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A review of the works of the authors published in the period 2009-2022 and devoted to the study of the
properties of nanosized structures containing contacting layers of Fe, Co, Ni, Fe203; / REM (Rare Earth Metal) oxide
is carried out. The technology for the creation and structural features of these nanostructures are also considered.
Physicochemical phenomena in the interface of contacting layers are very multidisciplinary. This is a consequence of
their dependence on various conditions, primarily on the modes of technologies for their production and the
properties of the initial components. The problem becomes much more complicated when studying magnetic
nanostructures. To study effectively the properties of layered nanostructures containing ferromagnetic films, we used
magnetic research methods. Using the EPR method, it has been found that between atoms with unfilled f- and
d-electron sub-shells, which are part of the contacting layers, an f-d exchange interaction occurs, which orders the
magnetic structure of the ferromagnetic layers. Using the method of the anomalous Hall effect, it is shown that the
ordering of the magnetic structure leads to an increase in their magnetization. The enhancement of the
galvanomagnetic properties in the FesO+/REM oxide/Fes04 structures shows that the exchange interaction can have
both f-d and d-d character. And this, in turn, leads to an increase in magnetization-dependent properties, such as
galvanomagnetic, magneto-optical, and current-voltage properties. This can be used in nanotechnologies to enhance

the above properties without energy consumption and the use of amplifying equipment.
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INTRODUCTION

The exchange f-d interaction between atoms of
transition elements with unfilled f- and d-electron
sub-shells has long attracted the attention of
researchers because it can significantly affect the
properties of a substance [1]. Thus, in bulk samples
of RFeOs orthoferrites and RsFesO1, ferrite garnets
(R-Rare-earth metal - REM), it leads to the
emergence of unigque magneto-optical properties
that make it possible to use these materials to
control laser radiation in switching devices [2, 3].
In thin-films structures based on contacting layers
of f- and d-metals, the possibility of artificial
formation of a magnetic structure, magnetic
anisotropy and magneto-striction arises [4].

Recently, we found that in nanoscale structures
consisting of contacting layers based on d-metals
of the iron group Fe, Co, Ni and oxides of f-rare-
earth metals, the f-d exchange interaction also
occurs [5]. This interaction leads to the ordering of
the magnetic structure of d-metals, an increase in
their magnetization [6], and an increase in the
properties of ferromagnetic layers that depend on
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it, such as galvanomagnetic [7], magneto-optical
[8], and current-voltage [9]. Similar phenomena are
observed both in Fe, Co, Ni/REM oxide structures
containing layers of pure metals, and in
FesO4/REM oxide structures based on layers of
semimetal magnetite FesO4 [10-12]. In the world
literature, information on the study of the
properties of these nanosized structures is limited
to only a few articles [13-16]. Therefore, the
consequential set of results is undoubtedly of
scientific and practical interest.

This article provides a review based on the
results of studies conducted in the period
20092022, with nanosized structures of Fe, Co,
Ni, Fes0s/REM oxide. The technology of their
creation, structural features, the causes of the
exchange f-d interaction between the contacting
layers, its influence on the properties of these
structures are considered.

CREATION TECHNOLOGY AND
STRUCTURAL FEATURES

Nanoscale structures of Fe, Co, Ni, FesO4 /
REM oxide were created by successive
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deposition of metal or oxide layers on the
substrate by electron beam evaporation in
vacuum. Moreover, to create an oxide in the
process of metal evaporation, oxygen was
admitted into the working chamber. The metal
layer deposition conditions were, on average, as
follows: p =5-102 Pa, v =10+50 nm/min, t = 25
and 250 °C; REM oxide layers p, =2-107Pa,

v = 10+50 nm/min, t=25°C. The high
temperature (250 °C) of deposition of the first
metal layer ensured good adhesion of this layer
and the entire structure to the substrate. The low
temperature of Ni/Y,03 layers deposition
protected them from possible chemical
interaction with each other. This makes it
possible to create multilayer films from
alternating Ni/Y203 layers. Fused quartz and
glass were used as a transparent substrate. Sitall
was used as the opaque substrate.

The thickness of deposited
controlled by the optical method.

In accordance with the results of X-ray
diffraction and electron diffraction analysis, the
structure of Fe, Co, Ni, and FesO4 metal films
deposited at 250 and 25 °C was polycrystalline.
The structure of the layers of REM oxides
deposited at room temperature is amorphous,
since, according to [17], the crystallization of
most of these films begins at higher temperatures
(80-250 °C).

According to [18], there is a mutual
influence of the structure of two- and multilayer
films of Fe, Co, Ni / REM oxide, caused by the
difference in the parameters of their crystal
lattices.

It was shown in [19] that, in Ni (4-150 nm) /
Y203 (10-200 nm) films, the Ni layers have an
island structure at a small thickness. The shape
of Ni clusters is rounded. Some of the clusters
touch each other forming chains of 2 and 3
particles (Fig. 1).

The distribution of Ni clusters is close to
normal. Coalescence of Ni clusters begins at a Ni
film thickness of (23-30nm), which is
accompanied by a sharp drop in the resistivity of
Ni/Y203 films. With an increase in the number of
layers in these films, the resistivity increases
linearly dependent on their number.

The absence of nickel wetting of the Y,0s
surface, the interaction with Y,O3; with the
formation of Ni oxides, and the dissolution of Ni
in Y03 were noted.

layers was
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Fig. 1. Electron microscopic image of nickel island

film 13 nm thick

In multilayer films, there is a decrease in the
lattice period Ni from 0.355 to 0.345 nm with a
decrease in their thickness from 25 to 4 nm. A
similar decrease in the lattice period of the Y,0;
layers can be explained by Laplace compression.

It has been shown that the application of a
magnetic field with an inductance of 30 mT to a
growing Ni/Y03; film strongly affects its
structure and morphology [20]:

— The temperature of crystallization of
clusters Ni decreases by 100 K. At the same
time, the Y203 layers remain amorphous.

— Compression voltages arise in the crystal
lattice of Ni clusters, which increase with an
increase in the number of layers in the Ni/Y;03
films. These voltages lead to a decrease in the
lattice constant and the size of the blocks of
coherent scattering of clusters Ni.

— In Y03 layers, on the contrary, tension
is observed. In this case, a corrugated surface is
formed in the Ni/Y.0s film freely suspended on
the grid.

— Clusters Ni have an ellipsoidal shape. In
the direction of the minor axis of the ellipse, the
size distribution of clusters is close to the
distribution of clusters Ni grown without a field.
In the direction of the major axis, the distribution
is strongly shifted to the region of large sizes,
with a maximum close in value to the thickness
of the layers Ni (5 nm).

— In the direction of the principal axis of
the ellipse, the Ni clusters coalesce into chains
with length longer than in Ni/Y.0z films grown
without a field. The presence of the prevailing
direction of cluster growth Ni, however, does not
lead to the formation of a texture.

The observed features of the Ni/Y;03 films
grown in a magnetic field are explained from the
standpoint of the orientation of the magnetic
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moments of Ni clusters by the field and the
resulting mutual repulsion of these clusters and
their merging in the direction of the field.

EXCHANGE f-d INTERACTION AND ITS
INFLUENCE ON THE MAGNETIZATION OF
FERROMAGNETIC LAYERS IN Fe, Co Ni /
REM OXIDE NANOSCALE STRUCTURES

The f-d exchange interaction arises when
atoms with unfilled f- and d-electron sub-shells
approach to a sufficiently close distance of
1+2 A. In this case, the spin and orbital
moments of electrons interact on these sub-
shells. In the case of the presence of an oxygen
atom between the f- and d- ions, the f-d exchange
interaction can be carried out with its
participation, as, for example, it occurs in
RsFes0;; ferrite garnets [2].

One of the methods sensitive to the state and
interaction of electrons in a substance is electron
paramagnetic resonance (EPR) [21]. Here, the
intensity of the interelectronic interaction can be
estimated from the value of the exchange
interaction parameter P equal to

where us — Bohr magneton, W — EPR spectrum
width, Hg — resonance magnetic field.

It was shown in [5] that the deposition of a
Fe layer (112 nm) on a Gd2Os layer (68 nm) with
the formation of a Gd.Os / Fe two-layer structure
leads to a significant change in the EPR spectra
of individual Gd,Os and Fe layers (Fig. 2).
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Fig. 2. EPR spectra of Fe, Gd,0O3 and Gd,Os/Fe films

Changes in the parameters of the objects
under study, determined from the EPR spectra,

T
4000

P=uWH,_, (1) are presented in Table.
Table. Parameters of the objects under study determined from the EPR spectra
Structure
Parameter Gd20s Fe Gd0s/Fe
Resonance magnetic field Hg, Oe 1604 1986 2862
EPR line width W, Oe 296 496 1637
Exchange interaction parameter P, rel. units 474 985 4685
g-factor 4.4 35 2.4

The Lande multiplier or g factor determines
the relative value of the magnetomechanical ratio
and is equal to

o= hv
HzHg

Where v — resonator frequency, h — Planck’s
constant.

Significant changes in the g-factor and the
exchange interaction parameter P for the
Gd,03/ Fe structure compared to individual
Gd»03 and Fe layers indicate the probability of a
strong f-d exchange interaction between them.

The effect of f-d exchange interaction on the
magnetization force of ferromagnetic layers in
Fe, Co, Ni/ REM oxide structures ~ was

: @)
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demonstrated in [6] using the example of a two-
layer structure Ni (70 nm) / Gd,O3 (40-160 nm).
Here, using the anomalous Hall effect, which is
sensitive to the magnetization of the layers, it
was shown that when a Gd,Os layer is deposited
on a Ni film, with an increase in the thickness of
this oxide layer in the range (40-160 nm), an
increase in the Hall potential V is observed in the
process of its dependence on the strength of the
external magnetic fields H (Fig. 3).

The mathematical apparatus developed in [6]
makes it possible to relate the observed change
in the Hall potential with the magnitude of the
magnetization Mzq of the Ni layer, which arises
due to the exchange f-d interaction.
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Vv, -V, :i%

where Vi and V> — Hall potential of the Ni layer
before and after the deposition of the Gd.Os;
layer on it, Rs — the coefficient of the anomalous
Hall effect, d — the thickness of the Ni layer, and
| — the current flowing through the Ni film.
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Fig. 3. Dependence of Vi on the strength of the
external magnetic field H in the Ni layer
(70 nm) — 1, and Vz in Ni/Gd;0; structures
with a Gd,O3 layer thickness of 40 nm — 2,
100 nm - 3, 160 nm — 4

It follows from Figure 3 that an increase in
the thickness of the Gd,Os layer from 40 to 160
nm leads to an increase in the Hall potential, and
hence the magnetization Mg, by 15-35 %,
respectively. That is, the value is due to the ratio
of the thickness M¢_q of the Ni and Gd,Os layers.

It was also shown in [6] that in the case of
equal thicknesses of the Ni and Gd.Os layers,
when the number of atoms entering into the f-d
exchange interaction in both layers is
approximately the same, the external magnetic
field is unable to influence the value of Miq. In
the case when there are more d-atoms in the Ni
layer than there are f-atoms in the Gd.Os layer,
then the d-atoms not involved in the f-d
interaction can take part in the formation of the
ferromagnetic structure of this layer, and the
magnetic field, enhancing such formation,
prevents the f-d interaction , decreasing Mrq. In
the case of the predominance of f-atoms in the
Gd,03 layer, the magnetic field, on the contrary,
stimulates their involvement in the f-d
interaction, causing an increase in M¢q. Thus, the
mechanism of the influence of the magnetic field
on the value of Mr_4 becomes clear.
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It was also found that the vector M4 is
directed from the Gd,Os layer to the Ni layer.

INFLUENCE OF f-d EXCHANGE
INTERACTION ON THE PROPERTIES OF Fe,
Co, Ni/ REM OXIDE NANOSCALE
STRUCTURES

The effect of the f-d exchange interaction on
the galvanomagnetic properties of nanosized
structures was demonstrated in [7]. It was shown
that the formation of a two-layer structure Fe
(80 nm) / Dy,Os (140 nm) increases the
magnetoresistance A2 of a ferromagnetic metal

Po
by a factor of 1.6 (Fig. 4).
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Fig. 4. Magnetoresistance of the Fe film (1) and the

two-layer structure Fe/Dy,0s (2) depending
on the magnetic field strength Hat H||i

Taking into account the known relationship
between the magnetoresistance Ap and the
Po
magnetization M of a ferromagnet [1]

£=a|\/|z )
Po

(4)

where a — coefficient of proportionality, it can be
stated that the formation of the Fe/Dy.0;
structure is accompanied by an increase in the
magnetization and, therefore, in the
magnetoresistance of the Fe layer.

It was also shown that with an increase in the
effective magnetic moment x of atoms, that is,

according to the theory [2], with an increase 22
Po

in the f-d interaction energy, the structures of

Fe/La,03, Eu,03, Th,03, Dy»O3 increase (Fig. 5)
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With growth x, the magnetoresistance of Fe,
Ni, Co / Dy,Os structures also increases (Fig. 6).
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Fig. 6. Ratio (MR+)/(MR-) for Fe, Co and Ni films

coated with Dy,0s3 with a thickness of 30 (1),

100 (2) and 140 (3) nm dependent on the

effective magnetic moment of these metals;
H=6-10%0Oe

Thus, Figs.5 and 6 are direct evidence of the
dependence of the magnitude of the
magnetoresistance and the magnetization of the
ferromagnet layers in the structures of Fe, Co, Ni /
REM oxide on the energy of the exchange f-d
interaction.

In the Fe/Th,Os thin-film structure, the f-d
exchange interaction leads to an increase in the
Faraday effect [8], which reaches a maximum at
a Th,Os layer thickness of 40 nm (Fig. 7).

To find this dependence, a mathematical
separation of the influence of interference and
f-d interaction of layers on the Faraday effect
was carried out. It has been found that the
highest intensification obtained for the Tb,O3 /
Fe structure is ~ 2 times, and the highest specific
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Faraday angle is ¢r=1.8-10°deg/cm. The
enhancement increases with an increase in the
thickness of the Fe layer from 40 to 120 nm and
disappears at a thickness of 30 nm or less. The
enhancement of the Faraday effect is ensured by
both the action of only spontaneous and the
combined influence of spontaneous and induced
magnetizations of the Fe film.
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Fig. 7. Dependence of the Faraday angle on the
thickness d of the Th,Os layer in the Th,Os/Fe
structures in the absence (1-4) and under the
action (1'-4") of an external magnetic field of
600 Oe for different thicknesses of the Fe film:
(1,19 30 nm, (2, 2") 40 nm, (3, 3") 65 nm, (4, 4"
120 nm

The spectral dependence of the Faraday
effect in Fe (30 and 120 nm) / Tb,0s (140 nm)
nanostructures was considered in [22]. The
spectral dependence of the Faraday effect in the
visible region (0.4-0.5 pum) has a parabolic
character o_ ~ 2% both at a small thickness of the

Fe layer (30 nm), when the influence of light
interference is significant, and at a greater
thickness of the metal layer (120 nm) when this
effect is weak (Fig. 8),

It was shown in [9] that the f-d exchange
interaction leads to an increase in current-voltage
characteristics (CVC) of metal-insulator-metal
(MIM) structures. Using the example of thin-
film structures of Fe, Co, Ni/ Th>Os/ Fe, Co, Ni,
it was found that the exchange f-d interaction
significantly reduces the height of the potential
barrier for the transfer of charges between the
electrodes and increases the current flowing
through the MIM structure. Under the conditions
of the over-barrier mechanism of Schottky
charge transfer, the magnitude of the force Frq
and energy &4 of the f-d interaction on the
motion of an electron in an MIM structure is
determined.
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Fig. 8. Dependence of the Faraday angle ¢r of the

ThyOs/Fe structures on the light wavelength A
for Fe thicknesses of 30 and 120 nm. The
strength of the external magnetic field is 700 Oe
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The electrical and  galvanomagnetic
properties of Ni/Y,0s multilayer structures were
studied in [19]. The resistivity of multilayer
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An increase in temperature reduces the effect
of the f-d interaction on the CVC of the MIM
structures (Fig. 9).

At the same time, an external magnetic field
enhances this effect (Fig. 10).

This may be due to the influence of these
factors on the ordering of the arrangement of the
magnetic moments of the atoms of the transition
elements in the region of the f-d interaction.

The dependence of &4 on temperature and
magnetic field strength, calculated for the charge
transfer through the boundary of Fe, Co, Ni /
Th,0s structure at the distance of 3 A from the
ferromagnet, has the same character as for the
transition through the MIM structure [23, 24].

4.2 T T T

4,04

3.8

3,64

3.4

3.24

3,0 T T T T T T T 1T
80 90

——
100 110

4,01525] ' ' ' —
4015204 o /

4,01515]
401510] 4 /

4,01505] S
4.01500] Pl
4,01495] o
4,01490] /
4,01485]

4;_’}—
Tlf//Fe /Tb,0 /Fe
//704'7‘ Co/Tb,0,/Co
/|—aLNi/ b 0N 1
401480] o N———=

/
4,01475] A
4,01470 " 1
401465 o
401460]  w

=3
o -
-
=N
o
=)
™

Dependence Frq (a) and &4 (b) on the strength of the external magnetic field H

structures increased linearly with an increase in
the number of layers (Fig. 11).
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The conduction mechanism of the structures
corresponded to the hopping mechanism, as
evidenced by the temperature dependence p(T):

1
logp=A-T 4. (5)

The magnetoresistance increased with an
increase in the number of layers, reaching 50%
in the 30-layer Ni (5 nm) / Y;0s; (10 nm)
structure (Fig. 12).
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Fig. 11. The dependence of the resistivity of the
multilayer system on the number of Y,0s-

Ni layers at direct current

The frequency dependence of the resistivity p(f)
and e(f) permittivity of Ni/Y,0s; multilayer
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EFFECT OF f-d EXCHANGE INTERACTION
ON THE PROPERTIES OF Fez04/ REM.
OXIDE NANOSCALE STRUCTURES

Magnetite FesO4 has a number of remarkable
features: it is a ferromagnet with a high Curie
temperature of 858 K, belongs to semimetals with a
theoretically achievable 100 % polarization of
electron spins at the Fermi level. It is suitable for
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structures is close to that in two-layer structures
(Fig. 13).
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Fig. 12. Dependence of magnetoresistance on

magnetic field for Y;Os-Ni
films

multilayer

It was shown that the possibility of
influencing the properties of nanofilms, Fe, Co,
Ni / REM oxide by reasons alternative to f-d
interaction, such as the difference in structures
[18], magnetic characteristics and conductivity
of layers [6], surface magnetic vacancies
[25, 26, 27], is much lower than the effect of the
f-d interaction itself.

0-

- - T -
0 20 40 60 80 100 120

Frequency dependence of resistivity (a) and permittivity (b) of the Y»O3-Ni multilayer system

the manufacture of both bulk and nanosized
products, due to the high manufacturability of
processing.
Magnetite is especially attractive for
applications in  nanotechnology, for the
manufacture of tunnel magnetoresistances
(TMR) used for reading and writing heads,

memory elements, and displacement sensors.
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The TMR effect, discovered in 1975 [28],
consists in the difference in resistance for
electron transfer between two ferromagnet films
separated by a thin layer of non-magnetic
material for the cases of their parallel and
antiparallel magnetization, since in the latter case
energy is required to rotate the electron spin. The
formula describing the value of TMR in this case
has the form [29]:

RN _ RTT _ P1P2
R™ 1-PP,

TMR = : (6)

where P; and P, are the values of the spin
polarization in the first and second layers of the

ferromagnet, R™ and R™ — resistance of the
three-layer  structure  with  parallel and
antiparallel magnetization of the ferromagnetic
layers. It can be seen from formula (6) that in the
case when the polarization of electron spins is
100 %, as in Fes0a, (P1=P2=1) is the value of
TMR — o, which is attractive for nano-
technologies, primarily for spintronics.

In practice, due to the presence of a large
number of defects in FesO4 films, especially in
the surface region, which violate the polarization
P =100% of electron spins, the value turns out
to be unattainable. Therefore, the ordering of the
magnetic structure of the surface of magnetite
films due to the f-d interaction during their
contact with REM oxide gives a chance to
increase the value and achieve high values of
TMR. In order to elucidate this possibility, a
number of studies were undertaken to develop a
technology for creating and studying the
properties of films and structures based on
Fes0. / REM oxide contacts.

The optimal technology for the deposition of
thin Fes0, films was developed in [30]. For films
of stoichiometric composition deposited by
electron-beam evaporation of Fe in the presence
of oxygen, such conditions are: film growth rate
(5-50) nm/min,  oxygen partial  pressure
(5104-2-10°) Pa,  substrate  temperature
(25-200) °C. The films were polycrystalline and
had an O/ - Fd3m cubic structure with a lattice

constant a =0.843 nm. It was also shown that
the structural, electrical, and optical properties of
the obtained Fes;Os4 films are close to those of
bulk magnetite samples.

TMR in the Fes0, / REM oxide / FesOs
structures was studied according to the scheme
shown in Fig. 14 [31].
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Fig. 14. Scheme for measuring the transverse

resistance of the nanostructure Fes04 / REM
oxide / FesOq: 1, 5 — Cu-electrodes; 2, 4 —
FesO4 layers; 3 — interlayer Y,03; 6, 7 — DC
voltage sources; 8 — switch; 9 - ohmmeter;
10, 11 — ammeters

Here, the structure 2—4 is enclosed between
two copper film electrodes 1, 5, through which a
direct current passes, excited by constant voltage
sources 6, 7. Switch 8 makes it possible to pass
current through in the same or in opposite
directions. The current passing through the Cu
electrodes excites a transverse magnetic field in
the Fes0. layers adjacent to them, respectively,
with antiparallel and parallel directions of the
strength vectors. Ohmmeter 9 measures the
transverse resistance of the FesO, / REM oxide /
FesO4 structure with parallel R™ and antiparallel
R™ spin polarization, which is set in the FesO4
layers by a magnetic field. The obtained values
ofR™ and R™ were used to determine by
formula  (6) the magnitude of the
magnetoresistance and the spin polarization P.

The proof of the possibility of controlling the
magnetization of the FesO4 layers using currents
flowing through the adjacent Cu electrodes was
carried out by the magneto-optical method. It
was shown in [32] that FesO4 thin films have a
strong Faraday effect, at which the specific angle
of rotation of the light polarization plane reaches
a significant value 1.8-10°deg/cm. Taking
advantage of this fact it was found in [33] that
the passage of a direct current through the
transparent conductive SnO, layer adjacent to
FesO4, which generates a magnetic field that
affects magnetite, leads to the observation of the
Faraday effect in it. Thus, it was confirmed that
in the scheme in Fig. 14, the passage of current
through Cu electrodes can be used to control the
magnetization and polarization of electron spins
in FesO4 layers.

When studying magnetoresistance using the
circuit shown in Fig. 14 [31], it was found that
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with an increase in the current in Cu electrodes,
that is, with an increase in the strength of the
magnetic field created by them, an increase
occurs in both the polarization of electron spins

500
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0 T T T T T T T T T 0
0 20 40 60 80 100

1107, A
a

Fig. 15.

in FesO4 layers and, respectively, the magnitude
of the magnetoresistance of the structure FezO4 /
REM oxide / FesO4 (Fig. 15 a).

|- 500

400

- 100

100

h, nm

b

Dependence of polarization P (1) of electron spins in Fes04 layers and magnetoresistance MR (2) of the

FesO. / REM oxide / Fe3O4 structure on the magnitude of the exciting current (a) and on the thickness of

the REM oxide layer (b). 1=0.1 A

At the same time, with an increase in the
thickness h of the REM ('Y.0s3) oxide layer from
3 nm, when the transfer of electrons between
FesO. layers is carried out by tunneling, and up
to 100 nm, when the transfer occurs using other
mechanisms (over-barrier Schottky transition;
current limited by space charge), an increase in P
and magnetoresistance is also  observed
(Fig. 15 b). The lower value of P and MR during
tunneling is apparently due, firstly, to the fact
that, in the case of a thin layer (3 nm) of REM
oxide, the magnetic fields created by the current
in the Cu electrodes and on the neighboring
FesO. layers are partially affected.

Fig. 16 shows the dependence of the
polarization P of electron spins and the tunneling
magnetoresistance of the TMR of Fe;O4 / REM
oxide / FesOs structures on the effective
magnetic moment x of REM ions [10], i.e.,
according to [2], on the energy of the exchange
interaction between iron ions in magnetite and
REM ions.

As can be seen from this figure, with an
increase u in and the energy of the exchange
interaction, which contributes to the ordering of
the magnetic structure of Fe3Oa, the value of P,
and with it, TMR also increases. This is direct
evidence of the connection between the
exchange interaction between FesOs layers and
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REM oxides and the properties of related
nanostructures.

A similar dependence of P of electron spins
and tunneling magnetoimpedance TMZ on u of
REM ions in the FesO, / REM oxide / FesO4
structures during their operation on alternating
current is shown in Fig. 17 [10].

This shows that the ordering of the magnetic
structure of the FesO, layers and the
enhancement of P and TMZ due to the exchange
interaction between the layers also manifests
itself under an conditions. However, the
frequency dependence of P and TMZ passes
through a series of extremes caused by the inertia
of the remagnetization of the FeszO4 layers and
the loss of synchronism with the current phase
(Fig. 18).

The depth of penetration into the REM oxide
layer of the region of magnetic interaction of the
ions of these metals with iron ions can be
estimated from the saturation of the P(h) and
MR(h) plots, where h is the REM layer
thickness. Such an assessment showed that the
penetration depth increases from 36 nm for Y,03
to 120 nm for Th,Os, that is, it increases with an
increase in the magnetic moment of REM ions or
with an increase in the energy of the exchange
interaction between REM and iron ions.
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As can be seen from [10-12, 31, 34, 35],
enhancement of the galvanomagnetic properties
in the Fes04 / REM oxide / FesOs structures is
observed both when rare-earth ions with an
unfilled 4f electron sub-shell (lanthanides) are
used, and when the yttrium ion is used, which
has an empty 4d sub-shell. That is, the exchange
interaction between the Fe:0, and REM oxides
layers, which orders the magnetic structure and
increases the magnetization of the ferromagnet,
can have both f-d and d-d nature.

CONCLUSIONS

A series studies of the properties in
nanosized structures containing contacting layers
of Fe, Co, Ni, Fe,Os / REM oxides was carried
out using various methods.

Structural. The observed features of the
Ni/Y20s films grown in a magnetic field are
explained from the standpoint of the orientation
of the magnetic moments of Ni clusters by the
field and the resulting mutual repulsion of these
clusters and their merging in the direction of the
field.

EPR. Significant changes in the g-factor and
the exchange interaction parameter P for the
Gd,03 / Fe structure compared to individual
Gd,03 and Fe layers indicate the probability of a
strong f-d exchange interaction between them.

Anomalous Hall effect. A mathematical
connection is found of the potential of Hall
contacts and additional magnetization stimulated
by the exchange f-d interaction. Using this
relationship, the mechanism of the effect of an
external  magnetic  field on  additional
magnetization had revealed. It is shown that this
magnetization depends on the ratio of the

thicknesses of the Ni and Gd.Os layers. It has
been found that the vector of this magnetization
is directed from the Gd.Os layer to the Ni layer.

Galvanomagnetic. The enhancement of the
galvanomagnetic properties in the Fe;04/REM
oxide/ Fes3Os structures showed that the
exchange interaction between FesO, layers and
REM oxides, which orders the magnetic
structure and increases the magnetization of the
ferromagnet, can have both f-d and d-d character.

Magneto-optical. The enhancement of the
Faraday effect is ensured by both the action of
only spontaneous and the combined influence of
spontaneous and induced magnetizations of the
Fe film.

Current-voltage characteristics. The
exchange f-d interaction significantly reduces the
height of the potential barrier for the transfer of
charges between the electrodes and increases the
current flowing through the Fe, Co, Ni / TbyO3 /
Fe, Co, Ni structures. Under the conditions of the
over-barrier mechanism of Schottky charge
transfer, the magnitude of the force Fiq and
energy &rq Of the f-d interaction on the electron
motion in this structure is determined.

It is shown that between atoms with unfilled
f- and d-electron sub-shells, which are part of the
contacting layers, an f-d exchange interaction
takes place, which orders the magnetic structure
and increases the magnetization of the Fe, Co,
Ni, Fe;O3 ferromagnetic layers and so enhances
the properties. This can be wused in
nanotechnologies to enhance the above
properties without energy consumption and the
use of amplifying equipment.

Bnuius o6minHoi f-d B3aemoii Ha BJacTHBOCTI HAHOPO3MIPHUX CTPYKTYP HA OCHOBI
metauaiB Fe, Co, Ni Ta okcnais P3M. Orasna
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Incmumym npobaem mamepianoznascmesa im 1.M. @panyesuna Hayionanvroi akademii nayx Yrpainu
eyn. Akademixa Kpocusicarnoecorozo, 3, Kuis, 03142, Ykpaina, kasumov@ipms.kiev.ua

IIpogedeno oensio pobim asmopis, onyorikosanux y nepiod 2009-2022 poxis, ma npucéayeHux 00CaiONHCEHHIO
61ACTNUBOCMEN HAHOPO3MIPHUX CIPYKIMYP, Wo micmame wapu, wjo kowmaxmyloms Fe, Co, Ni, Fes04 / oxcuo P3M
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HACIOKOM IXHbOI 3anedCHOCMI 8I0 PI3HUX YMO8, HAcamnepeo, 8i0 pediCUMie MexHON02ill iIXHb02O OMPUMAHHA Mma
enacmugocmetl  GUXIOHUX ~KOMNOHeHMIs. 3a60anHs  NI3HAHHA 3HAYHO  YCKIAOHIOEMbCA WO0OO  MASHIMHUX
nHanocmpykmyp. [na epexmugnozo 00CHiONHCeHHA 61ACMUBOCmeN Wapysamux HAHOCMPYKMYp, wo MICHAMb
hepomacnimui neKU, HAMU GUKOPUCMOBYBANUCH MACHIMHI Memoou 0ocaiodxcerb. Memodom EIIP ecmanosneno, wjo
MidC amomamu 3 He3an08HeHUMUENEKMPOHHUMY OOONOHKAMU, WO 6X00Amb 00 CKIA0y KOHMAKMYIOUUX wapis,
scmanogmocmuvcst oominna f-d  63aemo0is, wo enopsoxosye maenimuy cmpykmypy gepomaznimnux wapis.
Memoodom anomanvnozo egpexmy Xonna noxasano, wjo 6nNOPAOKYSAHHA MASHIMHOI CIMPYKMYpPU NpU3eooums 00
3pocmanus ixHboi HamacHivenocmi. [locunenus eanveanomachimuux eracmugocmeti y cmpykmypax Fe3Os/REM
okcud/Fe304 nokasano, wo obminna 63aemooia mooce mamu Kk f-d, mak i d-d xapaxmep. A ye, y ceoro uepey,
npu3600ums 00 NOCUNEHHA GIACMUBOCMEN, WO 3A1eXHCamb 6i0 HAMASHIYEHOCMI, MAaKUux K 2alb68aHOMASHIMHI,
Maznimoonmuuni, 6onem-amnephi. ILle Mmoowce Oymu SUKOPUCMAHO 6 HAHOMEXHOAO2IAX ONid  NiOGUUEHHS
BULEBKA3AHUX 61ACMUBOCMEN 63 CROJICUBAHHS eHep2ii Ma 6UKOPUCMAHHS NIOCUTIOBANLHOZ0 0ONAOHANHS.

Knwowuosi cnosa: f-d e3aemoois, mouxonnisxosi cmpyxkmypu, EIIP, anomanvnuti egpexm Xonna, maeHimui
61acmueocmi
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