.c.p. phases are stabilized [27-29].

The results of the phase state and crystal structure investigations
[30] of as-deposited and annealed at a temperature of 700 K Fe Co, .
thin film alloy is given in Fig. 2. According to the data of electron
microscopic and electrographic studies, for as-deposited (Fig. 2, a, b)
and annealed at a temperature of 700 K (Fig. 2, d, e) single-layer samples
with the thickness d = 10-80 and x > 30 at.% , the phase state corresponds
to the b.c.c. Fe,Co, , with a lattice parameter a = 0.292-0.293 nm. At
the electron diffraction patterns, for as-deposited films with x < 30 at. %,
the lines that correspond to the reflection from the crystallographic pla-
nes of the b.c.c. and h.c.p. lattices are fixed (Fig. 2, c¢). The phase state
of such samples corresponds to the combination of solid solution (s.s.)
b.c.c.-Fe Co, .+ h.c.p.-Co with a lattice parameters a, . =0.291-0.294 nm
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Fig. 2. Electron diffraction patterns of Fe Co, . single-layer thin films (d = 50 nm)
at as-deposited (a—c) and annealed at the temperature of 700 K (d—f) states, where
x = 80 (a, d), x = 50 (b, e), and x = 20 at.% (c, f) [30]
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Fig. 3. TEM image (a) and XRD spectrum (b) for thin film sample based on ferro-
magnetic alloy FeyCo,, and insulator matrix SiO,. The concentration of the mag-
netic component in the sample is x = 60 vol.% ; the total thickness is 300 nm [17]

and a,, = 0.250-0.253 nm, ¢ = 0.410-0.413 nm, respectively. The analy-
sis of diffraction images for thin film alloys after the heat treatment up
to a temperature of 700 K indicates the presence of lines belonging to
the f.c.c.-phase. Hence, thin-film alloys after the heat treatment also
have a two-phase state b.c.c.-Fe Co, . + f.c.c.-Co. Regarding the fixation
of f.c.c. Co below the temperature of the polymorphic transition in the
Co bulk state (T = 690-700 K), the authors [30] outline two possible
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Fig. 4. TEM images and electron diffraction patterns
(on insets) for thin film sample based on ferromagne-
tic alloy Fe,Co,, and insulator matrix SiO, at the
magnetic component concentration x = 30.5% after
condensation (a) and annealing to 373 (b), 473 (c), and
573 K (d) [14]

reasons. The first one is the high-temperature phase of stabilizes either
as a metastable. The second one is reflections from the f.c.c.-Co
correspond to the scattering from the set of packaging defects in h.c.p.
Co, which has an f.c.c. structure.

Figure 3 illustrates the transmission electron microscopy (TEM)
image and x-ray diffraction (XRD) spectrum for thin-film sample based
on ferromagnetic alloy Fey,Co,, and insulator matrix SiO, with a total
thickness of 300 nm (the concentration of the magnetic component in
the sample is x = 60 vol.%) [16]. The X-ray pattern fixes the b.c.c.
phase that corresponds to the Fe,,Co,, alloy, and the insulator component
is in an amorphous state. The average size of the magnetic component
grains is 6.2 nm, and the width of the dielectric channels is 1 nm. For
a system based on ferromagnetic alloy Fe,,Co,, and insulator matrix
Si0, at xp,, ., = 30.5 vol.%, only the b.c.c. phase that corresponds to the
FeCo granules with the average size of 3.3 nm fixed at the diffraction
images[13]. The heat treatment process up to 573 K leads to a monotonous
increase of their size by 1.5 times (Fig. 4).

3. Magnetoresistive Properties

A perspective direction in the development of the physics of devices,
elements, and systems is the investigation of metal-insulator tunnel
structures, due to the wide possibilities of their practical use. A
characteristic feature of magnetoresistive properties composite materials
such as ferromagnetic—insulator is the presence of a tunnel spin-depen-
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Fig. 5. Field dependences of magnetoresistance for [Co(0.7)Si0,(3)],,/Si0,/Si multi-
layer thin film systems (the measurement temperature is 25, 100, and 300 K) [22]
(a) and for Co- and SiO,-based composite prepared by the co-evaporation technique
(ce, = 50 at.%, d = 30 nm, the measurement temperature is 300 K) [34] (b)

dent conductivity, which leads to the appearance of the tunnelling mag-
netoresistance effect (TMR) [31]. Such structures include composites
based on Co nanoparticles or alloys Fe Co, . in insulator matrices SiO,,
SiO, or AlL,0,. The TMR effect in such systems reaches several percents
at a room temperature under magnetic fields up to 1 T [21, 32, 33].

Figure 5 shows field dependences of magnetoresistance (MR) for
composite materials prepared by the methods of layered condensation
(the initial structure is [Co(0.7)Si0,(3)],,/Si0,/Si[22]) and co-evaporation
techniques (¢, = 50 at.%, d = 30 nm) [34].

From the shown graphs of the MR(B), which were carried out at tem-
peratures of 25, 100 and 300 K, it follows that the magnetoresistance
is isotropic for both layered and simultaneous condensation.

In this case, composite materials that consist of ferromagnetic nano-
particles embedded in the insulator matrix can be considered as a system
that contains a large number of nanosize tunnel junctions [31]. The
value of the tunnelling conductivity depends on the distribution of the
metal particles size and the width of the insulator channels. Therefore,
the magnetoresistance value due to electrons spin-dependent tunnelling
through the insulator channels will depend on the magnetic particles
size and their distribution in the volume of the dielectric matrix. It
should be stressed that depending on the state (superparamagnetic,
single-domain, or multi-domain ferromagnetic), magnetic nanoparticles
can show different magnetic properties at an applied magnetic field and
affect differently the processes of spin-dependent scattering.
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Fig. 6. Concentration-dependent magne- MR, %
toresistance for (Fe,,Co,,+Al,0,)/S and
(Fe,,Co,, + Si0,)/S thin film composite
[37]

-=TFe,,CO,, + ALO,
——TFe,,CO,, + SiO,

Theoretical and experimental
investigations of the giant magneto-
resistive effect in metal composites
have shown [35—38] that the pre-
senceof multi-domain ferromagnetic
nanoparticles play a negative role Lo K
in its realization, while superpara- 10 20 30 40 50 60 70 80
magnetic nanoparticles play a key x, %
role [35]. In this case, the authors
of Ref. [36] found that there is no definite monotonic relationship
between the sizes of nanoparticles and the magnitude of the effect. For
each specific system, in which the GMR realized, the maximum value of
the effect is fixed at a certain average magnetic nanoparticles size for
the given temperature of the heat treatment. This indicates that single-
domain nanoparticles, rather than superparamagnetic, predominate in
the magnetoresistive effect realization. Since the TMR originates from
spin-dependent tunnelling between magnetic metal nanoparticles or
granules through insulating channels in the case when the magnetic
component concentration is lower than the percolation threshold,
therefore their size and magnetic state metal of nanoparticles have to be
taken into account as well. Thus, the authors of Ref. [37] proposed a
phenomenological theoretical model describing a giant tunnelling MR in
nanosize metal—insulator structures. This model takes into account the
influence of insulator matrix type on the processes of spin polarization
of ferromagnetic nanoparticles and, as a result, on the tunnelling
magnetoresistive effect. In addition, in Ref. [37], an effort to take into
account the contribution of single-domain nanoparticles concerning
superparamagnetic in the tunnel magnetoresistance magnitude of the
metal—insulator composites was attempted. The comparative analysis
[38] of the calculation and experimental data for the Fe + Al,O, and
Fe.,Co,, + SiO, systems showed that a satisfactory agreement of the
proposed model with the experiment is observed only if single-domain
ferromagnetic nanoparticles play a key role in the TMR effect realization.

The influence of the concentration of component on the magneto-
resistive properties of composite materials considered in this paper is
also associated with the change of the average size of magnetic granules
as the composition of the system changes. As seen in Fig. 6, the depen-
dence of MR(x) is characterized by the presence of a clearly expressed
maximum [41] for both the film metal composites [39] and granular
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Fig. 7. The dependence of magnetoresistance and the resistivity in the absence of
applied fields on the annealing temperature for Fe,Co,,- and SiO,-based thin film
composite at the magnetic material concentration x = 17 (a), 24 (b), 30 (c), and
39 vol.% (d) [14]

alloys [40]. This factor indicates that the necessary conditions for the
charge carriers tunnelling were realized. Figure 7 shows the heat treat-
ment effect (up to 700 K) on the magnetoresistance and resistivity value
for composite based on Fe,,Co,, and SiO, at different concentrations of
magnetic material [13]. As shown, with increasing of annealing tempe-
rature, MR for samples with less content of Fe,,Co,,, reaches a maximum
at the higher annealing temperature. According to Refs. [37, 38], such
behaviour of the magnetoresistance can be explained by the fact that
single-domain ferromagnetic granules play a key role in the magneto-
resistive effect value.

The interest in the ferromagnetic—insulator composites is also condi-
tioned by the possibility of realization in them of both negative and
positive isotropic magnetoresistance [42, 43] in the narrow region of
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Fig. 8. Field-dependent magnetoresistance for Co- and SiO,-based composite at
X, = 43% (a) [41] along with Co- and Al,O,-based composite at x,, = 58% (b) [42]

concentrations near the percolation threshold. As can be seen in Fig. 8,
two maximums in the magnetic field up to 0.1 T are observed on the
magnetic field dependences. At the same time, these given maximums
are observed with a decrease in the measurement temperature of 77 K
and after heat treatment of the samples. The possible reason for these
maximum appearing is the fact that the structure of thin-film composite
materials near the percolation threshold is characterized by the presence
of both isolated nanogranules and ferromagnetic clusters formed due to
their coalescence. Granules and clusters are characterized by different
values of the energy of magnetic anisotropy. Besides, a strong dipole—
dipole interaction exists between them. Because of the increase of the
local magnetic moments, the disordering under the weak magnetic fields
occurs which leads to the maximum appearance.

The diagrams of the tunnelling current flow for different values of
the induction of an external magnetic field under strong, zero, and
weak magnetic fields are presented in Fig. 9. It allows understanding
the mechanism of a positive isotropic MR appearance in the ferromag-
netic—insulator composite.

In the case of a strong field, the magnetic moments of the magnetic
granules and clusters are oriented in a parallel geometry to each other
(cluster A and granules B, D in Fig. 9, a). In the case, when the magnetic
moments of the granules are oriented in one direction, the probability
of electrons tunnelling between two adjacent magnetic granules will
maximize. Therefore, this creates favourable conditions for the charge
carriers tunnelling [44]. The electrical resistance of such a system will
be minimal.

In the case of a zero field, the magnetic moments of isolated granules
direct along the axes of easy magnetization. At the same time, if the
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Fig. 9. The diagrams of
tunnelling current flow for
different values of the in-
duction of an external
Current magnetic field under strong
(a), zero (b), and weak (c)
magnetic fields, where B,
is the external magnetic
field, B, is the field creat-
ed by the magnetic moment
c of the cluster [40]

concentration of the magnetic component is insignificant (much lower
than the percolation threshold), the axes of easy magnetization of
composite material granules randomly direct relative to each other.
Consequently, in the zero fields, the magnetic moments of granules
maximally disordered. It leads to an increase of resistance. Increasing
of the concentration of the magnetic component to a value close to the
percolation threshold causes the decrease of the width of the dielectric
channels, the association of the granules, and the formation of magnetic
clusters. This leads to the appearance of dipole—dipole interaction that
affects the orientation of magnetic moments of granules and clusters. Due
to the occurrence of anisotropic form, the magnetic moment of the cluster
will direct along its long axis. Since the energy of magnetic anisotropy for
a cluster is greater than the energy of anisotropy for a single granule, the
dipole—dipole interaction will influence on the orientation of magnetic
moments of the granules located near the cluster.

Thus, the regions of the same orientation of the magnetic moments
of the magnetic clusters and adjacent granules (cluster A and granule B
in Fig. 9, b) are formed in the sample. In contrast to the composite with
a magnetic component concentration far from the percolation threshold,
the resistance of such a sample will not reach the maximum value in a
zero field. At the remagnetization of the samples in case of a weak
magnetic field, the magnetic moments of the granules, located at a
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certain distance from the cluster (B), begin to orient along the field. At
the same time, the magnetic moment’s orientation of the granule (D, B)
located near the cluster is determined by the minimum of internal energy
and non-collinear direction of the cluster magnetic moment or the
external magnetic field direction (Fig. 9, c). Hence, the maximum degree
of the disordering of magnetic moments is realized in the weak fields
(close to the fields created by clusters in the nearest surround). As a
result, the system is characterized by the greatest resistance value.

4. Magnetic Properties

A considerable amount of works have been devoted to the study of the
magnetic properties of composite film materials based on ferromagnetic
Co or Co Fe, A materials embedded in different types of insulator matrices
(SiO, SiO,, Al,0,) (see Refs. [41, 45—51]). Note that Fe—Co is applied in
the engineering as a soft magnetic material with both magnetic compo-
nents, comparably large value of the magnetic saturation and Curie tem-
perature (see [52, 53] and Refs. therein). As a rule, a detailed information
about the magnetic state of films is obtained from magnetic measurements
using SQUID (temperature range 5—300 K) or vibrating magnetometers
(temperature range 90—-300 K) in a magnetic field up to 1 T [46, 50].
For example, concentration and the heat treatment effects on the
magnetic properties of (Fe,,Co,,+Si0,)/S (S is a substrate) composites
were analysed in Refs. [14, 17]. It is shown, that the magnitude of the
coercive force B, does not exceed 1.8 mT in the concentration range of
the magnetic component x = 52-80% and reaches its minimum value of
0.78 mT at x = 60% (Fig. 10, a). The process of thermal annealing leads

B,, mT M-10°, A/m
6 L 0.8+ —=— 300K oA
—— 473 K some
5F 04| 573K
4 -
O -
3 -
27 -0.4 f
1r ~0.8 ”-ll'.'
1 1 1 1 : 1 1 1
50 60 70 80 x, % -0.5 0 0.5 B, T
a b

Fig. 10. The coercivity (B,) vs. the concentration of magnetic component (x) for
(Fe,,Coy, + Si0,)/S composite [17] (a), and the magnetization curves for (Fe,,Coy, +
+S5i0,)/S composite at x = 30.5 vol.% after condensation and heat treatment to 473
and 573 K [14] (b)
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Fig. 11. The dependence of magnetization on the external magnetic field strength
at the longitudinal measurement geometry along the direction of magnetization easy
axis for Co- and SiO,-based composite material measured at 300 K (a) and 3 K (b)
for concentrations x,, = 7 at.%, 28 at.%, and 49 at.% [15]
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Fig. 12. Normalized magnetization as a function of the applied field at the ‘in-
plane’ (1) and ‘out-of-plane’ (2) applied magnetic fields for Co- and SiO-based com-
posites with the total thickness of 30 nm at x,, = 50 at.% (a) and 90 at.% (b) [34]

to an increase in both the saturation magnetization and the magnetic
susceptibility (Fig. 10, b).

Results of the study of the magnetic properties of composite film
materials based on Co and SiO, are presented in Figs. 11 and 12 [15, 34].
The analysis of magnetization curves showed that their shape and the
magnetic parameters (residual magnetization, saturation magnetization,
coercive force, and saturation field) also depend on the Co concentration
(x.,) and the measurement temperature.

It should also be noted that the analysis of the results of magnetostatic
studies of granular films made at room temperature for magnetization
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Fig. 13. The magnetization curves for ‘in-plane’ magnetization at T' = 300 K for Co-
and ALO,-based sample with different concentration of magnetic component (x) [45]

x = 65 mol.%

-1.0 | )

in the plane of the film showed that by the concentration of ferromagnetic
metal or alloy in the films, all the samples can be divided into three
groups [46]

Much lower of the percolation threshold (x < 40 mol.%), the magne-
tization curves are typical for the superparamagnetic state. The shape
and slope of the curve near the zero magnetic fields are modified depen-
ding on the ferromagnetic material concentration and the measurement
temperature. Within the concentration range of 44 < x < 61 mol.%, the
magnetization curves (Fig. 13, a) have a characteristic slope in small
fields almost independently on the Co concentration and temperature. It
is noteworthy that the dependence of the magnetization on the magnetic
field in a quite wide range of fields is linear. The range of fields, in which
it retains its linearity, increases due to the increase of the Co concentra-
tion and reaching its maximum value for samples with a cobalt concen-
tration of 61 mol.% (Fig. 13). This behaviour may be attributed to the
presence of uniaxial anisotropy of the granules, crystallographically or
anisotropically related to the shape of the particles in the film having
the predominant orientation of their easy axes magnetization in a
direction perpendicular to the film plane. Additional experimental study
of these samples showed that the curves’ shape is not changed at the
‘in-plane’ magnetization at different directions of the magnetic field in
the film plane. Thus, it should be assumed that a uniaxial anisotropy with
easy axis magnetization oriented perpendicular to the film plane is
formed in these samples during the condensation processes. It should
also be noted that the perpendicular anisotropy field for the sample with
a concentration of Co x = 61 mol.% with extrapolation of the linear
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section of magnetization exceeds 200 mT. For higher concentrations
(x > 61 mol.%), the magnetization curves (Fig. 13, b) retain linearity
and all characteristic features of ‘hard’ magnetization, but the effective
field of perpendicular anisotropy with increasing Co concentration will
be decreased. Considering that, in this concentration range, the transition
of a granular system through the percolation threshold occurs; the
change in the value of perpendicular anisotropy is associated with an
increase of intergranular interaction, which forms a collective state,
whose magnetic properties begin to dominate over the properties of
individual granules.

It should be noted that the occurrence of perpendicular anisotropy
in granular films with a thickness much larger than the size of the gra-
nules is a rare phenomenon, which is described only in several works
[41, 46, 51]. Self-organization of the granular state during the film
growth is a rather complicated process, which depends on many techno-
logical parameters. Therefore, an unambiguous interpretation of the
nature of this perpendicular anisotropy requires not only magnetic stu-
dies but also analysis of phase and crystal state, electron microscopy,
magnetic force microscopy data, etc. However, the most probable reasons
for the nature of anisotropy may be two of them.

The first one is the formation of elongated, ‘columnar’ form of gra-
nules in the process of growth. Then the anisotropy of the granule shape,
with the easy axis of magnetization is oriented perpendicular to the film
plane, will determine the magnetic anisotropy magnitude. During the
growth process, for compositions lower the percolation threshold, the
formation of granular structures was observed. This structure consists
of amorphous granules or granules with a cubic crystalline structure
whose crystallographic anisotropy is small for Co. These granules are in
the form of uniaxial ellipsoids with elongated axes oriented perpendi-
cularly to the film plane. Their form remains unchanged as the concen-
tration increases. Above the percolation threshold, the granules begin to
coalesce, which reduces the anisotropy of their resulting form and,
respectively, the magnetic anisotropy. In this case, the question of the
weak dependence of the anisotropy of the granule shape on the concen-
tration lower the percolation threshold remains unclear. The rather high
value of the percolation threshold in these systems is evidence to the
precisely oriented anisotropy of the granule shape.

The second possible reason is the crystallographic anisotropy inside
the granules. If Co granules have a hexagonal phase with high crystallo-
graphic anisotropy, then such granules can have considerable variation
in shape and size, but crystallographic anisotropy will be the same for
all. It will be oriented if all the granules grow in a hexagonal phase with
equally directed axes of easy magnetization. In the cases considered
above, this direction is perpendicular to the plane of the film, which is
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a low-probable event. Cooling to the room temperature is accompanied
with the appearance of some deformation perpendicular to the film
plane. It is due to the different coefficients of thermal expansion of the
film and the substrate. This could be the cause of the granular structural
transformation from the amorphous phase to hexagonal one with the
direction of its orientation along the strain direction. However, assuming
the crystallographic nature of the anisotropy of granules, the quite low
value of perpendicular anisotropy is not quite clear. According to Ref.
[46], the anisotropy field of h.c.p. Co is approximately 950 mT. The
maximum value of perpendicular anisotropy in the considered films is
three times less. It could be assumed that the hexagonal axes of the
granules only partially oriented along the normal to the film. In addition
to the manifestations of perpendicular anisotropy, the characteristic
indications of randomly oriented anisotropy of the granules would have
to be observed in the magnetization curves. The electron diffraction
investigations show that granules are crystalline, and there is no orien-
tation of their crystallographic axes. Besides, with such an assumption
about the origin of the anisotropy normal to the film plane, it is also
difficult to explain its decrease at the concentration of the magnetic
component above the percolation threshold.

Additional studies for samples with the maximum perpendicular
anisotropy value make it clear that perpendicular anisotropy is related
to the anisotropy of individual granules rather than the film as a whole.
The magnetization curves obtained in the measurement geometries pa-
rallel and perpendicular to the film plane show the characteristic be-
haviour for the multidomain state of the system with magnetization in
the domains perpendicular to the plane. In the demagnetized state of
the minimum energy of the ensemble with uniaxial single-domain gra-
nules with their easy axis magnetization perpendicular to the plane, will
correspond to such a magnetic state in which half of the magnetic
moments of the granule-domains are oriented parallel to the normal of
the film, and the other half is antiparallel to it. That is, the magnitude
of the film’s magnetization will not be retained when the magnetic field
removed. At the sample magnetization by an external field perpendicular
to the film, the magnetization increases due to the reorientation of the
individual granules moments and the formation of a collective magne-
tization whose modulus increases linearly with the field.

In addition, the magnetization curves obtained at different tempe-
ratures show an increase in coercivity with a decrease in temperature,
which is caused by the blocking of the magnetic moments of individual
granules. The coercivity of the field reaches the value of 55 mT at
T =80 K. For magnetization in perpendicular geometry, the monotonous
increase in coercivity for magnetization in perpendicular geometry is
accompanied by an increase of coercivity in the parallel geometry of
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measurement. Although the coercive field in this case is much smaller
and the residual magnetization is very small. The obtained data suggest
as follows: (i) the presence of magnetic particles in the ensemble of
magnetic nanoparticles; (ii) a slight disorientation of the directions of
the axes of easy magnetization of the granules; (iii) the presence of a
small part of the granules with another type of anisotropy and/or spatial
distribution of their easy magnetization axes.

Another fact that demonstrates the presence of perpendicular aniso-
tropy in the samples is a comparison of the concentration dependence of
the magnetization determined by magnetostatic measurements and the
magnitude of magnetization found from the measurements of ferromag-
netic resonance. In addition to the anisotropy of the granules, the films
have an ‘easily planar’ anisotropy associated with the demagnetization
factor of the sample as a whole.

5. Conclusions

The crystal structure and phase state, magnetoresistive, and magnetic
properties of Co- and Fe Co, -based composite films with a different
type of insulator matrix (SiO, SiO,, Al,0,) are analysed in this work.

(i) The structure of ferromagnetic metal (Co or Fe Co, )—insulator
(SiO, Si0,, Al,0,) composites consists of ferromagnetic granules with an
average size of 3—6 nm, separated by insulator channels of 1-2 nm wide.
The thermal annealing process results in a monotone increase in the ave-
rage size of the granules in 1.5 times.

(ii) It is shown that if the content of the magnetic component is
x = 30-50 at.%, the tunnel magnetoresistive effect is realized in such
structures. Amplitude of the effect is defined by the sizes of ferromagnetic
granules and insulator channels depending on the component concen-
trations. The temperature dependences of the magnetoresistance are
non-monotonic due to the increase of the size of magnetic granules and
width of insulator channels.

(iii) Near the percolation threshold, both negative and positive iso-
tropic magnetoresistance can be realized. The appearance of positive
isotropic magnetoresistance in the range of fields up to 0.1 T is due to
the peculiarities of the structure of composite materials near the perco-
lation threshold. That is a result of different values of magnetic aniso-
tropy energy in isolated granules and clusters as well as the strong
dipole—dipole interaction between them.

(iv) The shape of magnetization curves is determined by the perco-
lation threshold in the system, which, depending on the compositions of
the samples, belongs to the range 44 < x < 61 at.%. This range is cha-
racterized by the independent nature of the dependence of M /M (B) on
the magnetic component concentration and the measurement temperature.
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Below this range, the magnetization curves are typical for the super-
paramagnetic state, and above the range, they preserve linearity and all
indications of ‘hard’ magnetization.

(v) Important for practical application is the appearance of perpen-

dicular anisotropy in this type of composite materials at thicknesses
much larger than the size of the granules.
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I.M. ITasyxa, B.B. IlJomkin, FO.0. IIIxypdoda
CyMchKU Aep:KaBHUM yHiBepCUTET,
ByJ. Pumcskoro-Kopcakosa, 2, 40007, Cymu, Ykpaina

CTPYKTYPA, MATHETHI TA MATHETOPE3MCTIBHI BJIACTBOCTI
KOMIIO3UIIIMHUX MATEPIAJIIB HA OCHOBI ®EPOMATHETHUX METAJIIB
I CTOIIIB 3 PISHUMU TUIIAMU MIEJEKTPUYHOI MATPUIII

IIpencraBieHo JiTepaTypHUil OTJIA] eKCIIEPUMEHTAJNbHUX Pe3yJIbTaTiB CTOCOBHO CTPYK-
TypHO-()a30BOTO CTaHy, MarHeTOPe3UCTUBHUX 1 MarHeTHUX BJIACTUBOCTE TOHKOILIiB-
KOBUX KOMIIOBUTHMX MaTrepiajiB, copMOBaHUX Ha OCHOBi I'paHyJs (pepoMarHeTHOIO
merary Co a6o cromy Fe Co, ., Brimenux y gienexTpuuny marpuiyo (SiO, SiO,, ALO,)
MIIAXOM BUKODUCTAHHSA DisHUX MeTo[ onepskaHHA. IlokasaHo, 110 BesMuymHA MarHe-
TOOIIOPY, XapakTep HOro IIOJHOBUX 3aJeKHOCTEH 1 MarHeTHI XxapaKTepUCTUKU 3aJie-
JKaTh BiJi KOHIIEHTpAIlil Ta PO3MOgiay 3a podMipaMu (pepoMarHEeTHUX I'PaHYJ. 3a IEB-
HUX YMOB Yy CTPYKTypax TuUlly ¢hepoMartHeTHa I'DaHyJia—/ieIeKTPUUYHA MATPUIA MOKe
OyTH peasidoBaHOIO IIePIEHAUWKYJISPHA aHi30TPOIiA, HAWOiNIbIT HMOBIpHI mpUYUMHU
BUHUKHEHHA KOl IpoaHaIi3oBaHO.

Kmrouosi cioBa: xommnosur, epoMarHeTHU MaTepias, AieJleKTpUYHA MATPUIA, Mar-
HEeTOOIip, MarHeTHi BJIACTUBOCTI.

H.M. ITasyxa, B.B. II[émkun, I0.A. lIIkypdoda

CyMcKUi#l rocyapCTBEHHBINI YHUBEPCUTET,
yia. Pumckoro-Kopcakosa, 2, 40007 Cymbl, YKpauua

CTPYKTVYPA, MATHUTHBIE I MATHUTOPE3VICTIBHBIE
CBOMICTBA KOMITIO3BUITMOHHBIX MATEPUAJIOB HA OCHOBE
OEPPOMATHUTHBIX METAJIJIOB 11 CIIJTABOB

C PABHBIMU TUIIAMU OUBJIEKTPUYECKON MATPUITHI

IIpencraBiien suTepaTypHBbINT 0630p COBPEMEHHBIX 9KCIEPUMEHTAJIbHBIX PEe3yJIbTATOB
OTHOCHUTEJBbHO CTPYKTYDPHO-()A30BOI'0 COCTOAHMA, MATHUTOPE3UCTUBHBIX U MAarHUTHBIX
CBOICTB TOHKOILJIEHOUHBIX KOMIIOBUTHBIX MaTepuaioB, chOPMUPOBAHHBIX Ha OCHOBE I'pa-
HyJ (peppomarHuTHOro Merayia Co mau cnnasa Fe Co, , BHEIDEHHBIX B AUAJIEKTPHU-
geckyto marpuny (SiO, SiO,, Al,0,) npy CIOIB30BAHNY PA3HBIX METOJOB IIOJIYUYEHH.
ITorkaszano, uTO BeJIMYNHA MArHUTOCOIIPOTUBJIEHUA, XapaKTeP €ro IOJIEBhIX 3aBUCUMO-
CTell U MarHUTHBIE XapPaKTePUCTUKU 3aBUCAT OT KOHIIEHTPAIIUY U PAacCIpeNeseHus 110
pasMepaM (eppoOMarHUTHBIX I'paHys. IIpm ompenen€HHBIX YCIOBUAX B CTPYKTYpPax
Tuna (eppoMarHuTHAS IPaHyJIa—IUIJIEeKTPUUECKasa MaTPUIIA MOXKET ObITh peaIn3oBa-
Ha MEePIeHIUKYJIAPHAS aHU30TPOINs, HamnbojIee BEPOATHBIE IMPUUYNHBI BOSHUKHOBE-
HUA KOTOPOH NMPOAHAJIM3UPOBAHEI.

Karouessie croBa: KOMIIO3HUT, Q)eppoMaPHHTHLIﬁ MaTepuaJ, JuaJIeKTpUudYecKad MaTpu-
oa, MarHuTOCOIIPpOTUBJIEHE, MarHUTHbBIE CBOMCTBA.
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