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[pencraBneHb! pe3yabTaThl H3yUSHUs XapaKTEPUCTUK SKBUBAJICHTHBIX CXEM 3aMEICHUs] HAHOTPaHYJIMPOBaHHBIX KOM-
NO3UUMOHHBIX TIEHOK (Fe) 45C0q 4571 1) (ALO3), 1 (Fe45C00 45210 10)(PZT), _, ¢ KOHUEHTpauuel MeTamiocoaep-
xamelt ¢azer B quanazone 0,3 < x < 0,8. [IneHkn TONIMHON 2—7 MKM IOJTy4€HbI METOJIOM HOHHO-Ty4€BOTO PACIIBUICHUS
COCTaBHBIX MHIIECHEH B cpejie YUCTOTO aproHa u B cMecu Ar — O, ¢ mocieayromum crynendarsv (¢ marom 25 K) uzo-
XpoHHBIM (15 MUH) OTKHTOM Ha BO3IyXe B Anuamnazone temmeparyp 398—873 K. Ocaxnenrne HaHOKOMIIO3UTOB B KHCIIOPOIIO-
cozepKaliei cpeze MMb0 MOCIERY oMM OTXKNT Ha BO3LyXe NPUBOAMIN K (POPMUPOBAHUIO HAHOYACTHUI] CO CTPYKTYpOH
«spo — 000II0uKaY, TIPEICTABISIONEH COO0H MeTalMueckue HaHoYacTUIb! Fe, 45Coy 4571 1o, TIOKPBITBIE 060TOYKAMH
u3 cOOCTBEHHBIX OKCHUIOB jxene3a u kobansra (FeO, Fe,O,4, Fe,0;, CoO). YcranoBieHo, 4To B ciyyae (pOPMUPOBAHUS
BOKPYI' METAJUIMYECKUX HAHOYACTUL] 000JIOUEK U3 BKIIOUEHUH COOCTBEHHBIX OKCHJOB JKelle3a IIOIYIPOBOIHUKOBOIO
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tuna (FeO, Fe;O,), yacTOTHBIE 3aBMCUMOCTH IOJIHOTO MMIIE/IaHCA HAHOKOMIIO3UTOB MOTYT OBbITh ONMCAHBI HA OCHOBE
SKBUBAJICHTHBIX CXEM 3aMEILEHHUs, COAepKalMX JBa pe3oHaHCHbIX RCL-KOHTYpa, YTO CONMpPOBOKAAETCS MOJNOKUTEIb-
HBIM (pa30BbIM CABUIOM TOKA OTHOCHUTENBHO HMPHIOKEHHOIO HAIPSDKEHUS CMELEHUs (Tak Ha3blBaeMbIM (B QeKToM oT-
punarenbHol eMkocTH). Eci B 00010uKax BOKpYT METAJUIMYECKUX HAHOYACTHI] YBEJIMUMBACTCS COAEPKAHNUE OKCHIA
Fe,0;, sABsIoIErocs AUAIEKTPUKOM, TO ITO IPUBOAUT K SIKBUBAJICHTHBIM CXEMaM 3aMEILeHus TM00 ¢ OHUM PEe30HAHC-
HbIM RCL-koHTYpOM, 111100 BoOOIIe 6e3 RCL-KkOHTYpa, B pesynbrare 4ero 3(p(exT OTpUIaTeIbHO’ eMKOCTH OTCYTCTBYET.
IToka3aHo, YTO C MOMOIIBIO MTOCTPOCHHS YKBUBAJICHTHBIX CXEM 3aMEIIEHHUs] HAHOKOMIIO3UTOB C Pa3HBIM COOTHOIICHUEM
meraunueckoit (FeCoZr) u nuanexrpudeckoii (Al,05, PZT) KOMIOHEHT yfaeTcst OMUCaTh YaCTOTHO-TEMIIEpaTypHBIC 3a-
BHCUMOCTH UMIIeJaHca i aeMeHToB cxeM (R, C, L), CoOTBEeTCTBYIOMIMX KaK OTJEIbHBIM KOMIIOHEHTaM, TaK U (popMu-
pyroLMMCs COOCTBEHHBIM HOJIYIIPOBOAHUKOBBIM U JUNIEKTPUUECKIM OKCHAAM JKelle3a U koOaIbTa B 000104KaX BOKPYT
METAJUTMYECKHX Sep.

Knrouesvle cnosa: HaHOTPAHYJIUPOBAHHBIC KOMITIO3UTHI; HAHOYACTULBI; CTPYKTYpa «AAp0 — o6on0q1<a»; OKBUBAJICHT-
HBIC CXCMbI 3aMCIICHUS 3(1)(1)8KT OTpI/IHaTeHLHOﬁ CMKOCTH.
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The paper presents equivalent substitution circuits (ESCs) describing nanogranular composite films (Fe 45C0 4521 10),
(AL, 03), _, and (Fe, 45Coy 4521, 1), (PZT), _, with a concentration of metal-containing granules in the range 0.3 <x < 0.8.
Films of 2—7 pum thick were obtained by ion-beam sputtering of composite targets in pure argon or in Ar — O, mixture,
followed by stepwise (with a step of 25 K) isochronous (15 min) annealing in air in the temperature range of 398—873 K.
Deposition of nanocomposites in an oxygen-containing atmosphere or subsequent annealing in air led to the formation of
nanoparticles with a core — shell structure consisting of Fe, ,5Coy 4521 ;, metallic alloy cores coated with shells of native
iron and cobalt oxides (FeO, Fe;0,, Fe,05, CoO). It has been established that when such shells contain semiconductor-
type iron oxides (like FeO and Fe;0,) the frequency dependences of the total impedance Z(f, T) of nanocomposites
can be described using ESCs containing two resonant RCL-circuits, that is accompanied by a positive phase shift of the
current relative to the applied bias voltage (the so-called negative capacitance effect). The prevailing of dielectric-like
oxides (Fe,0O5;) in shells around metallic cores leads to ESCs either with one resonant RCL-circuit or without it at all. This
results in disappearing of the negative capacitance effect when usual capacitive-like behaviour of nanocomposite beha-
viour is observed. It is shown that if we construct ESCs for nanocomposites with different ratios of the metallic (FeCoZr)
and dielectric (ALO,, PZT) components, it is possible to describe the Z( f, T) dependences for every circuit elements
(R, C, L) corresponding both to individual phase components in nanocomposites including intrinsic semiconductor- or
dielectric-like iron and cobalt oxides in shells around metallic cores.

Keywords: nanogranular composites; core — shell nanoparticles; equivalent substitution circuits; negative capacitance
effect.

Introduction

Nanogranular composites are a highly demanded area of modern materials science. Among the wide range
of their special properties, the possibility of varying the real and imaginary parts of their admittance in a wide
range of values is distinguished, which makes it possible to use them as electrical engineering elements (capa-
citors, resistors, including wireless pseudo-inductive elements [1]) for a wide range of frequencies and tempe-
ratures. The latter area of application is based on the so-called negative capacitance effect, which consists in
a positive phase shift between applied voltage and current at a certain phase state of nanogranular composite
films. This effect is due to the violation of the electrical neutrality of two neighbouring metallic nanoparticles
as a result of tunneling (hopping) of electrons between them (under the influence of both an alternating electric
field and temperature). Note that recharging of nanoparticles due to jumps of electrons between them also leads
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to polarisation of the dielectric matrix surrounding the metal nanoparticles, i. e. the dipoles formation. As was
shown in [2], the existence of such an effect in a wide range of temperatures and frequencies depends both on
the morphology of composite structures (nanometer-sized conducting and weakly conducting phases, as well as
the shape and volume ratio between the latters), and, in particular, on the formation of additional phases (semi-
conducting and (or) insulating) arising during synthesis and (or) subsequent annealing procedures. This paper is
devoted to establishing the relationship between the morphology of nanogranular (Fe;, 45Coy 4521 10)(ALO5), _,
and (Fe; 45Coq 45214 10)(PZT), _, composite films and the basic characteristics of equivalent substitution cir-
cuits (ESCs), which lead to the effect of negative capacitance in a wide range of frequencies and temperatures.

Experimental part

The objects of the study were nanogranular metal-dielectric composite films deposited by ion-beam sput-
tering of composite targets and then subjected to isochronous stepwise annealing in air with a step of 25 K for
15 min in the temperature range of 398—873 K [3]. For deposition, composite targets were used, which were
a cast metal base 270 x 70 x 14 mm in size prepared from Fe,, ,sCo, 4521, ,, alloy with Al,O; or PZT dielectric
srips of the same size. These insulating strips were located along metallic plate surface with different distances
between them monotonically changing from 3 to 24 mm. This made it possible to obtain composite films on
a glass-ceramic substrate in one technological cycle with a gradient of the metal phase x content from 0.3 on
one side of the substrate to 0.8 on its other side [4]. In the case of the Al,O; as matrix deposition of the film
was carried out either in Ar gas (with P,, = 6.0 - 107 Pa) or in Ar — O, mixture (at F, =4.3 - 107 Pa); for PZT
matrix we used only Ar — O, mixture (at £, =2.0 - 107 Pa or Fo,=3.0- 10 Pa) as deposition atmosphere.

Scanning and high-resolution transmission electron microscopies with attachments for energy dispersive
analysis was used for analysis of the film nanocomposites morphology, as well as determination of their thick-
ness and chemical composition. Analysis of the phase composition of the samples before and after annealing
was carried out using the methods of Mdssbauer spectroscopy, electron and X-ray diffraction, and also the
X-ray absorption edge methods [5; 6].

To study electric properties, we used the method of impedance spectroscopy in the temperature range of
77-350 K and alternating current frequencies of 100 Hz — 5 MHz. The admittance was measured by the 4-probe
method using a 3532 LCR HiTESTER (Hioki, Japan) meter with an error of no more than 4 %. In the mea-
surements, we used film samples 10 x 2 mm in size, on which electrical contacts were deposited using silver
paste [7]. The temperature was measured with a thermocouple using an Agilent 34970A multimeter (4gilent
Technologies, CIIA).

Results and discussion

This article analyses the amplitude and frequency dependences of the total impedance Z ( LT ) of the films
(Fe 45C0q 4521 19)(AL,05), _, and (Fe( 4sCoy 4571, ;7). (PZT), _ that allowed us to construct further their ESCs.

As was shown earlier [8—10], the ESCs of composite films under study contain resonant RCL-circuit for
certain types of film morphologies. However, these works did not establish a clear relationship between the
type of ESC and the morphological features of the films, which determine the manifestation of the negative
capacitance effect in the samples. This work is devoted to the solution of this problem.

An analysis of the integral amplitude and frequency characteristics of the Z ( /5 T) curves have shown that in
unannealed (FeCoZr), (Al,0,), _, nanocomposites deposited in argon gas, there are two types of Z ( f ) depen-
dences in samples up to the percolation threshold (x < x,): the decrease in Z ( f ) with increasing frequency ac-
cording to the hyperbolic law, which corresponds to the presence of a parallel RC-circuit in the ESC, or Z(f)

curves with one maximum, which corresponds to the ESC with one resonant RCL-circuit. Both of these types
of ESCs indicate the predominance of the contribution of the dielectric layers of the matrix to the conductivity

of the samples. After annealing in air for nanocomposites with small x values, Z ( /) dependences exhibit two

maxima, which correspond to the presence of two resonant RCL-circuits in ESC. We attribute this effect to the
formation of shells with FeO oxides around metallic nanoparticles during annealing.
As can be seen from fig. 1, a and b, in the case of adding oxygen to the deposition chamber during the syn-

thesis of (FeCoZr) (AL, O;), _ . nanocomposite films, the Z ( f ) dependences are characterised by one (at x > x,,),

which is called by the touching threshold, or two (at x < x_,) maxima. Note that the x_, concentration conforms to
the x value when the nanoparticles begin to touched each other by oxide shells covering the metallic cores. This

such behaviour of the Z ( f ) curves corresponds to equivalent circuits that include one (fig. 1, ¢) or two (fig. 1, d)
resonant RCL-circuits. So, in the case of the 2-circuit ESC, the effect of negative capacitance is observed (see the
inset to fig. 1, b). For the case of the 1-circuit ESC, the character of Z ( f ) is capacitive-like.
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As shown in [5; 11], as a result of annealing in air up to 7,, = 873 K, additional contributions from FeO
and Fe;O, oxide phases of the semiconductor type are formed around the FeCoZr metal cores in the course
of the FeO — Fe,0, — Fe,0, transformation chain. In this case (fig. 2, ), Z( /) with one resonant maximum
before annealing turns into a curve with two resonant maxima after annealing with a corresponding transition
of the ESC from the 1-curcuit (see fig. 1, ¢) to the 2-curcuit (see fig. 1, d).
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Fig. 1. Amplitude-frequency dependences of the impedance
of (FeCoZr),(Al,O5), _, nanogranular composite films, deposited in an Ar — O, mixture,
and the corresponding ESC after («) and before (b) the touching threshold:
a— Z( f) dependence with one maximum for the (Fe 45C0 4521y 10).5o(ALO3)g 50 film (at 7= 223 K);

b-Z7 ( /') dependence with two maxima for the (Fe 45C0y 4571y 10)0.31(AL,03) 60 film (at T'= 123 K);
¢ — ESC with one resonant RCL-circuit, corresponding to the Z ( f ) dependence of type (a);
d — ESC with two resonant RCL-circuits, corresponding to the Z( /') dependence of type ().
The inset shows the frequency dependences of the phase shift angle 6( f ) in the 80-303 K temperature range
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Fig. 2. Transition of the dependence Z( ') with one maximum to Z( 1)
with two maxima for the (Fe| 4,5C0 45210 19)0 50(ALL,03), 50 film (7= 80 K)
after annealing (/ — unannealed, 2 — T, = 623 K)
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Experiments have shown that for nanogranular (FeCoZr) (PZT), _, films, the Z ( f ) behaviour depends not
only on annealing, but also on the partial pressure of oxygen £, in the Ar — O, deposition mixture. An increase
in F, in the range 2.0 < £, < 3.0 mPa causes a redistribution of oxide phases of the semiconductor (FeO and
Fe;0,) and dielectric (Fe,0;) types around metal cores contributions [12]. This, as it is turned out (fig. 3),
changes the Z ( f ) dependences of the hyperbolic type (before and in the vicinity of the touching thre-
shold x,,) or the dependences with one maximum (beyond the percolation threshold x_, when a continuous
conducting cluster is form dur to direct contacting of metallic cores of nanoparticles) to the Z ( f ) depen-

dences with one or two maxima (before and in the vicinity of x_,) or again to the hyperbolic form beyond
the touching threshold x_,).
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Fig. 3. The influence of the partial pressure of oxygen F, in the Ar— O,
deposition mixture on the amplitude-frequency dependences of the impedance
of (FeCoZr),(PZT), _, nanogranular composite films at different temperatures

(1-80K,2-123K,3-173K,4-223K,5-273K, 6-303 K)
on the example of the (Fe( 45C0y 4521 19)g.52(PZT); 45 film:
a —hyperbolic Z (f ) dependences at Fp,=2.0 mPa;
b~ Z(f) dependences with one or two maxima at £, = 3.0 mPa

For nanogranular (FeCoZr) (PZT), _, films, as for nanocomposites with an aluminum oxide matrix, we ob-
serve the hyperbolic-type curves which correspond to the presence of a parallel RC-circuit in the ESCs, charac-
terised by a joint contribution to the admittance of the PZT matrix interlayers and dielectric native oxide Fe,O5.

Impedance frequency dependences Z ( f ) curves with one maximum correspond to equivalent circuits with one
resonant RCL-circuit. We attribute them with decrease in the contribution of perforated dielectric intrinsic
oxides. Impedance frequency dependences Z ( f ) curves with two maxima correspond to equivalent circuits

with two resonant RCL-circuits, characterised by the contributions to the admittance of both the PZT matrix
interlayers and the dielectric intrinsic oxide Fe,O;, as well as the semiconducting oxides FeO and Fe;O,. Note
that in the case when equivalent circuits contain two RCL-circuits, the effect of negative capacitance is also
observed, as in the case of composites with an Al,O; matrix.

Additional annealing in air does not lead to a qualitative change in the nature of the amplitude and frequency
dependences for (FeCoZr) (PZT), _, films, since the morphology of the samples practically does not change.
However, in the region of high x values (fig. 4), the Z( /) dependences with one maximum turn into curves
of the hyperbolic type (even for samples deposited at F, = 2.0 mPa) or 2-step hyperbolic type curves, cor-

responding to two parallel RC-circuits (contributions of the PZT matrix and Fe,O; phase), can be observed
(deposition at i, = 3.0 mPa). It’s caused by the increasing contribution of dielectric oxides to the admittance.

Analysis of contributions of ESC elements to the impedance amplitude and frequency dependences have shown
(fig. 5) that in (FeCoZr),(AL,O5), _, nanocomposites, deposited in argon gas, if the equivalent circuit includes
one resonant RCL-circuit, its active (R,) and reactive (R, and R| ;) components are characterised by dependen-
ces decreasing with increasing temperature with two different activation energies at low (AE,) and high (AE,)
temperatures, respectively. In this case, the reactive contributions are always greater than the active ones (for
example, R, = 0.889 GQ, R, = 11.8 G for x = 0.31 at 7= 173 K), which makes it possible to attribute this
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circuit element to the Al,O; dielectric matrix. After annealing in air, the nature of the temperature dependen-
ces of the ESC elements are not changed, but the value of R, decreases (R, = 762 MQ and R, = 11.6 MQ for
x=0.31 at T'= 173 K without annealing and in the case of 7,, = 623 K, respectively), which is associated with
an additional contribution to the admittance of the formed semiconducting oxide shells of the FeO type.

a
9.0-10°F
2e
G 6010
8
g i
el
(9]
o
»g 3.0'108‘ Frequence, Hz
0— (2 2 3 ]
Ll 1 Lol 1 Lol 1 Lol >

3 4 5 6

10 10 10 10
Frequence, Hz

Fig. 4. Hyperbolic Z( 1) dependences of impedance of the (Fe, 45C00 452 10)0.52(PZT)g 45
nanogranular composite film (/ — 7= 80 K, 2 — T'= 123 K), deposited at Fo, = 3.0 mPa
after annealing at 7, = 573 K (a) and the corresponding EC with one parallel RC-circuit (b).
The inset shows the frequency dependences of the phase shift angle 6( f ) in the 80-303 K temperature range
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Fig. 5. Temperature dependences of the elements of the 1% () and 2nd (b) resonant RCL-circuits
(I —R;, 2= Ry, 3— Ry, i=1,2) of the (Fey 45C0 45214 10)0.31(A1,03)0 60
nanogranular composite film, deposited in Ar — O, mixture, ESC.

I — low temperature region, II — high temperature region
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In (FeCoZr)(Al,0O5), _, nanocomposites deposited in an Ar — O, gas mixture, in the case of the presence
of two RCL-circuits in the equivalent circuits, the elements of both of them are characterised by dependences
decreasing with increasing temperature (see fig. 5) with two different activation energies AE, and AE,, respec-
tively, with AE, > AE| (see fig. 5, a). The reactive components R, and R, ; of the first RCL-circuit are larger
than the active component R, (see fig. 5, @), which makes it possible to attribute this component with the admit-
tance of the dielectric matrix Al,O; and the dielectric intrinsic oxide Fe,O;. The reactive components R, and
R, , of the second RCL-circuit are smaller than the active R, circuit (see fig. 5, b), which makes it possible to
compare this circuit with the contribution of the semiconductor native oxides FeO and Fe;0, to the admittance.
If there is only one RCL-circuit in the equivalent circuits, its reactive components R, and R| , are greater than
the active R,, which makes it possible to compare the circuit with the contribution of the dielectric matrix and
dielectric oxide Fe,0; to the impedance.

After annealing these nanocomposites in air up to 7, = 623 K, the active resistances of the equivalent circuit
(R,, R,, R;) increase in comparison with unannealed samples (fig. 6, a and b), which, naturally, can be associated
with the formation of additional oxide phases of Fe and Co around nanoparticles. The reactances (R, Ry 1, R¢»,
R, ,) synchronously demonstrate different behaviour with respect to annealing (fig. 6, ¢ and d) depending on
the temperature range of measurements (they increase in the low temperature region and decrease in the high
temperature region compared to nanocomposites not subjected to annealing procedure). The latter makes it
possible to ascribe this to the redistribution of the contributions from various Fe oxide phases formed during
annealing.
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Fig. 6. Dependences of the resonant RCL-circuits active resistances (/ — R, 2 - R,)
on the annealing temperature (@) and the temperature dependences (/ — unannealed, 2 — T,, = 623 K)
of the additional resistance R; (b), as well as the reactive elements (/ — R, unannealed; 2 — R, |, unannealed;
3-Rcy, T,,=023K;4—R,,, T,, = 623 K) of the first (¢) and the second (/ — R, unannealed,
2—Ry,, unannealed; 3 — R¢,, T,, = 623 K; 4 — R ,, T, = 623 K) (d) resonant RCL-circuits of ESC
in the (Fey 45C0y 4521 10)0 31(AL,O03), 6o Nanogranular composite film, deposited in Ar — O, mixture
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An increase in the annealing temperature up to 7, = 873 K leads to an additional increase in active re-
sistances (see fig. 6, a), which can be associated with the formation of the Fe,O; dielectric oxide phase.
In this situation, in the case of the appearance of the negative capacitance effect, the largest increase is no-
ticeable in the active component R, of the second RCL-circuit, which is most likely due to the contribution
of semiconducting phases (especially narrow-gap Fe;O,) that appear during the above-mentioned chain of
FeO — Fe;0, — Fe,0; transformations.

In (FeCoZr),(PZT), _ nanocomposites deposited in Ar — O, mixture at a partial oxygen pressure of ;) = 2.0 mPa,
in the case of the presence of one RC-circuit in the ESC, its elements are characterised by decreasing depen-
dences with two different activation energies at low and high temperatures, respectively (as in the case of ESC
with one RCL-circuit for samples with an Al,O; matrix, when the contributions of the dielectric alumina mat-
rix and Fe,O; oxide predominate, as well as a negative phase shift).

With an increase in £, in the deposition atmosphere to 3.0 mPa, in the case of the presence of two RCL-cir-
cuits in the ESC, their elements are also characterised by Rl.(T ) dependences decreasing with increasing tem-

perature with two different activation energies in the region of low and high temperatures, respectively (as in
the case of equivalent circuits for samples with an Al,O; matrix, when the effect of negative capacitance is
observed due to the predominance of the contributions of semiconductor oxides FeO and Fe;0,).

After annealing in air up to 7, = 598 K, the (FeCoZr) (PZT), _, samples show an increase in the values of
the active and redistribution of the reactive components of the equivalent circuits, associated with the forma-
tion of additional oxide phases.

Based on the selected temperature dependences of active R, and reactive R;, R;; ESC elements for unan-
nealed nanogranular film composites (FeCoZr) (Al,05), _, and (FeCoZr) (PZT), _, (in the case of the presence
of two RCL-circuits in ESC), we have used the improved model of hopping conduction [12] in a weak electric
field (E < kT), to extract the average characteristic hopping activation energies AE,, affecting various elements
of the equivalent circuit. The procedure for such an assessment takes into account the fact that the value of
AE, characterises the potential energy of a pair of charges (which, according to [13], form a dipole) located in

adjacent potential wells. Then, based on the relation

2
e

r=——m—,
4me eAE

it is possible to estimate the average hopping lengths 7, (for these estimations we used the permittivity of the
matrix substance as € = 10 and € = 34 for Al,O; and PZT, respectively).

Estimates made for (FeCoZr),(Al,O5), _, nanocomposites, deposited in Ar — O, mixture at x = 0.31 (up to
the touching threshold), gave the following results. The average characteristic hopping activation energies AE;
turned out to be such that the barrier is permeable in the case of hopping through phases corresponding to both
RCL-circuits (AE, = 3.5 meV in the high temperature region and AE, = 7.3 meV in the low temperature region).

; b At the same time, the corresponding average elec-

tron hopping length 7, for the elements of the second
/ ’ \
—e)

RCL-circuit, the presence of which accompanies the
appearance of the negative capacitance effect, is always
less (#; = 162.9 nm in the high temperature region and
r, = 78.5 nm in the low temperature region). The esti-
mates made indicate that in (FeCoZr),(Al,O5), _, nano-
composites, tunneling (jumping) in the low tempe-
rature region occurs between metallic cores through
the nearest native oxide shells surrounding them and
the thinnest interlayers of the Al,O; dielectric matrix
(fig. 7, a).

For (FeCoZr) (PZT), _, nanocomposites deposi-
ted in Ar — O, mixture at a partial oxygen pressure

@

./

Fig. 7. Schematic representation of the morphology
of the (Fe( 45sC0 4521 10)0 31(A1,05) 6o Nanogranular
composite films, deposited in Ar — O, mixture (@)
and (Feg 45C0 4521 10)0.52(PZT), 45 films, deposited
in Ar — O, mixture at i, = 3.0 mPa (b):
1 —metal cores from FeCoZr alloy;
2 — AL O; or PZT dielectric matrix;
3 — various oxide phases formed during the chain
of transformations FeO — Fe;O, — Fe, 0, around metal cores;
4 — direction of electron tunneling (jumping) (red arrows)

of P, =3.0 mPa, at x = 0.52 (in the vicinity of the tou-
ching threshold), the average electron hopping length
r; calculated according to (1) has a value of ~4 nm
(ry=4.33 nm and r, = 3.58 nm when calculated relative
to R, and R,, R, , respectively in the low temperature
region). This estimation indicates that, at low tempera-
tures, tunneling (jumping) is most likely carried out
between metallic cores through the nearest surrounding
shells of native semiconducting oxides (fig. 7, b).
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Conclusion

The finding of nanogranular (FeCoZr) (Al,O5), _, and (FeCoZr) (PZT), _, composite films equivalent cir-
cuits in the region of different relative concentrations of metallic (FeCoZr) and dielectric (Al,O5, PZT) pha-
ses has been carried out. The found ESCs made it possible to relate the types of frequency and temperature
dependences of the impedance for the circuit elements corresponding both to the initial components (metal,
dielectric) and those formed in the sequence FeO — Fe;O, — Fe,O, around the metallic cores from the FeCoZr
alloy their native oxides of iron (either semiconducting or dielectric). It has been found that if inclusions of
intrinsic semiconductor-type iron oxides (FeO, Fe;O,) dominate in the shells around the metallic cores, the
equivalent circuits of the nanocomposites studied contain two resonant RCL-circuits. In this case, the sam-
ples exhibit a positive phase shift of the current relative to the bias voltage (the negative capacitance effect).
The predominance of dielectric-like native oxide of iron (Fe,0;) in the shells around the metal cores leads to
equivalent circuits either with one resonant RCL-circuit or without it, so that in this case the negative capa-
citance effect is absent. It is shown that the separation of the temperature dependences of active and reactive
elements in equivalent circuits makes it possible to estimate the hopping characteristics (average energies and
lengths), which, taking into account the phase composition of nanoparticles, makes it possible to establish
between which phases tunneling (hopping) took place.
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