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 The experimentally observed decrease in the values of the reflection R(f) for Fe/Gd2O3 nanostructures is due 

to the influence of the d-f exchange interaction. These changes make Fe/Gd2O3 nanostructures suitable for use 

in modulation polarimetry, resonator systems, and stealth technologies. The impedance spectroscopy of Fe nan-

ofilms grown on Gd2O3 and silica glass (SiO2) 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/SiO2 and for Fe/Gd2O3 shows 

the closeness of their basic characteristics of dependence on h. 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 ε(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, Fe3O4) [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. 

 
* Correspondence e-mail: k.korotkov@ipms.kyiv.ua 

The aim of this work is to study the effect of the d-f 

exchange interaction on the radioptical properties of 

Fe/Gd2O3 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 Gd2O3 and sili-

cate glass (SiO2) 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/Gd2O3 nanostructures allows us to calculate their ra-

dio-optical properties.  

 

2. CONDITIONS OF THE EXPERIMENT 
 

The Fe and Gd2O3 films were deposited on a SiO2 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 

http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.17(5).05021
https://doi.org/10.21272/jnep.17(5).05021
mailto:k.korotkov@ipms.kyiv.ua
https://orcid.org/0000-0003-0104-2299


 

K.A. KOROTKOV, V.V. NETYAGA, YU.O. SHKURDODA, A.I. DMITRIEV J. NANO- ELECTRON. PHYS. 17, 05021 (2025) 

 

 

05021-2 

t = (30-40) C; Gd2O3 – chamber O2 partial pressure 

pO2 = 210 – 2 Pa, film growth rate  

v = (3-10) nm/min, substrate temperature t = (30-50) C. 

For comparison, FeNF were deposited both on the Gd2O3 

layer and directly on the silica glass (SiO2) substrate. This 

allows us to determine the role of d-f exchange interaction 

in the parameters under study. The thickness of the Gd2O3 

layer in all samples was 50 nm, and the thickness of the 

Fe layer varied within h = (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 

Fe3O4. The Fe3O4 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 Gd2O3 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 Gd2O3 

(50 nm) (a) and their electron pattern: 1-st line – Fe3O4 (d1 = 

0.2967 nm), 2-nd line – Fe3O4 (d2 = 0.2532 nm), 3-rd line – Fe  

(d1 = 0.20268 nm), 4-th line common for Fe (d2 = 0.14332 nm) and 

Fe3O4 (d3 = 0.1485 nm), 5-th line – Fe (d3 = 0.11702 nm) 

The morphology of FeNF grown on Gd2O3 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 Fe3O4. [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 l = 0, the percalation 

mechanism of current transfer is realized, and at l  0, the 

tunneling mechanism is realized [8]. 
 

‘  
 

Fig. 2 – Schematic of the structure of Fe nano-island films after 

their oxidation in air, where h is the film thickness, hp 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( = 2f) and 

its components as a function of the AC frequency. A visual 

representation of the frequency behavior of the impedance 

Z() can be obtained by constructing a hodograph (Nyquist 

diagram), which shows the trajectory of the change in the 

complex plane of the Z() vector. The measurement results 

can be presented in the form of frequency dependencies of 

complex quantities: impedance Z = Z + jZ; admittance 

Y = Y + jY (Y = 1/Z); dielectric constant 
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, where '  and ''  are the real and im-

aginary parts of the dielectric constant ε; C0 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/Gd2O3 

nanostructures. 

The Nyquist plots for prepercolation thicknesses of the 

FeNF of on SiO2 (Fig. 4a) looks like semicircles intersect-

ing the Z' axis at two points. As h 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/SiO2. But not in the case  
 

 
                   a 

  
              b 

 

Fig. 3 – Equivalent substitution scheme for pre-percolation (a) 

and post-percolation threshold (b) Fe/SiO2 and Fe/Gd2O3 

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 φ(ω) between current and voltage 
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L1 C1

R1

Element Freedom Value Error Error %

L1 Free(+) 4,2705E-05 3,9129E-07 0,91626

C1 Free(+) 1,685E-10 2,5099E-12 1,4896

R1 Fixed(X) 0 N/A N/A

Chi-Squared: 0,25142

Weighted Sum of Squares: 34,445

Data File: E:\виктор\мои загрузки 2023\МТС\1FEGDO1.

Z

Circuit Model File:

Mode: Run Fitting / Selected Points (11 - 80)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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c 
 

Fig. 5 – a, b: Nyquist hodographs of the Fe/Gd2O3 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 φ(ω) between current and voltage 
 

Fe/Gd2O3 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 SiO2 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 

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 SiO2 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/Gd2O3 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). 
 

 
 

Fig. 6 – Nyquist hodographs of the nanostructures for samples 

with thicknesses of Fe/SiO2 13 nm (curve 1), Fe/Gd2O3 (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/Gd2O3 

 

Fe/SiO2 Fe/Gd2O3 

13 nm 5 nm 

R1 (Ohm) С1 (F) R2 (Ohm) R1 (Ohm) С1 (F) R2 (Ohm) 

 41.1 10  − 111.47 10   73.24 10   39.24 10  − 112.12 10   61.73 10  

24 nm 11 nm 

 41.55 10  − 111.81 10   51.75 10   41.13 10  − 112.72 10   45.72 10  

35 nm 32 nm 

R1 (Ohm) L1 (H) С1 (F) R1 (Ohm) L1 (H) С1 (F) 

 26.92 10  − 55.49 10  − 115.86 10   26.20 10  − 55.08 10  − 115.86 10  

66 nm 58 nm 

 22.22 10  − 55.49 10  − 103.34 10   24.07 10  − 54.27 10  − 101.69 10  
 

Analysis of Table 1 shows that for the Fe/SiO2 

nanostructures at h  30 nm, the conductivity is deter-

mined by electron tunneling between Fe nanoparticles 

forming a capacitor with a dielectric layer consisting of two 

Fe3O4 plates separated by an air gap of thickness l (see Fig. 

2). Capacitance C1 increases slightly with increasing h 

(23.1 %) since C ~ 1/l and at l  2 nm. C1 ≅ const. The latter 

indicates that up to the percolation threshold, the distance 

between Fe nanoparticles l  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 l, then R2 ~ l 

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 [H] ~ 1/I [cm] (1) 
 

where I is the length of the coil winding. 

Let us assume that I is symbatical with the cluster 

length d increasing with h. Then, at 200 nm ≥ d ≪ 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 φ(ω) 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 l → 0 in an increasing 

number of infinite clusters. Comparison for Fe/SiO2 and 

for Fe/Gd2O3 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/SiO2 and 
 

 
                  a 

 
                 b 

     
                      c 

     
                      d 

 

Fig. 7 – Frequency dependence of the dielectric constant ε in 

films with thicknesses of 13 nm (Fe/SiO2) (a), 24 nm (Fe/SiO2) 

(b), 5 nm (Fe/Gd2O3) (c) and 11 nm (Fe/Gd2O3) (d): 1 – ε', 2 – ε' 
 

Fe/Gd2O3 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/SiO2 

and Fe/Gd2O3 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]: 
 

 
( )

( ) ( )



  

−
= =

+2 2
0 0

'' ''
'

' ''

Y Z

Z Z
; (2) 

 
( ) ( )


  

= =
+2 2

0 0

' '
''

' ''

Y Z

Z Z
, (3) 

 

 where ε0 is the dielectric constant of the vacuum.  

The large values of ε and ε 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 

ε in the frequency range of 0.13104 Hz is determined by 

the frequency dependence of the permeability ( ) '  [11]: 

 

 
( ) 




=
0

'
''  (4) 

As the frequency 510f   Hz is increased, the phase 

shift (Fig. 4c, 5c) 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 ε. 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 ε can be calculated as follows 
 

   = +2 2' ''  (5) 
 

Fig. 8 shows a typical frequency dependence of the die-

lectric constant for Fe/SiO2 and Fe/Gd2O3 nanostructures. 

 
 

Fig. 8 – Typical frequency dependence of the dielectric constant 

ε(f) for Fe/SiO2 and Fe/Gd2O3 nanostructures. The insets show the 

dielectric constant in the range of 18105 Hz, fn – frequency of 

spin noise extremes 
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According to the classical optical theory, the absorption 

coefficient  = ε – 1 and the transmittance T = 10 –  can be 

calculated. From the absorption and transmittance 

coefficients, the reflection coefficient can be calculated. 
 

 
 

Fig. 9 – Frequency dependence of reflection coefficient R(f) for 

Fe/SiO2 nanostructures with Fe thicknesses of 13 nm (curve 1), 

24 nm (curve 2), and Fe/Gd2O3 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/Gd2O3 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/Gd2O3 

nanostructures indicate the prospects of using such a 

structure in stealth technology [12]. 

In the frequency range f  105 Hz, the dependences ε(f) 

show a peculiarity in the form of a maximum (see Table 2). 
 

Table 2 – The spin-noise extremes fn for Fe/SiO2 and Fe/Gd2O3 

nanostructure 
 

Fe/SiO2 Fe/ Gd2O3 

hFe 

(nm) 

fn (Hz) ε hFe 

(nm) 

fn (Hz) ε 

13  54.023 10  2.15 5  54.006 10  3.42 

24  53.936 10  3.17 11  53.975 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 ε(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 h  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 ε(f) dependence. 

 

5. CONCLUSIONS 
 

Impedance spectroscopy of Fe nanofilms grown on Gd2O3 

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 Fe3O4 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/SiO2 and Fe/Gd2O3 shows the closeness of their 

main characteristics of dependence on h. 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 

ε(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 h  hp. 

The experimentally observed increase in the values of 

the reflection coefficients R(f) for Fe/Gd2O3 nanostructures 

compared to the Fe/SiO2 structure is due to the influence 

of the d-f exchange interaction. 

These changes make Fe/Gd2O3 nanostructures suitable 

for use in modulation polarimetry, resonator systems, and 

stealth technologies. 
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Спіновий обмін d-f взаємодії в імпедансному спектрі 
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Експериментально спостережене зменшення значень відбиття R(f) для наноструктур Fe/Gd2O3 зумов-

лене впливом d-f обмінної взаємодії. Ці зміни роблять наноструктури Fe/Gd2O3 придатними для викорис-

тання в модуляційній поляриметрії, резонаторних системах і стелс-технологіях. Досліджено імпедансну 

спектроскопію наноплівок Fe, вирощених на підкладках Gd2O3 та кремнеземного скла (SiO2) в діапазоні 

частот 0-107 Гц. Зі збільшенням товщини Fe наноплівок їх морфологія змінюється від наноточок до лабіри-

нту до перколяції, що складається з залізних острівців, які забезпечують перколяційний механізм провід-

ності. Складна морфологія фольги є джерелом ємнісної та ємнісної складових уявної частини імпедансу. 

Проаналізовано годографи та відповідні еквівалентні схеми наноплівок. Порівняння для Fe/SiO2 та для 

Fe/Gd2O3 показує близькість їхніх основних характеристик залежності від h. Відмінності полягають у чис-

лових значеннях параметрів. Останні є функцією кінетичних властивостей плівок і впливу d-f обмінної вза-

ємодії. В діапазоні частот f  105 Гц на залежностях ε(f) спостерігається особливість у вигляді максимуму. 

Утворення цього піку, ймовірно, пов'язане з ефектом спінового шуму. Ефект спінового шуму характерний 

для плівок з тунельною провідністю. 
 

Ключові слова: Імпедансна спектроскопія, Оксидні наноплівки, Fe, Gd2O3, d-f обмінна взаємодія. 
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