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The experimentally observed decrease in the values of the reflection R(f) for Fe/Gd20s nanostructures is due
to the influence of the d-f exchange interaction. These changes make Fe/Gd203 nanostructures suitable for use
in modulation polarimetry, resonator systems, and stealth technologies. The impedance spectroscopy of Fe nan-
ofilms grown on Gd2Os and silica glass (SiOz) substrates in the frequency range of 0-107 Hz has been investigated.
As the thickness of Fe nanofilms increases, their morphology changes from nanodot to labyrinth to percolation,
consisting of iron islands that provide the percolation mechanism of conductivity. The complex morphology of
foils is the source of the and capacitive components of the imaginary part of the impedance. The hodographs and
corresponding equivalent circuits of nanofilms are analyzed. The comparison for Fe/SiOz and for Fe/Gd20s shows
the closeness of their basic characteristics of dependence on A. The differences lie in the numerical values of the
parameters. The latter are a function of the kinetic properties of the films and the influence of the d-f exchange
interaction. In the frequency range f> 105 Hz, the &(f) dependences show a peculiarity in the form of a maximum.
The formation of this peak is probably related to the spin noise effect. The spin noise effect is characteristic for

films with tunneling conductivity.
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1. INTRODUCTION

Exchange interaction increases the magnetization of
ferromagnetic layers (Fe, Co, Ni, Fe304) [1, 2], thereby en-
hancing many properties of structures based on them,
such as magneto-optical [3], electron paramagnetic reso-
nance [4], galvanomagnetic [5], anomalous Hall effect [6],
and conductivity of MDM structures [7]. Such amplifica-
tion does not require energy or the use of amplifying de-
vices and can be achieved at the nanoscale, which is im-
portant for nanotechnology.

The special radio-optical properties of Fe nanofilms
(FeNF) are suggested by their porous morphology.

Modern methods of protection of aircraft from detection
are united in stealth technology, a set of methods to reduce
the probability of detection of objects in the radar field. In
this case, the main task is to suppress reflectivity. Solving
this problem by changing the geometry and configuration
of flying objects has led to a significant reduction in their
aerodynamic characteristics. Currently, the idea of coating
reflective surfaces with absorbing (paints and varnishes
with special fillers) or scattering microporous materials
(specially treated fabrics, etc.) is used. The nanoporous
morphology of FeNF may be of interest for stealth technol-

ogy.
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The aim of this work is to study the effect of the d-f
exchange interaction on the radioptical properties of
Fe/Gd203 nanostructures in the decimeter range. The dec-
imeter range of combined arms radar radiation is used by
military systems all armies of the world.

To achieve this goal, impedance spectroscopy in the fre-
quency range 0-107 Hz of FeNF grown on Gd203 and sili-
cate glass (Si02) substrates has been studied. In the latter
case, the influence of the d-f exchange interaction is eluci-
dated.

In FeNF, each pair of charged adjacent islands sepa-
rated by a gap represents a capacitor with charge leakage
due to electron conduction through the potential gap bar-
rier. Within this framework, the study of the frequency de-
pendence of the dielectric constant for Fe/SiO2 and
Fe/Gd203 nanostructures allows us to calculate their ra-
dio-optical properties.

2. CONDITIONS OF THE EXPERIMENT

The Fe and Gdz203 films were deposited on a SiOz sub-
strate by electron beam evaporation of targets of similar
composition from chemically pure reagents. Deposition
conditions were as follows: Fe — vacuum p =3-10-3 Pa,
film growth rate v = (5-10) nm/min, substrate temperature
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t=(30-40) °C; Gd20s — chamber Oz partial pressure
po:=2-10-2 Pa, film growth rate
v =(3-10) nm/min, substrate temperature ¢= (30-50) °C.
For comparison, FeNF were deposited both on the Gd20s3
layer and directly on the silica glass (SiOz2) substrate. This
allows us to determine the role of d-f exchange interaction
in the parameters under study. The thickness of the Gd203
layer in all samples was 50 nm, and the thickness of the
Fe layer varied within A = (5-70) nm. Cu film electrodes
were applied to the ends of the FeNF by thermal evapora-
tion to solder conductive wires.

To stabilize the resistance of FeNF, 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 FeNF
was not dangerous, since earlier in [5] we showed that the
d-f exchange interaction occurs not only at the interface of
the REM (rare earth metal) oxides with Fe, but also with
Fe304. The FesO4 magnetite is a semi-metal in terms of
conductivity, so it does not interfere with the passage of
electrons through the FeNF with a complex morphology.

The following equipment was used for the experiments.
The films were deposited on a VU-1A electron beam evap-
oration apparatus. Microscopic studies of the morphology
of the films were performed on a Tescan Mira 3 LMU scan-
ning electron microscope. Electrophase analysis of the
FeNF was performed on a JEM 2100 F transmission elec-
tron microscope. The impedance frequency response was
measured on a Solarton 1250 FRA using the ZPlot com-
puter program. The data were analyzed using the ZView
program.

3. MORPHOLOGY OF FE NANOFILMS

Fig. 1 shows the electron microscope images and elec-
tron micrographs of FeNF grown on a Gd203 layer—FeNF
grown on silicate glass under similar conditions have sim-
ilar morphology and structure.

a b

Fig. 1 — The morphology of Fe (30 nm) nanofilms grown on Gd2Os
(50 nm) (a) and their electron pattern: 1-st line — FesO4 (d1 =
0.2967 nm), 2-nd line — Fes04 (dz = 0.2532 nm), 3-rd line — Fe
(d1=0.20268 nm), 4-th line common for Fe (d2 = 0.14332 nm) and
Fes04 (ds = 0.1485 nm), 5-th line — Fe (d3 = 0.11702 nm)
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The morphology of FeNF grown on Gd203 is island-like.
The film is formed by two structural types of iron islands,
which differ in the size of the dielectric barrier between the
iron particles. One structure is formed into large islands of
clusters of iron particles of stochastic shape with size from
20 to 200 nm, separated by a dielectric barrier of 5-20 nm
width and more than 200 nm length of labyrinth type. The
second structure of iron islets appears as dense clusters of
iron nanoparticles of stochastic shape, which actually form
large islet structures. In clusters, nanoparticles are sepa-
rated by an insignificant barrier, the size of which ranges
from 1 to 10 nm. In such clusters, tunneling of electrons
through a small dielectric barrier is possible. Thus, the ob-
ject of research are island films with a system of numerous
clusters of ferromagnetic nanoparticles separated by a
small dielectric barrier-Taking into account the stability of
technological modes of sputtering, it can be assumed that
the morphologies of films for different thicknesses will dif-
fer mainly in the size of interstrand distances.

Electron phase analysis shows the presence of diffrac-
tion lines on electronograms corresponding to both pure
iron and its oxide FesOs. [8]. The most probable model of
Fe nano-island films after their oxidation in air is the core-
shell configuration, where the core consists of Fe and the
shell consists of Fe3O4 oxide, as shown in Fig. 2. At the
distance between nanoparticles /=0, the percalation
mechanism of current transfer is realized, and at [ > 0, the
tunneling mechanism is realized [8].

Fe:0s
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Fig. 2 — Schematic of the structure of Fe nano-island films after
their oxidation in air, where A is the film thickness, A, 30 nm.
Film thickness at which the percalation threshold is reached.

4. RESULTS AND DISCUSSION

4.1 Nyquist Hodographs and Equivalent Substitu-
tion Schemes

To study the dielectric properties of the samples pre-
sented, we used the method of impedance spectroscopy [9],
which consists in analyzing the impedance Z(w = 27f) and
its components as a function of the AC frequency. A visual
representation of the frequency behavior of the impedance
Z(w) can be obtained by constructing a hodograph (Nyquist
diagram), which shows the trajectory of the change in the
complex plane of the Z(w) vector. The measurement results
can be presented in the form of frequency dependencies of
complex quantities: impedance Z=Z'+jZ"; admittance
Y=Y +;Y (Y=1/2); dielectric constant
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& =
JoCy
aginary parts of the dielectric constant ¢; Co is the capaci-
tance of a capacitor with the same geometric dimensions
as the one being measured, but filled with air.

The use of a hodograph is the basic and most visual
way to represent the electrical properties of the measured
samples by constructing equivalent circuits. An equivalent
circuit is an electrical circuit consisting of ideal resistors,
capacitors, and inductors that have the same frequency re-
sponse as the measured sample. The numerical values of
the impedances of the equivalent substitution schemes
were calculated using the least squares method. Fig. 3
shows the equivalent substitution scheme for before and
after the percolation threshold of Fe/SiO2 and Fe/Gd203
nanostructures.

The Nyquist plots for prepercolation thicknesses of the
FeNF of on SiO:z (Fig. 4a) looks like semicircles intersect-
ing the Z' axis at two points. As A increases, the area of the
semicircle decreases. At h > hp the hodograph changes
sign and degenerates into a curved line (Fig. 4b) continu-
ing to decrease in size for Fe/SiOz2. But not in the case

=¢&'-je", where ¢' and &" are the real and im-

R1 R2 L1 c1
R1
a b
Fig. 3 — Equivalent substitution scheme for pre-percolation (a)

and post-percolation threshold (b) Fe/SiO: and Fe/Gd:0s
nanostructures
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Fig. 4 — a, b: Nyquist hodographs of the Fe/SiO2 nanostructures
for FeNF with thicknesses of 13 nm (a, curve 1), 24 nm (a, curve
2), 35 nm (b, curve 3), and 66 nm (b, curve 4). 4 c. Frequency de-
pendences of the phase angle @(®) between current and voltage

Z, Ohm
. 0,0 5,0x10* 1,0x10°
2,0x10 T T T
0
E 5
0,0 : & t
o : 1-1x10*
- L]
20x10° B J .
L] | ]
c \.\D [ D/ il H{-2x10* g
< 5 \ \3 6 / ./ £
O -4,0x10° " d °
w§ % & ~ / N
A s 4 -3x10*
| |
-6,0x10° 1 N\ /'
L 4
- -4x10
s \'\_ e
-8,0x10° ~— a®
: : : -5x10*
0,0 5,0x10° 1,0x10° 1,5x10°  2,0x10°
Z, Ohm
a
3,5
3,0 | D\
251 =)
\ .
20| o b
1 "
E 5t g L]
5 | L
-~ T a
N 10} I 1-
L 8 .
05| - - 7
L]
& i

-0,5
300 350 400 450 500 550 600 650 700
Z' Ohm

05021-3



K.A. KOROTKOV, V.V. NETYAGA, YU.O. SHKURDODA, A.I. DMITRIEV

50

[}
84
!
[+]
%
0
s .
L]
g " ©
- []
50 | '._
LE ]
5
100 L L L L L L |
w' 10" w' 1w 1w 1w’ 0" w 0

Fig. 5 — a, b: Nyquist hodographs of the Fe/Gd203 nanostructures
for FeNF with thicknesses of 5 nm (a, curve 5), 11 nm (a, curve
6), 32 nm (b, curve 7), and 58 nm (b, curve 8). 5 c¢. Frequency de-
pendences of the phase angle @(®) between current and voltage

Fe/Gd20s where the d-f exchange interaction leads to an
increase in the magnetic moment of the nanostructure.
This leads to the emergence of magnetoresistance and an
increase in the size of the hodograph. This indicates a
strong dependence nanostructures on its thickness of
FeNF and d-f exchange interaction.

At high frequencies (leftmost point), Z' = R1 corre-
sponds to the resistance of the conductive of the FeNF. At
low frequencies (the right intersection of the hodograph
with the Z' axis), the impedance value corresponds to the
sum of the resistances of the Fe3O4 dielectric layer R2 and
accounts for the resistance of the SiOz dielectric substrate
(Fig. 3a), and the volume of the FeNF: Z'= R1 + R2. In Fig.
4c, 5c (curves 3, 4, 7, 8), the phase shift for these samples
at frequencies f> 103 Hz indicates the capacitive nature of

JJ. NANO- ELECTRON. PHYS. 17, 05021 (2025)

the impedance, i.e. the presence of a capacitance.

Thus, the resistive-capacitive coupling represented by
parallel RC chains in the equivalent circuits indicates the
island structure of the FeNF Since these films do not form
an infinite cluster, the equivalent circuits contain two re-
sistors in series (Fig. 3a). The second resistor R2 accounts
for the resistance of the SiOz dielectric substrate. Resistor
R2 is shunted by capacitor C1, whose capacitance is equal
to the capacitance of the dielectric layer between the is-
lands.

Comparison of Fig. 4 for Fe/SiO2 and Fig. 5 for
Fe/Gd203 nanostructures shows the similarity of their
main characteristics. However, according to the compari-
son of almost identical Fe thicknesses, the Nyquist hodo-
graphs differ by several orders of magnitude (Fig. 6).
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Fig. 6 — Nyquist hodographs of the nanostructures for samples
with thicknesses of Fe/SiOz 13 nm (curve 1), Fe/Gd20s (curve 2),
11 nm

The parameters of the equivalent circuit (Fig. 3) are
calculated according to Fig. 4, 5 (Table 1).

Table 1 — Equivalent circuit parameters (Fig. 3) for Fe/SiO2 and Fe/Gd203

Fe/SiO2 Fe/Gd203
13 nm 5 nm

R1 (Ohm) C1 (F) R2 (Ohm) R1 (Ohm) C1 (F) R2 (Ohm)

1.1-10* 1.47-10 3.24-107 9.24-10° 2.12.10 1.73-10°
24 nm 11 nm

15510 | 1.81.10™ 1.75-10° 1.13-10° 27210 | 5.72-10°
35 nm 32 nm

R1 (Ohm) L1 (H) C1 (F) R1 (Ohm) L1 (H) C1 (F)

6.92.10% 5.49-107° 5.86-1071! 6.20-10% 5.08-107° 5.86-107!!
66 nm 58 nm

2.22.10* 5.49-107° 3.34.107% 4.07-10 4.27.10° 1.69-107%

Analysis of Table 1 shows that for the Fe/SiO:
nanostructures at A < 30 nm, the conductivity is deter-
mined by electron tunneling between Fe nanoparticles
forming a capacitor with a dielectric layer consisting of two
Fe304 plates separated by an air gap of thickness [ (see Fig.
2). Capacitance C1 increases slightly with increasing A
(23.1 %) since C~ 1/l and at [ > 2 nm. C1 = const. The latter
indicates that up to the percolation threshold, the distance

between Fe nanoparticles /> 2 nm.

Resistance R1 is determined by the leakage currents of
capacitance C1 and is symbatically related to it. The re-
sistance value of the glass substrate R2 is determined by
the hopping mechanism of conductivity. Since the effective
hop length for conductivity is comparable to [, then R2 ~ [
and decreases by 2 orders of magnitude with increasing h,
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R2 >> R1. At h > 30 nm, the percolation mechanism deter-
mines the conductivity. Therefore, the resistor R3 corre-
sponds to the resistance of the conductive cluster, and L1
to its inductance, Fig. 3 (b). The value of R3 decreases with
increasing h due to the increase in the number of infinite
conductive clusters. The decrease in the value of L1 in this
case can be explained by the example of the dependence of
the inductance of a single-layer cylindrical coil without a
core.

L [uH] ~ VI [em] 1)

where I is the length of the coil winding.

Let us assume that I is symbatical with the cluster
length d increasing with A. Then, at 200 nm > d K I =1
cm, the function (1) acquires the character of a strong de-
pendence, which explains the changes in the value of L1.
However, the value of gp(w) does not exceed =40° and de-
creases to =~ 20° (Fig. 4.5), which indicates a decrease in
the role of inductance in the current transfer process with
increasing h.

The increase in the capacitance of the capacitor C2 is
associated with the tendency of [ — 0 in an increasing
number of infinite clusters. Comparison for Fe/SiO2 and
for Fe/Gd203 shows the closeness of their main character-
istics of deposition from h. The differences lie in the nu-
merical values of the parameters under discussion. Which
is confirmed by the example of their comparison with ap-
proximately equal thicknesses of FeNF (Fig. 6). The latter
are a function of the kinetic features of the substrates.

4.2 Radio-Optical Parameters in the Decimeter
Range

Porous materials are capable of absorbing and scatter-
ing radiation. Therefore, the nanoporous morphology of
FeNF may be of interest for stealth technology. The exper-
imental results of the impedance study for Fe/SiOz and
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Fig. 7 - Frequency dependence of the dielectric constant ¢ in
films with thicknesses of 13 nm (Fe/SiO2) (a), 24 nm (Fe/Si0Oy)
(b), 5 nm (Fe/Gd20s3) (c) and 11 nm (Fe/Gd203) (d): 1 —¢’, 2 — &'
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Fe/Gd203 nanostructures make it possible to evaluate
their radio-optical characteristics in the decimeter wave
range.

Fig. 7 shows the frequency dependence of the dielectric
constant for pre-percolation film thicknesses in Fe/SiOs
and Fe/Gd203 nanostructures.

Based on the results of the experimentally measured im-
pedances, Fig. 7 shows the calculated frequency dependences
of the ¢'real and &"imaginary components of the dielectric
constant of nanostructures according to (2, 3) [10]:

g':Y”(OI): _Z" : (2)
()&, (Z’2+Z”2)a)£o
P S Y — ®)

()&, (Z'2+ Z"Z)a)eo

where ¢o is the dielectric constant of the vacuum.

The large values of ¢’ and ¢” in the low frequency range
(0.1 + 100 Hz) are not real nanostructures parameters, but
some effective values resulting from the uneven distribu-
tion of electric charges and field in the film and the pres-
ence of free charge conductivity. The linear dependence of
&" in the frequency range of 0.1+3-10* Hz is determined by
the frequency dependence of the permeability o-'(a)) [11]:

"= 4)
we,

As the frequency f>105 Hz is increased, the phase
shift (Fig. 4c, 5¢) reaches values close to 90°, which corre-
sponds to the capacitive bias current that is the main con-
tributor to the polarization of the film islands. At the same
time, there is no charge accumulation, resulting in a con-
stant value of €. For the sample 13 nm & ~1.4, for the sam-
ple 24 nm & ~1.58. From the calculated values of the real
&' (2) and imaginary ¢" (3) parts of the total dielectric
constant ¢ can be calculated as follows

g=s2rem &)

Fig. 8 shows a typical frequency dependence of the die-
lectric constant for Fe/SiO2 and Fe/Gd203 nanostructures.

1.0x10°4
8.0x10°
6.0x10° L —
5 3.0x107 6.0x10°
5 1, H:
4,0x10° 2
2.0x10°
0.0
2 7 | y U o 1 ."‘ b 3 = 4 iy 5 o 6 7
107 1! 1" 10 107 10° 10t 107 10° 107

f,Hz

Fig. 8 — Typical frequency dependence of the dielectric constant
&(f) for Fe/SiOz2 and Fe/Gd203 nanostructures. The insets show the
dielectric constant in the range of 1+8-10°> Hz, f, — frequency of
spin noise extremes
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According to the classical optical theory, the absorption
coefficient a = ¢ — 1 and the transmittance 7'= 10~ % can be
calculated. From the absorption and transmittance
coefficients, the reflection coefficient can be calculated.

0.5
0.0 T T
0.54

_._l
w~ —o—12
1.04 —_—3
——4
1.5
2.0 r T T T T
1x10° 2x10° 3x10° 4x107 5x10° 6x10° 7x10°

f, Hz

Fig. 9 - Frequency dependence of reflection coefficient R(f) for
Fe/SiOz nanostructures with Fe thicknesses of 13 nm (curve 1),
24 nm (curve 2), and Fe/Gdz0s with Fe thicknesses of 5 nm (curve
3) and 11 nm (curve 4)

The experimentally observed decrease in the values of
the reflection R(f) for Fe/Gd203 nanostructures compared
to the Fe/SiO2 structure is due to the influence of the d-f
exchange interaction of the ferromagnetic /oxide REM type
[9].
The calculated para-optical (para is Latin for
similarity) values of the reflection R(f) for Fe/Gd:20s3
nanostructures indicate the prospects of using such a
structure in stealth technology [12].

In the frequency range f > 10°> Hz, the dependences &(f)
show a peculiarity in the form of a maximum (see Table 2).

Table 2 — The spin-noise extremes f, for Fe/SiOz and Fe/Gd20s
nanostructure

Fe/Si02 Fe/ Gd20s3
hre frn (Hz) e hre fr» (Hz) e
(nm) (nm)
13 | 4.023-10° | 2.15 5 4.006-10° | 3.42
24 | 3.936-10° | 317 | 11 | 3.975.10° | 3.70
35 Not extremum 32 Not extremum
66 Not extremum 58 Not extremum

The formation of the peak is probably due to the spin noise
effect [13]. The calculated values of &(f) are a consequence of
experimental measurements of the electrical impedance pa-
rameters (2, 3, 5). For h < hp, the current transfer mechanism
is tunneling, determined by the spin-exchange d-f interaction
[5, 7]. Therefore, the spin noise effect is characteristic of films
with A < hp. At h > hp, the percalation mechanism of charge
transfer is realized, where the influence of the spin interac-
tion is not significant [5, 7]. This results in the absence of
maxima for the £(f) dependence.

JJ. NANO- ELECTRON. PHYS. 17, 05021 (2025)

5. CONCLUSIONS

Impedance spectroscopy of Fe nanofilms grown on Gd203
and silicate glass (SiO2) substrates in the frequency range of
0-107 Hz has been studied. It is shown that with increasing
thickness of Fe nanofilms, their morphology changes from
nanodot to labyrinthine to continuous, consisting of coalesced
iron islands that provide a percolation mechanism of conduc-
tivity. The most probable model of Fe nanofilms after their
oxidation in air is the core-shell configuration, where the core
consists of Fe and the shell is made of FesO4 oxide. Such a
complex morphology of the nanofilms is the source of the in-
duction and capacitive components of the imaginary part of
the impedance. The analysis of Nyquist hodographs and cor-
responding equivalent circuits of nanofilms is carried out.
Such a complex morphology of the films is the source of the
induction and capacitive components of the imaginary part of
the impedance. The Nyquist hodographs and corresponding
equivalent circuits of the nanofilms are analyzed. The com-
parison for Fe/SiOz and Fe/Gd203 shows the closeness of their
main characteristics of dependence on A. The differences lie
in the numerical values of the parameters. The latter are a
function of the kinetic properties of the films and the influ-
ence of the d-f exchange interaction.

In the frequency range f > 105 Hz, the dependences of
&(f) show a peculiarity in the form of a maximum at fre-
quency fn. The formation of this peak is probably related
to the spin noise effect. The spin noise effect is character-
istic of films with A < Ap.

The experimentally observed increase in the values of
the reflection coefficients R(f) for Fe/Gd203 nanostructures
compared to the Fe/SiOz structure is due to the influence
of the d-f exchange interaction.

These changes make Fe/Gd20s nanostructures suitable
for use in modulation polarimetry, resonator systems, and
stealth technologies.
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CoinoBuii o0Min d-f B3aemoii B iMImegaHCHOMY CIIEKTPi

K.A. Koporkog?, B.B. Hersaral, 10.0. Hlxypmoma2, A.I. JImurpies!?

L Incmumym npobnem mamepianosnascmea HAH Yrpainu, Kuie-142, Yipaina
2 Cymcoruil depocasruil yHigepcumem, 40007 Cymu, Yrpaina

ExcmepuMeHTaIBHO CIIOCTEpEsKeHe 3MEHIIeHHs dHadYeHb BinonTTtsa R(f) mis manoctpykryp Fe/Gd:Os 3ymos-
JeHe BILIMBOM d-f oOMiHHOI B3aemomii. 111 amiam pobssars HanocTpykTypu Fe/Gd2Os nmpumaTHUMM IJIsT BUKOPHC-
TAHHS B MOAYJIALIIAHINA II0JIAPUMETPIi, Pe30HATOPHUX CHCTEeMaxX 1 creJic-TexXHoJoriax. JlocaimKkeHo iMIIeTaHCHy
CIEKTPOCKOIII0 HaHOILTIBOK Fe, Bupomennx ua marmagkax Gd:03 ta kpemuesemuoro ckia (SiOz) B giamasoni
qactoT 0-107 I't1. 31 361IbIIeHHAM TOBIIMHA Fe HaHOILTIBOK 1X MOPQOJIOTis 3MIHIOETHCA Bl HAHOTOYOK 10 JIa0ipH-
HTY JI0 TIEPKOJIAIIT, 0 CKJIATAETHCSA 3 3AI3HUX OCTPIBINB, SIKI 3a0€3MeUy0Th MePKOJIAIIINHUN MeXaHi3M IIPOBIT-
"octi. CraamHa Mopdostorisa (osIbru € JKepesioM eMHICHOI Ta €MHICHOI CKJIAZOBUX YABHOI YACTHHY IMITEIAHCY.
TIpoanasmizoBano romorpadu Ta BIAMOBIAHI €KBIBAJIEHTHI cxeMu HAHOILTIBOK. [lopiBHsauusa mis Fe/SiO: ta mis
Fe/Gd203 morasye 6iM3bKiCTh TXHIX OCHOBHUX XapaKTEPUCTUK 3aJIEIKHOCTI Bif A. BIAMIHHOCTI IOJIATA00TH y YHC-
JIOBUX 3HAYEHHAX mapamerpiB. OcranHi € QyHKINEI0 KIHETHYHHUX BJIACTUBOCTEH ILTIBOK 1 BILTHUBY d-f 0OMIHHOI B3a-
emomii. B giamasoni wacror f > 105 I'tp Ha 3ameskHocTsX £(f) cHocTepiraeTbesi 0COOIMBICTD Y BUTJIAML MAKCHMYMY.
YTBOpeHHs 1BOTO0 MKy, IMOBIPHO, HOB'sI3aHe 3 ed)eKTOM cIiHOBOTO IIymy. Edexr crmizoBoro mymy xapaxkTepHmit

LTSI ILUTIBOK 3 TYHEJIFHOIO IIPOBLIHICTIO.

Knrouogsi cinosa: Imnenancua cnexkrpockoris, Okcuui nanorwtisky, Fe, Gd20s, d-f oOminHAa B3aemoTis.
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