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The structure and electrical, magnetic, and magnetoresistive properties of thin films (Co/Co0O)s were studied.
Using X-ray diffraction and transmission electron microscopy methods, it was shown that the obtained films are
multilayered, and an increase in the thickness of the Co interlayer to 0.8 nm leads to a transition from island
layers of Co in a continuous CoO matrix to a multilayer structure. The study of electrical properties showed
that there is a consistent change of the dominant transfer mechanism in the studied system from the hopping
mechanism of conductivity along localized states near the Fermi level with a variable hop length to hops along
the nearest neighbors. The study of magnetic and magneto-optical properties showed the presence of magnetic
anisotropy in the samples near the percolation threshold and beyond it. The magnetoresistance is determined by
the mechanism of spin-dependent tunneling between granules and clusters of metallic Co for samples up to the
percolation threshold, and beyond the threshold it is determined by the anisotropic magnetoresistance of percolation
networks of ferromagnetic Co and the Lorentz magnetoresistance.
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1. Introduction

Composite nanostructured ferromagnetic-dielectric mate-
rials have attracted the interest of many researchers in
recent years [1-3]. The transport and magnetic proper-
ties are of interest, which are key to modern solid-state
electronics, in the development of which spin-dependent
processes occurring at interfaces in heterostructures are
becoming increasingly important [4,5]. Knowledge of
the magnetic and electrical properties of thin composite
films is also necessary to understand and explain the
mechanisms of reflection and absorption of electromagnetic
waves [6,7].

The special attraction of nanostructured ferromagnetic-
dielectric composites lies in the possibility of creating ma-
terials with unique and preset properties, which, combined
with their high resistance to corrosion and oxidation, can
open up new horizons for their application in various fields
such as electronics, energy, sensors, strain electronics and
catalytic processes. Experimental studies of composite
films and the search for a relationship between constitutive
parameters (thickness of films, layers, and interlayers) and
magnetic and electrical properties will make it possible to
optimize the processes of industrial synthesis of such struc-
tures for specific practical applications in the future [8-13].
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To obtain a complete picture of the physical properties and
processes accompanying the synthesis of such composites, it
is important to study the parameters of their formation and
the mechanisms of the influence of morphology on electrical
and magnetic properties.

Multilayer structures made of cobalt layers with layers
of antiferomagnetic cobalt oxide are of particular scientific
interest, since the effect of magnetic proximity is possible
in ferromagnetic/antiferromagnetic structures. The effect
of magnetic proximity occurs between two heterogeneous
magnetic components at the atomic level and due to the
appearance of exchange interactions between them [14,15].
It can manifest itself simultaneously with the exchange
bias effect, sometimes called unidirectional or exchange
anisotropy.

This work is devoted to the synthesis and study of
the electrical and magnetoresistive properties of multilayer
structures of ferromagnetic cobalt with layers of antifero-
magnetic cobalt oxide.

2. Samples and experimental method

Thin films (Co/CoO)gy were obtained by ion beam
sputtering of a ceramic target of CoO and metallic Co
in an argon atmosphere with a purity of 99.998 % at
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a pressure of P = 64MPa onto an additionally unheated
substrate [16]. The temperature of the substrate during
the sputtering process did not exceed 400 K. The targets
were fixed on water-cooled copper bases with a size of
280 x 80mm? and placed in different spray positions in
a vacuum chamber. The substrate was moved from one
spray position to another by rotating the substrate holder
around the axis of the spray chamber for a layer-by-
layer deposition. Deposition was carried out on single-
crystal silicon substrates with a crystallographic orientation
of (100) to study the structure and a crystal to study the
electrophysical properties. A A-shaped screen was installed
between the Co target and the substrate holder to obtain
different thicknesses of Co layers during a single sputtering
process. The rotation speed was 0.1 rev/min. The number of
revolutions of the substrate holder determined the number
of bilayers in the multilayer film and was 60, which is
reflected by the subscript in the designation of the studied
heterostructures (Co/CoO)go.

For a preliminary assessment of the thickness of the
layers, individual Co and CoO films were pre-sputtered
with the process parameters previously selected for the
multilayer structure. The thickness of the obtained films
was measured using an optical interferometer MII—4 on
samples located on a substrate holder along a straight,
parallel axis A-shaped screen. The thickness measurement
points were fixed relative to the location of the substrate
and the target. The measured film thickness data was
approximated. Knowing the number of revolutions of
the substrate holder, the thickness of the film obtained
during a single passage of the substrate of the material
application zone, i.e. the thickness of the monolayer
of one of the sprayed components, was calculated. The
thickness of the monolayer of the second component of
the multilayer structure was determined in a similar way.
The value of the monolayer thickness of Co varied from
0.2 to 1.4nm for the obtained thin films, and CoO was
~ 2.4nm. It should be noted that the monolayer thickness
value obtained in this way is equivalent and does not take
into account the possibility of island growth, i.e. it is
the thickness of a thin film applied in one revolution of
the substrate holder, provided that this film is continuous.
Thus, given that the thickness of the CoO interlayers is
greater than the thickness of the Co interlayers, it is
likely that with an increase in the thickness of the Co
interlayer, a transition occurs from a two-phase film of
island layers of Co in a continuous matrix of CoO formed
during layer-by-layer deposition to a multilayer structure
consisting of continuous layers of metallic Co and non-
conductive electric current CoQO. Therefore, in the future
it will be advisable to consider the experimental results
obtained depending on the equivalent thickness of the
Co interlayer, as the parameter that most critically affects
the structure and physical properties of the thin films
under study.

The local chemical composition was determined using
a JEOLSuperprobe-733 scanning electron probe microana-

lyzer. The structure of the resulting thin films was studied
using X-ray diffraction (XRD) and electron microscopic
analysis (TEM). To study the structure of composites by
the XRD method, thin films deposited on a single-crystal
silicon substrate with a crystallographic orientation of (100)
were used.

The electrical resistivity was measured using a four-wire
DC circuit using a universal digital multimeter B7—78/1
along the plane of the film and the layers of the multilayer
structure. Thermal EMF from the thickness of the films
was measured using a differential method (silver wire with
a purity of 99.99% was used as the material of the cold
and hot probes). The relative measurement error did not
exceed 3 %.

The images of local magnetization were obtained using a
NEOARK Neomagnesia Lite BH-753 microscope with the
possibility of studying the meridional magneto-optical Kerr
effect (MOKE). Magnetic hysteresis loops in the temper-
ature range 2—300K were obtained using a Cryogen Free
Measurement System vibration magnetometer (Cryogenic
Ltd., Great Britain).

3. Experimental results and their
discussion

3.1. Structure of thin films (Co/C00)g

Figure 1 shows X-ray diffraction patterns from thin films
(Co/Co0)gop. The figures for the curves show the values
of the equivalent thickness of the Co interlayers (hco).
The analysis of small-angle diffraction patterns shows that
a layered structure is observed in thin films (Co/CoO)seo,
as evidenced by the presence of maxima in the range of
Bregg angles of 1—7° and an increase in their intensity with
the increase of thickness of the Co interlayer. The period
of multilayer structures (Co/CoO)gp (bilayer thickness),
calculated from Figure 1, a, varied from 2.6 to 3.8 nm. The
total number of bilayers from the production conditions was
60, which corresponds to the thickness range of all films
from 156 to 228 nm. The shape of the peaks is complex,
which in general can be interpreted as some deviation from
the periodicity (irregularity of the thicknesses of individual
layers associated with their island growth). Probably, the
asymmetry of the maxima is also a consequence of the
formation of additional layers at the interfacial boundaries
of Co—CoOQ, similar in composition to Co3O4. The results
of the analysis of X-ray diffraction patterns in the region
of average Bregg angles of 30—80° do not contradict our
assumptions.

Indeed, for all the studied samples, pronounced peaks of
cubic CoO (111) and CoO (222) are observed in the area
of angles 30—80°, indicating a strong uniaxial texture with
the axis (111).

In addition to the cubic CoO phase, maxima were
identified on the diffraction patterns of the studied samples
with Co interlayer thicknesses of more than 0.8 nm Co3Oa.
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Figure 1. X-ray diffraction patterns from thin films (Co/CoO)s, measured in the region of small (a) and medium (b) Bragg angles. The
figures for the curves show the values of the equivalent thickness of the Co layers.

Figure 2. Light-field TEM cross-sectional image (a) and electron
diffraction pattern (b) from a multilayer structure (Co/CoO)so
(hCo =0.6 nm).

As for the metallic phase of the studied thin films, for
samples with an equivalent thickness of the Co layer not
exceeding 0.8nm (Figure 1,b) in the range of 40—50°,
maxima from metallic cobalt are not observed and become
distinguishable on diffractograms only with equivalent inter-
layer thicknesses of more than 0.8nm. It should be noted
that the angular position of the Co reflexes does not exactly
match the tabular data, which may indicate the presence of
macro stresses in the multilayer film itself.

Studies of the structure by transmission electron mi-
croscopy (TEM) confirmed the formation of Co interlayers
and a multilayer structure (Figure 2,a), and fast electron
diffraction patterns — the crystal structure of Co and Co
layers (Figure 2, b).

The thicknesses of the Co and CoO interlayers obtained
from TEM images for the sample under study are consistent
with the results obtained from X-ray diffraction patterns in
the region of small Bragg angles (Figure 1,a).
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3.2. Electrical properties of thin films (Co/Co0)g

As noted earlier, a layered structure is formed in case of
thin films (Co/CoO)gp, while an increase in the equivalent
thickness of the Co interlayer is accompanied by a transition
from island layers of Co in a continuous CoO matrix
formed during layer-by-layer deposition to a multilayer
structure consisting of continuous layers of metallic Co and
non-conductive electric current CoO. Such changes in the
morphology of the obtained thin films should radically affect
the electrical, magnetic and other physical properties of
the obtained thin films. Figure 3 shows the dependences
of the electrical resistivity and thermal EMF of thin films
(Co/Co0)gp on the equivalent thickness of the Co interlayer
(hco). The sign of thermal EMF in synthesized thin films
is negative, which indicates the dominant contribution of
electrons to electrical transfer.

The obtained dependences are typical for percolation
systems, for which the change in electrical resistivity during
transition through the percolation threshold changes by
several, in our case by almost eight orders of magnitude.
In this case, the middle of the site of the sharpest change
in electrical resistivity and thermal EMF can be interpreted
as the percolation threshold in the metal-dielectric system
associated with the transition from island Co layers to
solid ones. In our case, such a transition occurs with an
equivalent thickness of the Co interlayer equal to ~ 0.8 nm,
which is accompanied by a sharp decrease in the modulus
of the thermal EMF value and a weak dependence on
the equivalent thickness of the Co interlayer in the region
of hco > 0.8nm. At the same time, the thermal EMF
values of the samples beyond the percolation threshold
are characteristic of the thermal EMF values of pure
cobalt [17].

The temperature dependences of the electrical resistivity
were studied for determining the characteristics of elec-
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Figure 3. The dependences of the electrical resistivity p and
thermal emf S of thin films (Co/CoO)¢ on the equivalent thickness
of the Co interlayer (hco). The dashed line with the PT designation
indicates the percolation threshold of the system .
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Figure 4. Temperature dependences of the electrical resistivity of
thin films (Co/CoO)go. The figures for the curves show the values
of the equivalent thickness of the Co layers.

trical transfer in the obtained structures. For multilayer
heterostructures (Co/CoQO)gp with an equivalent thickness
of less than 0.8nm (up to the percolation threshold), the
electrical resistivity decreased with the increase of the
temperature (Figure 4), and for samples with an equivalent
thickness of more than 0.8 nm, the temperature coefficient
was positive (not shown in the figure), as is the case in
metals.

The dominant mechanisms of electrical transfer was
analyzed by re-arranging the dependencies p o f(T) of
the samples up to the percolation threshold in coordinates
Inp o f(T~"), where n was equal to 1/4, 1/3, 1/2, 1, and
alsolnp < f(InT).

An analysis of the data in Figure 4 showed that in
the temperature range of 80—140K, the electrical resis-

tivity is approximated by a straight line in coordinates
Inp oc f(T~Y4) (Figure 5,a), which indicates a hopping the
mechanism of conduction of charge carriers with variable
hopping length over localized states lying in a narrow energy
band near the Fermi level, and in the temperature range
140—280K — dependence Inp o f (1/T) (Figure 5, 5).

If fulfilment of the ,,1/4 law* is interpreted as a sign of
hopping conductivity on the localized states in a narrow
energy band near the Fermi level (Mott conductivity), then
the expression for conductivity is as follows [18]:

B\ /4
0':ez-Rz-vph-g(EF)-exp(—?) , (1)

where 51
B= ko)’ (2)

where e is the electron charge, R is the hopping distance,
vpy is the phonon interaction spectrum factor, T is the
absolute temperature, g(Er) is the density of states at the
Fermi level, a is the radius of localization of the electron
wave function, Kk is the Boltzmann constant.

The values of the parameter B for the studied film
compositions were determined from Figure 5,a. Let us
estimate the density of localized states knowing B and
assuming that the process of charge carrier transfer for
samples up to the threshold is limited by hops between Co
nanocrystallites in island layers in a continuous CoO matrix.
The localization radius is assumed to be equal to the size of
the Co crystallites, which in our case are proportional to the
average equivalent thickness of the Co interlayers and equal
to = 0.6 nm. The evaluation results are shown in Figure 6, a.

We shall also estimate the average hop energy that shall
be as follows for the hops with a variable hop distance:

1 B\1/4
Wt = 5 kT (=) 3
b=k (= 3)
and the average hopping length of charge carriers at a
temperature of T = 100K according to the formula:

Ru=3a(z)" @

The results of the assessments are shown in Figure 6.
A distinctive feature of all the dependences obtained is
saturation when the value of the equivalent thickness of the
Co interlayers approaches the percolation threshold. Thus,
the values of the density of localized states at the Fermi level
tend to the values g(Ef) ~ 102 eV~!.cm™3 characteristic
of metallic cobalt [19] with an increase of the equivalent
thickness of the Co interlayers.

As noted above, the temperature dependences of the
electrical resistivity of the studied thin films in the tem-
perature range 140—280 K obey the Arrhenius dependence
(Inp < 1/T) (Figure 5, b).

If the designated temperature interval is treated as a
region of hopping conductivity on the nearest neighbors,
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Figure 5. Temperature dependences of the electrical resistance of thin films (Co/C0O)so, represented in coordinates Inp o f(T~%) (a)
and Inp o f(1/T) (b). The figures for the curves show the values of the equivalent thickness of the Co layers.

then, according to [18], the following equation shall be true
for the conductivity (5):

o —ovexp (). 5)

where Wiynw s the hop activation energy set for the hops
on the nearest neighbors by the following equation:

3

47R3g(Er)’ )

WhNH =

where Ry is the average distance between the nearest
neighbors, g(Eg) is the density of states at the Fermi level.

Using formulas (5) and (6), from Figure 5,b we estimate
the values of the average distance between the nearest
neighbors, the activation energy of the hop, the results are
presented in Figure 7.

It should be noted that the estimates of the parameters of
hopping electrical transport shown in Figures 6 and 7 are of
an exclusively qualitative nature, since they do not take into
account the morphological features of electrical transport,
in particular, the layering of the structures studied, and the
formulas applied are valid only for homogeneous substances.
Nevertheless, from the estimates of the parameters of
hopping conduction with variable hopping length shown in
Figures 6 and 7, it follows that an increase in the equivalent
thickness of the Co interlayers leads to an increase in
the density of localized states near the Fermi level and
a decrease in the energy and average hopping length.
When switching to hopping along the nearest neighbors, the
hop activation energy increases, and the average hopping
radius decreases for all samples with an equivalent layer
thickness up to the percolation threshold.

Physics of the Solid State, 2025, Vol. 67, No. 4

3.3. Magnetic properties of thin films (Co/Co0)g

Figure 8,a shows the hysteresis loop of the magneto-
optical Kerr effect (MOKE) of a multilayer film (Co/CoO)g
with an equivalent thickness of the Co interlayer equal
to 0.7nm, i.e. near the percolation threshold. The inset
shows a measurement scheme in case of change of the
angle O between an external magnetic field and one of the
sides in the sample plane (inset in Figure 8, ). Figure 8,b
shows images of domains in polarized microscope light
based on the Kerr effect in magnetic fields +151.1 (1),
-79.6 (2), —148.2 (3), —63.3 (4), +61.6 (5) and
+152.20e (6).

The dark and light regions correspond to opposite
directions of magnetization lying in the plane of the film.
A change in the magnetic field causes the dark field to grow
and the light field to be suppressed in positive fields and the
reverse process in negative fields. A change in the direction
of magnetization is accompanied by the propagation of
nuclei with dimensions ~ 1—2 ym.

Figure 9 shows the MOKE hysteresis loops of the
same sample with a change of 0 from 0 to 90° at room
temperature. The study of the magneto-optical Kerr effect
showed the presence of magnetic anisotropy, with the easy
axes (EA) and hard axis (HA) located in the plane of the
film and perpendicular to each other (Figure 9).

Since the MOKE method allows high-speed recording
of hysteresis loops on the local surface of the sample,
magnetization surges were detected (Figure 9 at 6 = 0°,
0 = 40°), which amount to AM ~ 0.2 %. Short duration of
~ 2 s is the main unusual feature of the hops. This circum-
stance does not allow standard automation of registration
and mathematical processing of magnetization surges. The
magnetization surge may be caused by the competition of
individual nuclei of the magnetization of insular Co, or
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Figure 8. MOKE hysteresis loop of a multilayer film (Co/CoO)sy with an equivalent thickness of the Co interlayer equal to 0.7 nm, i.e.
near the percolation threshold (@) — the insert shows a measurement scheme when the angle changes 0 between the external magnetic
field and one of the sides in the sample plane (insert in Figure 8,a). Images of domains (b) in polarized microscope light based on the
Kerr effect in magnetic fields +151.1 (1), —79.6 (2), —148.2 (3), —63.3 (4), +61.6 (5) and +152.20e¢ (6).

separate quasi-states of some insular clusters of Co in the
volume of the sample.

The hysteresis loops of the CoO/Co sample up to the
percolation threshold in the temperature range of 2—300 K,
measured using a vibration magnetometer, showed the
presence of ferromagnetism up to T = 100K and its ab-
sence at higher temperatures, which is characteristic of the
superparamagnetic state of the sample when a composite
is formed instead of a multilayer structure Co-CoO with
a cobalt oxide matrix and pure cobalt granules. It is
worth noting that when recording hysteresis loops with
a vibrating magnetometer, no magnetization surges were
recorded, since the recording speed by this method is much
lower than that of MOKE.

As examples, Figure 10 shows the magnetization curves
for a sample of a multilayer film (Co/CoO)¢ up to the

Physics of the Solid State, 2025, Vol. 67, No. 4

percolation threshold, measured using a vibration magne-
tometer.

An interesting fact is that for a multilayer film
(Co/Co0)ep, no effects of magnetic proximity and exchange
displacement were recorded before and near the percolation
threshold. This was probably the case, since experimental
observation of these effects implies cooling of the sample
below the CoO blocking temperature in a magnetic field.
In our experiments, no pre-cooling in a magnetic field was
performed before recording hysteresis loops.

3.4. Magnetoresistance of thin films (Co/C00)g

The dependences of the electrical resistance of synthe-
sized films on the magnitude of the external magnetic field
were studied at various mutual orientations of the magnetic
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is perpendicular to the sample plane and the direction
of the electric current (H L pl, H L 1) (Figure 11,qa),
the magnetic field is parallel to the sample plane and
the direction of the electric current (H || pl, H || 1) (Figu-
re 11, 5), the magnetic field is parallel to the sample plane
and perpendicular to the direction electric current (H || pl,
H L 1) (Figure 11,¢).

The following expression was used to determine the
magnitude of the magnetoresistance MR):

MR = [(R(H) = R(O))/R(O)] - 100%,  (7)
where R(H) and R(0) are the electrical resistance values
measured in a magnetic field and without a field, respec-
tively.

An analysis of the dependences of the electrical resistance
of thin films (Co/CoO)gsp on the strength of an external
magnetic field at a temperature of 300K showed that in
films up to the percolation threshold (with an equivalent
thickness of the Co interlayer less than ~ 0.8 nm) MR is
negative and isotropic, i.e. it does not depend on the
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Figure 10. Hysteresis loops in the temperature range 2—300K for a sample of a multilayer film (Co/CoO)s with an equivalent thickness
of the Co interlayer equal to 0.7nm, i.e. near the percolation threshold. The external magnetic field is directed parallel to the sample
plane at 0 = 0deg (a), at 0 = 90deg () and perpendicular to the sample plane (c).
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an external magnetic field at different orientations of the field,
electric current and film plane: (H Lpl, H L1) (a), (H | plL
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mutual orientation of the magnetic field, current, and film
plane in the field strength range up to 9kOe (Figure 12).
Lower values of the MR measured at a field strength of
the order of 9kOe when the magnetic field is oriented
perpendicular to the film plane (H L pl Figure 12,a)
in comparison with the case when the magnetic field
was directed along the film plane (H || pl Figure 11,5),
due to the influence of the demagnetizing factor. The
areas of positive magnetoresistance (PMR) characterized
by the presence of a maximum in the field region of the
order of 3,kOe, which is also isotropic appear on the
field dependences of threshold films (Co/CoO)gy with a
decrease in temperature. A possible explanation for such
MR dependences of subthreshold films (Co/CoO)gsy may
be the presence in the structure of cobalt interlayers not
only individual Co nanogranules, but also Co clusters with
significantly different magnitudes of magnetic anisotropy
and dipole-dipole interaction between clusters and nearby
granules, as was the case in nanogranulated composites of
Co-AL, Oy, [20].

For samples with an equivalent Co layer thickness of
more than 0.8nm, i.e. those located beyond the percolation
threshold, in contrast to the pre-threshold ones, anisotropic
MR was detected, while not only the magnitude but
also the sign of the MR are determined by the mutual
orientation of the current, magnetic field and sample plane:
for the case H L pl, H L I MR is positive, while for H || pl,
H ||l — is negative. The MR value of the threshold
samples did not exceed modulo ~ 0.07 %, which is more
than an order of magnitude less than the MR value for
samples up to the percolation threshold. Unlike thin
films of Con(Co00)i99—n obtained by ion beam sputtering
of a composite target [4], thin films (Co/CoO)s have
hysteresis based on MC(H ), measured at room temperature,
were not detected. However, the MR hysteresis of the
pre-percolation samples appears when measured at low
temperatures (77K), as well as the positive component
(Figure 12, ¢, d).

The cobalt interlayers are not continuous with an equiva-
lent thickness of hc, < 0.8 nm. In such films, cobalt atoms
assemble into granules and clusters separated from each
other by a thin dielectric layer. Since the thickness of
the CoO interlayers in the resulting thin films is ~ 2.4nm,
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the probability of tunneling between granules of different
layers is significantly less than the probability of tunneling
between granules of the same layer. The sizes of granules
and clusters increase with an increase in the equivalent
thickness of the cobalt layers, the distance between them
decreases, which leads to the occurrence of a strong dipole-
dipole interaction both between granules and clusters within
the interlayers and between layers, causing the presence of
ferromagnetic ordering and a decrease in the magnitude of
tunneling magnetoresistance.

The electrical and magnetic properties of the obtained
thin films (Co/C00)g can be determined by quasi-flat layers
of metallic cobalt with a further increase in the equivalent
thickness of the Co interlayers at hc, > 0.8 nm for samples
beyond the percolation threshold. It should also be noted
that during layer-by-layer deposition, the cluster shape will
be predominantly two-dimensional, which should lead to the
appearance of strong magnetic anisotropy of the obtained
films and, as a result, the occurrence of anisotropic MR
(AMR) [21,22].

AMR is typical for ferromagnetic materials, where the
electrical resistance depends on the angle between the
direction of magnetization of the sample and the external
magnetic field. The reason lies in the spin-orbit interaction
of electrons, which leads to spin-dependent scattering of
electrons (the scattering coefficient for spins co-directional
and counter-directional with respect to the magnetization
of the sample will be different). Magnetic anisotropy is
particularly high in ferromagnetic single crystals [23,24],
where it manifests itself in the presence of axes of light
magnetization, along which the vectors of spontaneous
magnetization of ferromagnetic domains are directed.

Indeed, AMR was detected for samples near and beyond
the percolation threshold (Figure 13,a). In the case when
the magnetic field is directed along the film plane, the MR
was negative regardless of the mutual orientation of the
magnetic field and the electric current (dependences 7,2
and 4,5 Figure 13,a), however, the maximum value of
MC depended on the direction of passage of the electric
current relative to one of the sides of the sample, which
may indicate the presence of magnetic anisotropy in the
film plane. The negative MR decreased as the thickness of
the Co layer increased (Figure 12).

The study of the magneto-optical Kerr effect has shown
the presence of magnetic anisotropy in samples near and
beyond the percolation threshold. In this case, the axes
of light (easy axis) and hard (relative) magnetization are
in the plane of the film and perpendicular to each other
(Figure 13,b). However, as can be seen from Figure 9,
EA form a cone with a sufficiently large angle of solution
(more than 80 degrees). It should be clarified that the
observed EA and HA are projections onto the film plane.
It is not possible to determine the spatial location of the
EA and HA, ie. their angular deviation relative to the
film plane, due to the influence of the sample shape factor
(demagnetizing factor).
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Figure 12. Dependences of the magnetoresistance MR on the strength of an external magnetic field H for multilayer thin films
(Co/Co00)eo, measured at a temperature of 300K: (H L pl, H L 1) (a), (H || pl, H || I) (b); measured at a temperature of 77K: (H L pl,
HL1)(c),(HJ| pl,H| 1) (d). The figures for the curves show the values of the thickness of the layers Co.

In the case when the magnetic field is directed in the
plane of the film, and the electric current is directed parallel
to HA, the field dependences of MR practically coincide
(curves I and 2 Figure 13,a). The magnetic moments of
conducting percolation Co clusters in the absence of an
external magnetic field are oriented mainly along the EA
(perpendicular to the HA), forming a cone. At H | pl,
H I, I | EA in the absence of an external field, the
magnetic moments are oriented along the axis of the cone
of the EA, and the application of an external field will
lead to their orientation along the current direction, which,
according to the AMR model in ferromagnets should lead
to an increase in resistance (to positive MR), however,
as can be seen from Figure 13,a (curve ) this does not
correspond to the experimental results. A similar contradic-
tion is observed under the conditions when H || pl, H || I,
| || HA (curve 4 Figure 13,a), for which the application
of an external magnetic field leads to a decrease in the
angle of solution of the cone formed by magnetic moments,

thus reducing the component perpendicular to the current,
which should also lead to a positive MR. This is atypical for
the AMR observed in ferromagnetic materials, in particular
Co [22], which can be explained both by the presence of
components of EA and HA perpendicular to the plane of
the film, and by the presence of additional mechanisms
of negative MR, discussed earlier in the work [25] for
multilayer systems (ZnO/C),s.

On the other hand, for the cases when H || pl, H L | the
external field orients the magnetic moments perpendicular
to the direction of current propagation (curves 2 and 5
Figure 13,a), which leads to the appearance of a negative
MR, while the change in resistance is maximum for the case
when | || HA (curve 5 Figure 13,a). This is consistent with
the AMR model of ferromagnetic materials, since when
an external field is applied in the case of H || pl, H L1,
| || EA (curve 2 Figure 13, a), the angle of the cone solution
formed by magnetic moments decreases, thus reducing the
longitudinal current component.
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For the case when the magnetic field was directed
perpendicular to the film plane (H L pl), and therefore
to the current direction (H L 1) (curves 3 and 6 Figu-
re 13,a), the MR contained two contributions (positive and
negative) when the electric current was directed along the
EA (curve 6 Figure 13,a) and was only positive when
the electric current was directed along the HA (curve 3
Figure 13,a).

Under such measurement conditions, the external mag-
netic field tends to orient the magnetic moments of
percolation Co clusters perpendicular to the film plane and
the direction of the electric current, which, provided that the
AMR is implemented, would lead to a decrease in resistance
and, consequently, to a negative MR. Valid for the sample
with | || HA provided H L pl, H L | (curve 6 Figure 13,a)
in the area of weak fields (no more than 3kOe) there is
a negative component. A further increase in the strength
of the external field for this sample leads to a positive
contribution to MR.

The magnetic moments of percolation Co clusters are
located predominantly perpendicular to the direction of
electric current flow in the film plane for a sample with
I || EA (I L HA) in the absence of an external field. The
magnetic moments will be oriented perpendicular to the
film plane with an increase in the external field and the
conditions H L pl, H L |, but the mutual orientation of the
sample magnetization and current will not change. For this
reason no negative contribution of MR is observed for a
sample with H L pl, H LI, | || EA, and an increase in
the magnetic field leads to an increase in MR (curve 3
Figure 13,a).

It should be noted that the dependence of the positive
MR is close to parabolic at room temperature (curves 3
and 6 Figure 13,a), no magnetic hysteresis is observed.
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Such dependences may be a consequence of the presence
of classical Lorentz magnetoresistance, which is a conse-
quence of the curvature of the trajectory of charge carriers
(electrons) in a magnetic field.

Thus, the magnetoresistance of thin films (Co/CoO)go up
to the percolation threshold is determined by the mechanism
of spin-dependent tunneling between granules and clusters
of metallic Co, and beyond the threshold by competing
contributions from the anisotropic magnetoresistance of
the ferromagnetic cobalt percolation grid and Lorentz
magnetoresistance.

4. Conclusion

Thin films (Co/CoO)gy were obtained by ion beam
sputtering of a ceramic target of Co and metallic Co
and subsequent layer-by-layer deposition in an argon atmo-
sphere. A study of the structure by XRD and TEM methods
has shown that the obtained films are multilayer, while an
increase in the equivalent thickness of the Co interlayer
to 0.8 nm leads to a transition from island layers of Co in a
continuous CoO matrix to a multilayer structure consisting
of continuous layers of metallic Co and non-conductive
electric current CoO.

The temperature dependences of the specific electrical
conductivity of thin films (Co/CoO)gy have been experimen-
tally studied. It was found that at values of the equivalent
thickness of the Co interlayer up to 0.8nm (up to the
percolation threshold) in the temperature range 80—280K,
the dominant transfer mechanism from the hopping con-
duction mechanism to localized states near the Fermi level
with a variable hopping length (80—140K) to nearest
adjacent hops (140—280K). For thin films (Co/CoO)go
located beyond the percolation threshold, the conductivity



706

Y.E. Kalinin, K.S. Gabriels, V.A. Makagonov, V.A. Foshin, R.B. Morgunov, M.V. Bakhmetiev...

is determined by two-dimensional grids of metal granules
and is characterized by a positive temperature coefficient.

The magnetic properties of a multilayer film (Co/CoO)g
were studied using methods based on measuring the
magneto-optical Kerr effect and using a vibrating magne-
tometer. The study results showed the presence of magnetic
anisotropy in the samples near and beyond the percolation
threshold, while the axes of light and hard magnetization
are in the plane of the film and perpendicular to each other.

A study of the dependences of the electrical resistance
of thin films (Co/CoO)gy on the magnetic field strength
showed that the magnetoresistance is determined by the
mechanism of spin-dependent tunneling between granules
and clusters of metallic Co for samples up to the perco-
lation threshold, and beyond the threshold by competing
contributions from the anisotropic magnetoresistance of
the ferromagnetic cobalt percolation grid and Lorentz
magnetoresistance.
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