JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 16 No 4, 04001(7pp) (2024)

REGULAR ARTICLE

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 16 No 4, 04001 (7cc) (2024)

OPEN ACCESS

Impedance Spectroscopy of Fe Nanofilms Grown in a Magnetic Field on Gd203 and Glass

AM. Kasumov!, A.I. Dmitriev!, V.V. Netyagal, K.A. Korotkov**,
Yu.O. Shkurdoda?, A.I. Yevtushenkol!

2 Sumy State University, 40007 Sumy, Ukraine
(Received 10 May 2024; revised manuscript received 14 August 2024; published online 27 August 2024)

The frequency characteristics of impedance, phase difference between current and voltage, hodographs,
and corresponding equivalent circuits of Fe nanofilms grown in a constant magnetic field on Gd203 and sil-
icate glass substrates are investigated. It is shown that with increasing magnetic field strength from 40 E
to 1200 E, the morphology of Fe films changes from labyrinthine to continuous, consisting of coalesced iron
islands. This complex morphology of the films is the source of the induction and capacitance components of
the imaginary part of the impedance. It was found that at a frequency of 630 Hz, a consistent electrical
resonance is observed in Fe films, as well as a minimum value of the total impedance. At frequencies above
104 Hz, a sharp change in the impedance components and phase difference is observed in Fe films, which
is probably due to the peculiarities of the film morphology. The Nyquist hodographs were constructed and
the parameters of the corresponding equivalent circuits were calculated using the ZView computer pro-
gram. It is shown that both the equivalent schemes of the hodographs and the peculiarities of the frequen-
cy dependence of the impedance and phase difference components depend largely on the morphology of the
films, which is determined by the elasticity of the magnetic field applied during their growth, as well as by
the chemical composition of the substrates. Gdz203 substrates affect Fe films due to the d-f exchange inter-
action between the unfilled f and d electron shells of the atoms that make up the Gd203 and Fe layers. Sili-
cate glass has an effect due to the ions of technological impurities contained in its composition, which can
act as traps for electrons passing through the Fe film.
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1. INTRODUCTION

The interaction of thin films in contact with and
containing atoms with unfilled d- and f-electron shells
has long attracted the attention of researchers due to
the prospect of using them to control the magnetic
properties of nanoscale devices [1-4].

The next step, which opens up wider possibilities
for the use of exchange d-f interaction, was the study of
contacts of thin films of d-metals of the iron group (Fe,
Co, Ni) and their oxides (FesOs4) with layers of rare
earth f-metal oxides (REFMs). An overview of such
work carried out in recent years is given in [5]. It has
been shown that the exchange d-f interaction that oc-
curs in the contact area of Fe, Co, Ni, FesO4/REM oxide
layers leads to an ordering of their magnetic structure,
an increase In magnetization, and, accordingly, en-
hancement of many properties that depend on this char-
acteristic, such as magnetoresistance [6, 7], Faraday
effect [8], electron paramagnetic resonance [9], anoma-
lous Hall effect [10, 11], and conductivity of MDM struc-
tures [12]. The fact that the amplification occurs in a
nanoscale volume without energy consumption and the
use of amplifying equipment is particularly valuable,
which is promising for use in nanotechnology.

Currently, the effect of exchange d-f interaction is
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used as a method to study the interaction of spins in
complex condensed media [1]. The latter is relevant to
the creation of flexible high-temperature superconduct-
ing materials for use in long-distance power transmis-
sion, as well as to the creation of single-electron com-
ponents of computer technology.

The aim of this work is to study the impedance
spectroscopy characteristics [13] of d-metal/f-oxide
RSM structures and the influence of experimental con-
ditions on them: magnetic field during film deposition,
as well as substrates of different chemical nature.

The subject of the study were nanoscale Fe films
grown in a constant magnetic field on substrates made
of a layer of REM oxide (Gd203) and, for comparison, on
silicate glass. The metals Fe and Gd were used because
in the iron group (Fe, Co, Ni) and in a number of REMs
they have one of the highest values of effective magnet-
ic moment (1)re =7.13 uB and (@)ca = 7.95uB according to
theory [14], a significant energy of exchange d-f inter-
action. Fe films were also deposited on silicate glass
substrates, with which there was no exchange d-f in-
teraction. The process of growing Fe films in a magnet-
ic field made it possible to control the morphology of
these layers. Fe and Gd203 films were deposited and
studied under the following conditions.
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2. CONDITIONS OF THE EXPERIMENT

The Fe and Gdz20s films were deposited on a glass sub-
strate by electron beam evaporation of targets of similar
composition from chemically pure reagents. Deposition
conditions were as follows: Fe — vacuum p=3-10-2 Pa,
film growth rate v = (5-10) nm/min, substrate temperature
t=(30-40) °C; Gd203 — chamber Oz partial pressure
poz2=2:10-2Pa, film growth rate v=(3-10) nm/min, sub-
strate temperature ¢ = (30-50) °C. The thickness of the Fe
film was 30 nm for all samples and 60 nm for Gd20s. For
comparison, Fe films were deposited both on the Gd203
layer and directly on the silica glass substrate. Cu film
electrodes were applied to the ends of the Fe film by
thermal evaporation to solder conductive wires.

Fe nanofilms were deposited under the influence of
a constant magnetic field with a strength in the range

of (40+1200) Oe. The field vector H was in the plane
of the film and was directed parallel to the current I
flowing between the Cu electrodes, H Il 1.

To stabilize the resistance of Fe films, which increases
due to oxidation in air after removal from the sputtering
chamber, the samples were kept in the atmosphere at
room temperature for 3 days. At the same time, the film
was covered with a thin layer of oxide, which significantly
slows down further oxidation and resistance changes,
which made it possible to measure the impedance and its
frequency dependence. The surface oxidation of the Fe
film was not dangerous, since earlier in [5] we showed
that the d-f exchange interaction occurs not only at the
interface of the RZM oxides with Fe, but also with FesOa.
The FesOs4 magnetite is a semi-metal in terms of conduc-
tivity, so it does not interfere with the passage of electrons
through the Fe film with a complex morphology.

The following equipment was used for the experi-
ments. The films were deposited on a VU-1A electron
beam evaporation apparatus. Microscopic studies of the
morphology of the films were performed on a Tescan
Mira 3 LMU scanning electron microscope. Elec-
trophase analysis of the Fe films was performed on a
JEM 2100 F transmission electron microscope. The
impedance frequency response was measured on a So-
larton 1250 FRA using the ZPlot computer program.
The data were analyzed using the ZView program.

3. RESULTS AND DISCUSSION

3.1 Morphology of Fe Films Grown in a Magnet-
ic Field

Fig. 1 shows the electron microscope images and elec-
tron micrographs of Fe films grown on a Gd20s layer in a
constant magnetic field H with an elasticity of 40 Oe (a)
and 1200 Oe (b). Fe films grown on silicate glass under
similar conditions have similar morphology and structure.

The morphology of Fe films grown on Gd203 in the
absence of a magnetic field (Fig. 1a) is island-like. The
islands have an asymmetric shape, which is a conse-
quence of their growth during the oxidation process.
The average size of the islands varies in the range of
20 + 100 nm, the surface is heterogeneous with a clus-
ter nanostructure. The size of the coherent scattering
regions determined from the electron micrograph by
the Selyakov-Scherrer method is 9.8 nm.
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Fig. 1 — The morphology of Fe films grown on Gd:0s in the
absence of magnetic field (a) and in a constant magnetic field
of 40 Oe (b), 1200 OE (c), their electron pattern (d)

The kinetics of the growth of the resistivity p of an
Fe film as a function of the exposure time was consid-
ered in [5]. It was shown that, at room temperature,
the exposure of the films to air, under the influence of a
strong electric field, realizes the mechanism of low-
temperature Mott oxidation in a double surface layer
formed by sorbed Oz molecules and Fe atoms. This
mechanism has a low growth rate of the oxide film.

The Fe islands are separated by gaps with an aver-
age width of less than 5 nm (Fig. 1a). This provides a
tunneling mechanism of conductivity [7, 15]. An indi-
rect confirmation of this is the linearity of the voltam-
metric characteristic (Fig. 2), since its linearity is char-
acteristic of both metallic and tunneling mechanisms of
charge transfer [7].

9,0x107

. 0 0 T
-0,06 ,00 y, v 0,06

9,0x10°Y

Fig. 2 — Voltammetric characteristic of the sample shown in
Fig. 1a

A characteristic feature of 30 nm thick Fe films
grown at low field strength H =40 Oe (Fig. 1b) is the
presence of islands with sizes from 20 to 50 nm, which
coalesced with each other into chains or areas of vari-
ous shapes and sizes. The boundaries of the islets' fu-
sion with each other are clearly visible. The chains and
areas of coalesced islands are separated by sinuous
gaps of about 20 nm in width. The direction of the gap
line is chaotic. Taking into account the ferromagnetic
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properties of Fe, it can be assumed that the islands
observed in the image and the more complex configura-
tions composed of them are of a domain nature. The
arrangement of domains observed in Fig. 1b is known
in the literature as a labyrinthine arrangement [16].

Electrons in such films move in islands across the
boundaries that connect them. Such structures are
characterized by a percolation mechanism of charge
transfer. This is demonstrated by the dependence of
the resistivity p of Fe films on the intensity H < 200 Oe
of the magnetic field applied during their growth on the
Gd203 substrate (1) (Fig. 3).
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Fig. 3 — The resistivity p of Fe films as a function of the inten-
sity 1 of the magnetic field applied during their growth on
Gd20s (1) and silica glass (2) substrates

At the magnetic field strength used, H > 200 E, the
coalescence of islands in the growing Fe film (Fig. 1c)
increases, forming them into complex configurations
and reducing the number of tortuous gaps separating
them. The film is formed by large areas of islands that
Fig. 4 shows the chemical composition of the surface of
the silicate glass in contact with the Fe (a) film are
practically fused together. This morphology is charac-
terized by a metallic conduction mechanism. This is
demonstrated by the dependence of the resistivity p of
Fe films on the stress H > 200 Oe applied during their
growth on the Gd203 substrate (1) (Fig. 3).

The change in domain structure with increasing in-
tensity of the magnetite field applied to the growing Fe
film can occur for many reasons. It is known [17] that
in most cases the division of a sample into domains
reduces its magnetostatic energy, i.e. the magnetic
poles formed on the surface. At the same time, the
magnetic structure depends on the magnetic anisotropy
and magnetization of the material, the shape of the
sample, the presence of defects, the temperature and
magnetic field, the type of surface treatment, and the
history of the sample. This sensitivity of the domain
structure is due to the fact that it is determined by rel-
atively weak magnetodipole interactions.

In the electron diagram (Fig. 1a, c) there are strong
lines corresponding to the interplanar distances for Fe:
d1=0.20268 nm, d2=0.14332 nm, d3=0.17202 nm
[17], and for FesOs: di1=0.2967 nm, d2=0.2532 nm,
d3=0.1485 nm [18]. The Fe film is polycrystalline and
the Gdz203 film is amorphous. It can be assumed that
the films are a polycrystalline Fe layer coated with a
layer of amorphous Fes04 REM oxide.

The change in the morphology of the Fe film with
an increase in the magnitude H of the magnetic field
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applied to it (Fig. 1) also affects its electrical properties.
Fig. 3 shows the dependence of the resistivity p on H
for Fe films grown on a Gd20s layer (1) and on silicate
glass (2).

From Fig. 3 it can be seen that for both Gd203 and
glass substrates, the magnitude p of the Fe film de-
creases as H increases. This can be explained by the
merging of the islands observed in Fig. 1 and the emer-
gence of a percolation mechanism of the conductivity,
which at H > 200 Oe takes on a metallic character.

Other factors can also affect the p of an Fe film. For
Fe films deposited on a Gd203 layer, it is the d-f ex-
change interaction between Fe and Gdz20s3 [5]. For films
deposited on silicate glass, it is the atoms of technologi-
cal impurities in its structure. The d-f exchange inter-
action further organizes the magnesium nitride struc-
ture and the electron spins in the Fe islands. This facil-
itates the movement of electrons through these for-
mations without the energy required to rotate the spin,
1.e. reduces the resistance p of the Fe film. The capture
of electrons moving in the Fe film by impurity atoms
located on the surface of the silicate glass should inter-
fere with the movement of charges, i.e., contribute to
an increase in the resistivity p. Therefore, at high
magnetic field intensity H > 100 Oe, when the mor-
phology of the films is homogeneous (Fig. 1b), a de-
crease in p occurs in the Fe film on Gd20s and, corre-
spondingly, its increase on the glass. At low

H < 100 Oe, when the films have a labyrinthine mor-
phology (Fig. 1b), the effect of the above factors on p
becomes chaotic, which does not cause the changes ob-
served at H > 100 Oe, as shown in Fig. 3.

Fig. 4 shows the chemical composition of the silicate
glass surface in contact with the Fe film.
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Fig. 4 — Chemical composition of the silicate glass substrate

As can be seen from Fig. 4, the surface of the silica
glass contains, in addition to the SiO2 matrix, atoms of
the elements Ca, Al, Mg, Na, K, Co. Since many of
these atoms can be in an ionized state (K, Na*, Ca2*,
ete.), they will act as traps for electrons moving in the
Fe film.

934

@ 1044

982
104.0

1038

=
2
=

Z1(1), Ohm

Z(1), Ohm

1036
978 2456 1034
1032

a) b)
Fig. 5 — Temperature dependence of the active resistance Z' of

Fe films grown on Gdz0s (a) and silicate glass (b) at H = 1200
Oe (1) and 40 Oe (2).
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Fig. 5 shows the temperature dependence of the ac-
tive resistance of Fe films grown on Gd203 substrates
(a) and on silicate glass (b) at a magnetic field strength
of 1200 Oe (1) and 40 Oe (2).

The growth of the Z'(f) dependence curves corre-
sponds to the charge transfer mechanism in metals
described by the well-known relation R;= Ro(l + o).
This indicates that electrons in Fe films grown on any
substrate (Gdz203, glass) at any magnetic field strength
in the range (40+1200) Oe move along a percolation
path composed of coalesced iron islands. At the same
time, it is known [16] that Fe films of the same thick-
ness of 30 nm, grown in the absence of magnetic field
on the same substrates, have an island morphology and
a tunneling mechanism of charge transfer between the
islands, characterized by a negative temperature coeffi-
cient of resistance. Thus, it is clear that the main factor
affecting the charge transfer mechanism in this case is
the magnetic field, which controls the growth of the
domain structure of the ferromagnetic Fe film.

The morphology of Fe films grown in a magnetic
field affects not only the active Z' but also the reactive
7" component of the impedance Z, contributing to the
appearance of its inductive wL and capacitive 1/owC
resistances. Parallel currents passing through islands
or island formations will experience induction interac-
tion, resulting in the appearance of the inductive re-
sistance wL of the entire Fe film. Currents flowing
through the boundaries between islands or island for-
mations, which are an obstacle to them due to the ac-
cumulation of charge at their edges, are affected by the
capacitor effect and, accordingly, the capacitive re-
sistance 1/wC. Thus, the characteristics of the mor-
phology of Fe films grown in a magnetic field will de-
termine the values of wL, 1/0C and Z".

3.2 Characteristics of Impedance Spectroscopy
by Fe Nanofilms Grown in a Magnetic Field
on a Gdz03 Layer

Fig. 6 shows the frequency dependence of the active
Z' (a) and the imaginary Z” (b) components of the im-
pedance Z (c), as well as the phase difference ¢(d) be-
tween the applied voltage V(wt) and the current
I (0t + ¢) in the Fe film grown on Gd203 in a magnetic
field with a strength of H = 1200 Oe and the direction

of the vector H || I.

Fig. 7 shows a complex hodograph [19] of the fre-
quency dependence of the impedance of an Fe film
grown on Gd203 in a magnetic field.

For all values of the magnetic field strength at fre-
quencies f > 104 Hz, the inductive component dominates
in the reactive impedance Z" (Fig. 6), so that the imped-
ance Z" = oL on the hodograph has a positive value.
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Fig. 6 — Frequency dependence of the components Z' (a) and
Z" (b) of the impedance Z (c) and the phase difference ¢(d) of
the Fe film grown on Gd203 at H = 1200 Oe
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Fig. 7 — Complex hodograph of frequency dependence of im-
pedance of Fe films grown on Gd20s in magnetic field with
strength: 1 — 1200 Oe, 2 — 500 Oe, 3 — 200 Oe, 4 — 120 Oe, 5 —

60 Oe, 6 — 40 Oe and vector direction H ||T

In addition, the value of the active resistance Z' is 2-3
orders of magnitude higher than that of the reactive
component Z" of the impedance in the entire frequency
range f = (10-2+106) Hz studied. This indicates a low
value of the inductive wL and capacitive 1/wC re-
sistances of the Fe film compared to the active re-
sistance Z' for the current flowing by the percolation
type of conduction in the coalesced islands. The value of
the total impedance Z is obtained from eq.

2= @)+ (2 M

and is approximately equal to the active resistance
Z=~7).

For all Fe films grown in a magnetic field on Gdz20s3,
the value of Z'" at f < 630 Hz has a negative sign. From
the equation

1
' =ol-— 2
@ oC @

it follows that wL < 1/wC. That is, at low frequencies
(f < 630 Hz), the main contribution to the imaginary
part of the impedance is made by the capacitive re-
sistance 1/wC between the islands and the island con-
nections oL < 1/wC.

At a frequency of f = 630 Hz, the sign of Z" changes
from negative to positive. This means that at this fre-
quency, where Z'' = 0, then wL = 1/wC. As is well
known, this state is defined as an electrical resonance
at which the total impedance Z has the smallest value.
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The equality of Z'' = 0 at f = 630 Hz is observed for
all Fe films grown on Gd20s. Fig. 8 shows the depend-
ence of Z" (f) at the lowest 40 Oe (1) and the highest
1200 Oe (2) of the magnetic field strengths used.
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Fig. 8 — Frequency dependence of Z” for Fe films grown on
Gd203 at H=1200 Oe (1) and 40 Oe (2)

The most likely cause of the resonance at f= 630 Hz
is the presence of Fe islands of similar shape and size
in the morphology of the films (Fig. 1).

The impedance response plots at different magnetic
field voltages were modeled using the equivalent circuit
shown in Fig. 9.

R1 L1

— NN

Fig. 9 — Model of the equivalent circuit

The equivalent circuit consists of a resistor R1 in
series with an inductor L1 and a parallel combination
of capacitor C1 and resistor R2. This equivalent circuit
provides a satisfactory data fit for all magnetic field
voltages applied during film growth. The resistor R1
represents the volume resistance of the islands and
island groups of the conductive phase. The inductance
L1 models the effect of shunt current paths through the
conductive phase particles on the dielectric matrix lay-
ers of the substrate. The capacitor C1 and the resistor
R2 take into account the capacitance of the matrix lay-
ers between the particles (or between the clusters) and
the resistance of the dielectric matrix interlayers.

Table 1 — Values of the elements of the equivalent substitution
scheme for samples of Fe nanofilms on a Gd203 layer

, L1, R1, C1, R2,
(Oe) (H) (Ohm) ) (Ohm
1200 | 6.31-10-% | 0.015 5.910-10 | 92.79
500 | 3.9510-6 0.1 7.410-1° | 66.71
200 | 4.8910-6 0.2 6.310-10 | 85.43
120 | 4.90-10-5 0.1 5.610-10 | 84.44

60 8.20-10-6 | 0.047 3.510-10 | 143

40 2.67-10-5 0.15 4.310-10 | 228.4

The resistance R2 decreases as the magnetic field
strength increases. This is due to the increase in size of
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the iron nanoparticles along the magnetic direction of
the magnetic field in the process of their growth.

3.3 Characteristics of Impedance Spectroscopy
of Fe Nanofilms Grown on Silica Glass in a
Magnetic Field

In Fe films grown on silicate glass, the resonance
state In Fe films grown on silicate glass, the resonance
state is reached only when a magnetic field in the
range H=(200+1200) Oe is applied. In this case, at
=630 Hz, as for Fe films on Gd203 (Fig. 6), the equali-
ty Z"=0 and oL = 1/wC, and the sign of Z'' changes.
When weak fields with H = (40+120) Oe are used in the
growth of Fe films, in the region of f=630 Hz, the
value of Z''is close to but not equal to zero, and its sign
remains negative. The described situation is shown in
Fig. 10, where the dependence Z''(f) is given for Fe
films grown on silicate glass at H=120 Oe (1) and
H =1200 Oe (2).
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§30 Hz o O
. TN g0 0mare 0 -
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._\_Q:a/ “O\O-“c b4 \.\
0,05 + ‘\ \\° / .
- .\
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10° 10’ 1
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Fig. 10 — Frequency dependence of Z' for Fe films grown on
silicate glass at H =120 Oe (1) and 1200 Oe (2)
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Fig. 11 — Complex hodograph of frequency dependence of im-
pedance of Fe films grown on silicate glass in magnetic field
with voltage: 1 — 1200 Oe, 2 — 500 Oe, 3 — 200 Oe, 4 — 120 Oe,
5—60 Oe, 6 — 40 Oe

The preservation of the negative sign of Z'' in the
region f < 630 Hz in Fe films grown in weak fields with
H = (40+120) Oe is associated with the presence of elec-
tron traps located on the surface of silicate glass
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(Fig. 3) and with the labyrinthine morphology of these
layers formed at weak magnetic fields (Fig. 1a). In fact,
electron capture by impurity ions in glass will be par-
ticularly effective in the tortuous gaps between island
formations, a large number of which are characteristic
of the labyrinthine morphology. Such electron capture
by ions will reduce the dielectric constant of the glass
and the capacitance C of the capacitor effect, i.e. in-
crease the capacitive resistance 1/wC, leading to the
achievement of the inequality wL > 1/wC and the
preservation of the negative sign Z'' < 0.

Fig. 11 shows a complex hodograph of the frequency
dependence of the impedance of Fe films grown on sili-

cate glass in a magnetic field and in the H || vector

direction. The impedance response curves for these
films have been modeled using an equivalent circuit,
the same as in Fig. 9, and the elements of the equiva-
lent circuit correspond in their physical content to the
same processes modeled by them.

The values of the elements of the equivalent substi-
tution scheme for samples of Fe nanofilms on silica
glass are given in Table 2.

Table 2 — Values of the elements of the equivalent substitution
scheme for samples of Fe nanofilms in silicate glass

H, L1, R1, C1, R2,
(Oe) (H) (Ohm) &) (Ohm)
1200 | 2.12-10-6 | 98.76 7.8410-7 | 0.947
500 | 2.7810-6 | 77.26 | 6.4110-% | 4.51
200 | 1.9710-6 | 84.55 6.47-10-8 | 4.39

120 5.50-10-8 88.4 9.33-10-8 7.72

60 3.10-10-° 81.83 5.65-10-8 5.51

40 3.10-10-° 115.6 2.89-10-8 10

The influence of the magnetic field during film
growth leads to an increase in the inductance of the
sample. A sharp increase in inductance by more than 2
times occurs at values of the magnetic field H 200 Oe.
In this case, the capacitive component dominates the
impedance on the complex frequency dependence hodo-
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ImnemancHa cnekrpockonisa HaHomwIiBOK Fe, Bupomenux y marairaomy moJui Ha Gd20s3 i criri
AM. Kacymog!, O.1. JImurpies!, B,B. Hersaral, K.A. Koporrog!, 10.0. llIkypmoona2, A.I. €sryirenko!

1 Incmumym npobnem mamepianosuascmea HAHY im. I. M. @panuesuua, 03142 Kuis, Ykpaina
2 Cymcoruli Oepocasruil ynisepcumem, 40007 Cymu, Yipaina

JlocmipreHo 4aCTOTHI XapaKTePUCTHUKHN IMIIEAHCY, PI3HUITN a3 MK CTPYMOM 1 HAIIPYTroi, Tomorpadu
Ta BIAMOBIOHI IM €KBIBAJIEHTHI CXeMH HAHOILTIBOK Fe, BUPOIEHNX y MOCTIMHOMY MATHITHOMY IIOJII Ha ITiTK-
nankax Gdz0s 1 crikaTHOro ckiia. ITokasaHo, 1Mo 31 3poCTAHHAM HAIPYKEHOCTI MarHiTHoro moJist Big 40 E
1o 1200 E mopdostoris mrisok Fe amiHoeTbes Bif JIaOipHHTOBOIL 10 CYIMJIBHOL, IO CKJIATAIOTHCA 3 OCTPIBIIIB
3asisa, Akl koaseciiiioBaiu. Taka ckyamHa MopdoJIoris IUIIBOK € IyKepesioM BUHUKHEHHS 1HAYKIINHOI Ta
€MHICHOI CKJIAJ0BUX YSIBHOI YACTHHU IMIlemaHcy. BeranosieHo, mo 3a yacrotu 630 I'p y mmiskax Fe, crro-
cTepiraeThbes MOCTIIOBHUN €JIEKTPUYHUN PE30HAHC, a TAKOK MiHIMaJIbHe 3HAYeHHs IIOBHOTO IMIIeIaHcy. 3a
vactoT mmoHax 104 I' y muriskax Fe crocrepiraerbes piska aMiHa CKJIAJIOBHUX IMIemaHcy 1 pisuwuil ¢as, 1o,
1MOBIPHO, TIOB'sI3aH0 3 ocobsmBocTAME Mopdostorii wrBku. [lo6ymoBano romorpadu HatikBicra i BUKOHAHO
mporpaMHe O0UYMCIIeHHS MapaMeTpiB eKBIBAJEHTHUX CXeM, 10 M BIJIIOBIAI0TH, 3 BUKOPHUCTAHHIM KOMII'I0-
TepHOi mporpamu ZView. Ilokasano, 110 SIK eKBIBaJIEHTHI cXeMHU romorpadis, TaK 1 0COOJIHMBOCTI YACTOTHOL
3aJIEsKHOCTI CKJIAIOBUX IMITeaHCy 1 pidHuIl (a3 3HAYHOI MIpO0 3asIe:KaTh Bl MOpdoJIoril IJIIBOK, IO BU-
3HAYAEThCsI HAIIPYKEHICTIO MATHITHOTO II0JIsI, 3aCTOCOBAHOIO IIPH iX BUPOLILYBaHHI, 4 TAKOK XIMIYHHUM CKJIA-
mom migrmanok. [igknangku Gd:0s BouBaoTs Ha twiiBku Fe 3a paxyHor o0MiHHOI d-f B3aeMomil Misk Heaa-
TOBHEHUMU f- 1 d-eJIeKTPOHHUMU 000JI0HKAMU aTOMIB, 10 BXOAATH 10 ckiaaxy mapis Gd:0s 1 Fe. Cunikarue
CKJIO BILIMBAE 34 PAXYHOK MOHIB TEXHOJIOTIYHUX JOMIIIOK, IO BXOJATH A0 MOT0 CKJIAIY, STKI MOKYTH OyTH
MACTKAMH €JIEKTPOHIB, 10 IPOXOIAThH ILIIBKOIO Fe.

Knrouosi cnosa: Imnenancua criexrpockorris, Ocroporosi HaHOWTiBEH, Fe, Gd20s, O6MminHa d-f B3aeMomis.
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