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[IpencTaBneHsl pe3ynbTaThl H3yYEHUs XapaKTEPUCTUK IPBIKKOBOIO IIEPEHOCA 3JIEKTPOHOB B HAHOT PaHYJIUPOBAHHBIX
KOMIIO3UIMOHHBIX IIeHKax (Fe, 45C0g 4521 19) (ALO3); | 1 (Feg 45C0q 4571 1) (PZT), _, ¢ KoHIIEHTpaueii MeTaoco-
JepaKalux rpanyn B quanasone 0,3 < x < 0,8. IIneHku TonuHoi 2—7 MKM MOIy4eHbl METOIOM HOHHO-TTy4EeBOI'O PACIIBI-
JICHUSI COCTaBHBIX MHIIEHEH B Cpejie YUCTOro aproa uin B cMecu Ar — O,, IocJie 4ero OHM MOBEPTaIluCh CTyIIEeHUaTOMY
OTXKUTY Ha Bo3fyxe B quanazone temmneparyp 398—873 K ¢ marom 25 K B Teuenue 15 MuH. OcaxxeHHe KOMIIO3UTOB
B CMECH aproH — KHUCIOPOJ JINOO OTXKHUT Ha BO3yXe MPUBOIMIHN K (DOPMUPOBAHUIO HAHOUACTHIL CO CTPYKTYPOH «SIIpO —
00o0m0uKa», T71e 000JI0YKa COCTOsIA N3 COOCTBEHHBIX OKCHJIOB kene3a u kobansra (FeO, Fe,0,, Fe,0,, CoO). C Toukn

3pCHUS IIOBEACHUA aAMUTTAHCA B 3aBUCUMOCTH OT KOHIICHTPAUK, YaCTOThHI U TEMIIEPATYPhl O ()C, 0, T) B TaKMX HAHOKOM-

[O3UTaX OOHAPYKEHBI Ba KPUTUUECKUX 3HAUCHUS KOHLIEHTPAllUK META/UINYECKUX IEMEHTOB (X) — IIOPOT KacaHus (X,,)
HAaHOYACTHUI 000I0YKaMH U Opor (JOPMUPOBAHHUS CILIONTHOTO IPOBOISAIIECTO KIacTepa (X ,) U3 siep HAaHOYACTHI (B OT-
JIMYKE OT IOHATUS «IOPOT IEPKOIIALUIY (X, ) B TEOPUM OMHAPHBIX METAUIOAUNIEKTPUUECKUX KOMIIO3UTOB). S3HAYEHHUS X,
MIOKa3bIBAIOT KOHIICHTPALUIO METAJUINYECKUX JIEMEHTOB, ITPU KOTOPOI HAHOYACTHIIBI BHYTPU JHAIEKTPUYSCKON MaTpu-
I[bl HAYMHAIOT CONPUKACATBCA APYT € APYroM 000JOUKaMH U 00pa3yloT CILIOMIHON KJIacTep «sIIpo — 000JI0YKa» C BBICO-
KOH 2JIEKTPUYECKOH MPOBOANMOCTBIO MEXY 3JIEKTPOJaMU B KOMIIO3UTHOM oOpasiie. [TockonbKy MpoBOIUMOCTD TaKOTO
KJlacTepa BCer/ia MeHbIIIE, YeM IPOBOANMOCTD TOJILKO METAJUIMYECKUX HAHOUACTHII (KaK B OMHAPHBIX HAHOKOMIIO3UTAX ),
TO HEOOXOIMMO BBECTH JIPYTYIO IOPOTOBYIO KOHIIEHTPALHIO (X, ), IPH KOTOPOH METAILTIYECKHE Apa HAHOYACTUIl HAIH-
HAIOT COIPHUKACATHCS IPYT ¢ ApyroM. OTpeieeHo, 9To o Mepe MPHOIIKEHIS K OPOTY KaCaHMs X, XapaKTepHOE BpeMs
KWM3HU JIEKTPOHOB T HA HAHOYACTHIAX ¢ 000I0uKaMu noaynposogaukosoro tuna (FeO, Fe,0,) ysenmunsaercs ¢ 0,1 1o
400,0 MKC. DTO IIPUBOJUT K MOJOKHUTEIBHOMY (Da30BOMY CABUTY O MEXTy MPUIIOKEHHBIM HAITPSHKEHHUEM M TOKOM B IUICH-
Kax, Ha3bIBaeMoMy 3((deKToM oTpuIaTensHoil eMxocTH. 1Ipu 3ToM sHepreTHYecKue XxapakTepucTuku AE, u AE,, omnpe-
JiesIsieMble U3 TeMIIEpaTypHbIX 3aBucuMocteii 6 ( T'), CHIKAIOTCS 10 3HaYeHHi, MeHbIIMX dHepruu Gonona kT, — ot 300
1o 1 m3B. B ciayuae npeoOnagaHus BOKpYT HAHOUACTHI] COOCTBEHHBIX OKCHUIOB Jkelle3a AudnekTpudeckoro tuna (Fe,O;)
BO3pACTaHUsA T U CHIDKEHUS AE; He IPOUCXOJUT, YTO IPUBOAUT K OOBIYHOMY €MKOCTHOMY [1OBEICHUIO HAHOKOMIIO3UTOB
C OTPHULATEIBHBIM CABUIOM (ha3bl 8 MEXTy TOKOM M HalPsKCHUEM.

Kniouesvie cnosa: nanorpanyIMpoOBaHHBIE KOMITO3UTHI; HAHOYACTHIIBI; CTPYKTYPa AP0 — 000I0UKa»; TPBIHKKOBBIN
nepeHoc; 3pGEKT OTPUIIATEIIEHONW SMKOCTH.
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The paper presents the study of hopping carrier transport parameters (characteristic times and energies) in nano-
granular composite films (Fe, 45Coy 4521 10)(Al,O3), _, and (Fe( 45Co 4571, 1) (PZT), _, with a concentration of metal-
containing nanoparticles inside of insulator matrix in the range 0.3 < x < 0.8. Films of 2—7 um thick were obtained by
ion-beam sputtering of composite targets in pure argon gas or in Ar — O, mixture, after which they were subjected to
stepwise post-annealing in air in the temperature range of 398—873 K with the 25 K steps for 15 min. Deposition of the
films in the argon — oxygen gas mixture or their post-annealing led to the formation of metal-containing nanoparticles with
core — shell structure, where the covering shell contained own iron and cobalt oxides (FeO, Fe,O,, Fe,0;, CoO). It was
shown that the behaviour of concentration, frequency and temperature dependences of specific admittance 6 (x, ®, T) is
controlled by two critical values of nanoparticles’ concentrations — touching threshold (x,,) and conducting cluster forma-
tion threshold (x,,) (in contrast to a single percolation threshold (x,) in the theory for binary metal-dielectric composites).
The x,, is the concentration when some of nanoparticles inside the dielectric matrix begin to touch each other by shells to
form continuous core — shell cluster with high current conductivity between electrodes in the composite sample. Since the
conductivity of such a core-shell cluster is always less than the conductivity of only metallic nanoparticles, as in binary
composites, we introduce another threshold concentration x_, when the metallic cores of nanoparticles begin to touch each
other. We observed that, when composite film approaches the x, threshold, the characteristic lifetime 7 of electrons, ex-
tracted from G(x, , T) dependences, on nanoparticles covered with the semiconducting-like shells of native oxides (FeO
or Fe;0,) increases from 0.1 to 400.0 us. For this case, we observed a positive phase shift 0 between the applied voltage and
current in the films, called the negative capacitance effect. At the same time, energy characteristics AE, and AE, extracting
from G(T ) dependences were decreased down to values less than phonon energy k7 — from 300 to 1 meV. In the case of
the predominance of native oxide of iron with insulating properties (Fe,O,) around the nanoparticles, there is no increase
in T and a decrease in AE,. In this case the usual capacitive-like behaviour of nanocomposites with a negative phase shift 0
between current and voltage is observed.

Keywords: nanogranular composites; core — shell nanoparticles; hopping transport; negative capacitance effect.

Introduction

Recently, in material science, much attention has been paid to the search for new methods to supply more rapid
diagnostics of heterogeneous multifunctional nanomaterials and nanostructures with highly complicated phase
structure [1]. The behaviour of physical characteristics in such systems directly depends on their morphology,
including phase structure and sizes of homogeneities. Among the wide range of their functional characteristics,
which are actively used already in modern engineering, the metal-dielectric nanocomposite materials make
it possible, among other things, to use them as wireless elements with inductive-like behaviour. This area of
application is based on the so-called negative capacitance effect (NCE) [2], when the delay by phase of electric
current from the applied voltage occurs. This effect is observed in some nanostructured materials [3], including
metal-dielectric films [4], consisting of a mixture of conductive nanoparticles in non-conductive (insulating)
matrixes. This effect is due to the violation of the electrical neutrality of neighboring (closely spaced) highly
conductive nanoparticles and the polarisation of the matrix surrounding them as a result of electron tunneling
(hopping) between nanoparticles under the action of electric field and electron collisions with phonons, which
depends both on temperature and on the intensity of the alternating electric field. As was shown earlier [5],
the existence of such a NCE in a wide range of temperatures, including room temperatures, and frequencies
depends both on the morphology of metal-dielectric nanostructures (composition, shape and size distribution
of conducting and dielectric phases) and on the presence of additional phases arising during synthesis or sub-
sequent heat treatments of these materials.

The paper studies the hopping carrier parameters (characteristic times and energies) transport in alternating
current regime in nanogranular composite films (Fe 4,sCoy 4521 10)(ALO;), _, and (Fe, ,sCoy 4521, 10)(PZT), _,

with the concentrations of the metal-containing FeCoZr alloy 0.3 < x < 0.8 randomly embedded into dielectric
matrix.
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Experimental part

The objects of the study were composite nanogranular films 2—7 um thick deposited by the method of ion-
beam sputtering of targets and subjected to stepwise 15 min post-annealings in air in the temperature range of
398—-873 K with a step of 25 K [6]. For deposition, we used composite targets, which contained cast metallic
Fe,45C0q 4521, 1o alloy base with dimensions of 270 x 70 x 14 mm and dielectric strips of Al,O; or PZT of
the same size located on its surface at different distances from each other. The distance between the dielectric
strips changed monotonically from 3 to 24 mm from one to another sides of metallic base. Such construction
of the target made it possible to obtain, in one technological cycle, composite films on the glass-ceramic sub-
strate with a gradient of metal-containing phase (in form of nanoparticles) content x from 0.3 on one side of
the substrate to 0.8 on its another side [7]. In case of Al,O; matrix deposition was carried out both in Ar (with
pressure P, = 6.0 - 10 Pa) and in Ar — O, mixture (with partial pressure Fy,=43" 10~ Pa) while in case of
PZT matrix we used only Ar — O, atmosphere (at F, =2.0 - 10 Paor £, =3.0- 10 Pa).

To analyse the morphology of nanocomposite film, as well as to determine their thickness and chemical
composition, a LEO-1455VP scanning microscope (Carl Zeiss, Germany) with an attachment for energy dis-
persive analysis was used. Analysis of the phase composition of the samples before and after annealing was
carried out using Mdssbauer spectroscopy, electron and X-ray diffraction, and also the X-ray absorption edge
methods [8; 9].

To study electric properties of the samples we used an admittance spectroscopy in the temperature range of
77-350 K and alternating current frequencies of 100 Hz — 5 MHz. The admittance was measured by a 4-probe
method using a 3532 LCR HiTESTER meter (Hioki, Japan). The samples with 10 x 2 mm size were supplied
with silver paste electric contacts [10]. The temperature was measured with a thermocouple using an Agi-
lent 34970A multimeter (Agilent Technologies, USA). The error of these measurements was no more than 4 %.

Results and discussion

This paper analyses the temperature and frequency dependences of the real part of the specific admittance
o(f, T) and phase shift angles 8( f, T') between current and applied voltage in films (Fe 45C0y45Z1) 10){(ALO3),

and (Fe 45C0q 45Z1 10)(PZT), _,. The description of 6(f, T) curves, including those described in earlier
works [10; 11], was carried out on the basis of the improved model of hopping conductivity in a weak electric
field (which energy was less than thermal energy of vibrating lattice A7) [12]. This model describes the real
part of the admittance by the relation

o(f, T)=c,(f, T) /) (1)

with sigmoid-like 6-curves. Here the exponent a, which determines the probability of jumps p between nano-
particles, depends on the frequency as against the known Mott model [13].

Note that in the model being described, an electron jump from one neutral nanoparticle I to another one I1
can occur in one of two ways: either by tunneling through a barrier or by hopping over the barrier between wells
created by a dielectric matrix layer separating nanoparticles of the metallic phase [12]. In both cases, after every
jump between wells I and well 11, a pair of positively and negatively charged nanoparticles appears creating an
electric dipole. The formation of a dipole after the capture of an electron by a nanoparticle influences the dielectric
permittivity around dipoles [14] and leads to an increase in the characteristic lifetime T of an electron on it. This,
respectively, results in a delay of the next jump (back on well I or forward on well III) only under the action of
a weak electric field, when imparted energy is insufficient for the jump without the help of the additional action
of a suitable lattice vibration. Such behaviour of the electron means that it ceases to follow the change in the
sign of the alternating electric field, which means that the current is lagging in phase relative to the applied

alternating voltage. This delay time can be estimated from the frequency f,;, ~ T where f . is the value of
frequency above which the electric current lags behind the applied voltage in phase. At the same time, for the fre-
quencies > f, .. the phase delay of the next jump from well II back to well I is equal to 27tf%, those may become
more than 27, which creates the possibility of a positive phase shift, i. e. NCE.

According to [12], the probability p and the characteristic lifetime T on Fe, ,5Co, 4sZr1, ;, nanoparticles

(as hopping centers) between electron jumps can be estimated from the relations [10; 11]:

_ oL
p - O-H ) (2’)
=1 3)
2 fo
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where the values 6; and o} in fig. 1, a, correspond to the low and high frequency plateaus parallel to the fre-
quency axis on the sigmoid-like (5( f ) dependence, and f;,, is the maximum of the corresponding dependence

o (/) in the ratio (1). Also the 6(7’) dependence in equation (1) at a constant frequency in the studied tempe-
rature range is described by the model of hopping conduction with the constant energy characteristic AE:
AE

o(T)=0,(/)e 1. @)

The values of AE; are determined from the slope of the straight-line sections of Arrhenius dependences (see the
equation (4)) (fig. 1, b). An examples of the experimental 6 ( £, T) and 0.( /') dependences are represented in fig. 1.
The o/ /) dependences in fig. 1, b, were determined by the geometric differentiation of the (/) curves. These
dependences allowed the estimating the G, Gy, Oc( f)s fruax and AE parameters introduced in equations (1)—(3).
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Fig. 1. Examples of the frequency dependence of the real part of the specific admittance (5( f )
and the exponent o.( /') in relation (1) for the (Fe 45C0y 4521 10)0.52(PZT)g 45 film
deposited in Ar — O, mixture under F, =2.0 - 107 Paand T=223 K (a)
and Arrhenius curves for /=500 Hz in the region of low T
for the film (Fe( ,5C0q 4521 19)0.31(A1,05), ¢o deposited in an Ar and annealed at 7, = 623 K (b)

Note an important feature of our results — the presence of 2-sigmoid-like character of 6 ( f ) dependences
(and, correspondingly, the 2-peaks in o.( /) dependences according to the model [12]). This was not observed
earlier by us, that indicates the impossibility of their study using classical percolation model due to 2-phase
(heterogeneous) composition of the samples under consideration.

An analysis of the estimated model parameters of hopping carrier transport in real binary nanogranular com-
posite films (Fe, 4,sCoy 4521, (), (ALLO5), _, deposited in pure argon have shown that the characteristic electron
lifetime T on nanoparticles decreases from 12.6 to 1.26 s with temperature increase in the range 80 K < 7< 303 K
and for full range of x. In this case, the jump probability for binary structure of nanocomposite always corre-
sponds to the ratio p < 1 for x < x,, 1. e. up to the percolation threshold (dielectric regime of conduction), and
p — 1 atx>x_(metallic regime). The value of the exponent o in relation (1) is close to 0.8 for Mott mechanism
of conduction [13] only in composites below the percolation threshold x,.

Low-temperature annealing at 7, = 623 K in air of (Fe, ,5Co 45Zr ;)(Al,03), _, films leads to an increase
in the characteristic electron lifetime 1 (fig. 2, a, inset). Thus for x =0.31 at 7= 303 K, value of T increases from
1.26 us before annealing to 6.17 us after annealing, which correlates with the formation of iron-based semi-
conductor oxide shells covering the nanoparticles cores. In addition, annealing leads to the shift of percolation
threshold x, = 0.45 to higher values of x (to 0.50) for threshold x, when highly-conductive cluster is formed
due to touching of shells around nanoparticle cores. This behaviour corresponds to the activation nature of the
admittance, in which the electron hopping probability p increases when phonon energy is higher due to tempe-
rature growing (fig. 2, b, inset). At the same time, for x =0.31 and 7=303 K after annealing at 7,, = 623 K, the
value of the exponent o. becomes equal to 0.16, which does not correspond to the value o. = 0.8 for the known
Mott mechanism of conduction on alternating current [13].

As follows from the analysis, in (Fe| 45Co 4521 ;) (ALLO5), _ . nanocomposites deposited in Ar — O, mix-
ture, the electron lifetime on nanoparticles increases in comparison with composites deposited in pure Ar. This
is due to the formation of semiconducting FeO and Fe;0, oxide shells around metallic cores during deposition,
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which also introduces significant changes in the behaviour of G(x) curves. Instead of one critical value (per-

colation threshold x,) in Ar deposited metal-dielectric films, the addition of oxygen to the vacuum chamber at-
mosphere is accompanied by the appearance of two critical values of nanoparticles’ concentrations — touching
threshold (x,;) and conducting cluster formation threshold (x_,) (in contrast to a single percolation threshold x,
in the theory for binary metal-dielectric composites [15]). The x_, is the concentration when some of nanoparticles
inside the dielectric matrix begin to touch each other by shells to form continuous core — shell cluster with high
current conductivity between electrodes in the composite sample. Since the conductivity of such a core — shell
cluster is always less than the conductivity of only metallic nanoparticles, as in binary composites, we intro-
duce another threshold concentration x_, when the metallic cores of nanoparticles begin to touch each other
because the amount of oxygen becomes insufficient to form native oxides (FeO, Fe,O,, Fe,05;, CoO) which
are formed in the shell around the metal cores of the FeCoZr alloy in the sequence FeO — Fe,O, — Fe,0; and
should prevent the direct contact between metallic cores.

a b
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Fig. 2. Frequency dependences of the exponent (x( f ) in relation (1) (a) and the real part
of the specific admittance 6( f, T) (b) for the (Fe,45C00.45Zry 10)031(ALO3 ) 60
film deposited in an Ar and annealed at 7,, = 623 K
for various temperatures: 80 K (1), 123 K (2), 173 K (3), 223 K (4), 273 K (5), 303 K (6).
The insets show the temperature dependences of the characteristic lifetime
of an electron on nanoparticles (a) and the probability of jumping between them (b)

The formation of FeO and Fe;0, semiconducting oxides at the initial stages of core formation increases the
lifetime (up to T ~ 10 s), which leads to a positive phase shift of current relative to bias voltage applied for
concentrations x < x,;.

Higher temperature post-annealing in air of (Fe,, 4,5C0, 4521, 1) (AL,O5), _ films (up to 7, = 873 K) leads to
a further increase in the electron lifetime (fig. 3, @) compared to unannealed samples. This is due to additional
oxidation of the metal cores with an increase in the proportion of semiconductor oxide phases FeO, Fe;O, in
nanoparticles, which further enhances the positive phase shift.

All nanocomposites of the (Fe 4,sC0y 4521, 1), (PZT), _, type were deposited in Ar — O, mixtures. At low partial
pressure of oxygen (P02 =2.0- 107 Pa) the characteristic lifetime of an electron on nanoparticles is about T~ 10~ s,
which is insufficient for the existence of the NCE in a wide range of temperatures and frequencies, since for these
values of T the necessary phase delay of the electric current from the applied voltage is not observed. The jump
probability in this type of nanocomposites is much lower than in (Fe,, 4,5Co, 45Zr, ;),(Al,05), _, samples, which
is associated with a low probability of dipole formation caused by a significantly higher permittivity of the PZT
matrix and, as a consequence, an increase in the energy required for this process.

An increase in the oxygen pressure in the deposition atmosphere leads to an increase in T values. For example
for x =0.64 at T=223 K, the value of T increased from 6.57 us (for the sample deposited at £, =2.0 - 10 Pa)
to 79.8 us (for a sarnple deposited at £, =3.0 - 10~ Pa). We associate this effect with an increase in the pro-
portlon of native iron oxides, including semiconductor FeO and Fe;0,, around metal cores, which leads to an
increase in the positive phase shift, that is most pronounced in the vicinity of x,.

Additional annealing in air leads to a slight change in the characteristic electron lifetime (fig. 3, »), which
does not depend on the partial pressure of oxygen £, and only reflects the growth of the amount (and the size)
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of iron and cobalt oxide phases around metal cores, including dielectric ones, which is generally not affected the
presence of the NCE in (Fe ,sCo 4521 ,),(PZT), _, nanocomposites, since their morphology is not changed.
However, it leads to decrease the temperature range and metal content in which this effect is observed.

Analysis of the energy parameters of carrier transport, estimated on the basis of relation (4), for the case of
(Fep45C0og 4521y 19),(ALLO3), _ . and (Fe( 45Co 4521 1) (PZT), _, composites, have shown that, regardless the

deposition conditions, the temperature dependences of G( LT ) in Arrhenius scale at each frequency have an

activation character with two different energy characteristics corresponding to the slopes of Arrhenius straight
lines: AE, in the range of low temperatures (mostly below 150 K) and AE), at high temperatures (mostly above
150 K) (fig. 4, a).

In this case for the (Fe( 45Coy 4521, 1) (Al,O5), _, films deposited in pure Ar, AE, is always greater than
AE, (for example, for x = 0.31 at /= 1 MHz, the values are AE, = 20.0 meV and AE, =39.5 meV). The latter

probably means that energetically less favourable jumps can be activated only at higher temperatures, where
phonons’ energies k7 are higher. As was shown, for deposited in argon (Fe, 45C0 4521 10),(ALL,O5), _, com-

posites, if the energy characteristics AE| and AE, lied in the range 15 meV < AE,; < 40 meV, the NCE was not
observed at x < x_.
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Fig. 3. Temperature dependences of the characteristic electron lifetime T on nanoparticles
before annealing (right ordinate axes) and in the case of annealing in air (left ordinate axes)
for (Fe, 45C0g 4571 10)0.33(A1,03), 6 film deposited in Ar — O, mixture (7, = 623 K) (a)
and for (Fe, 45Co 4521 19)g 52(PZT), 45 film deposited in Ar — O, mixture at /, =2.0 - 107 Pa (T, = 598 K) (b)
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Fig. 4. Temperature dependences of the specific values of the real part of the admittance
at different (/ — 100 Hz, 2 — 1 kHz, 3 — 10 kHz, 4 — 100 kHz, 5 — 500 kHz, 6 — 1 MHz) alternating current
frequencies (a) and frequency dependences of energy characteristics (b) in the region of high
and low temperatures. The inset shows the frequency dependences of the phase shift angle
in the temperature range of 80-303 K for the (Fe; 45C0 4521 10)0 50(A1,03), 50 film deposited in an Ar — O, mixture
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After annealing in air of this type of samples with x < x_,, the energy characteristics slightly decrease
compared to unannealed samples (for example, for x =0.31 at /=500 kHz, after annealing the value of AE,
is lowered from 40.6 to 36.5 meV). However, we still do not observe significant contribution to the NCE.
We should note that with further increase in oxygen content in the vacuum chamber atmosphere during
(Fey 45Cog 4521y 19)(AL,O5), _ . nanocomposites deposition, which is resulted in the enhancement of the NCE,
the energy characteristics are always lowered (fig. 4, b).

Here we need to do an important clarification why the NCE is observed in samples with those x, 7" and f
values when formally AE; < kT. In the framework of hopping conductivity model [12] to ensure phase delay
of electrons (just resulting in NCE) hopping between potential wells is realised only under subjection of both
electric field and phonon energies, i. e. in reality at AE; > kT.

As was shown earlier in [16], we observed close behaviour of the energy characteristics of composites
(Fe45C0q 4521 10)(ALLO3), _ . and (Fe( 45Coq 4521, 1) (PZT), _, extracted from temperature dependences of
active R; and reactive R, R ; elements in their equivalent substitution circuits.

Annealing in air of (Fe,, 4,5Co, 4521, ;),(AL,O5), _ . nanocomposites deposited in an Ar — O, mixture at tem-

peratures up to 7, = 873 K results to the increase the energy characteristics AE; due to the growth of the di-

electric oxide Fe,O; contribution to the conductivity of the samples (fig. 5, a). However, in those regions of x
where the NCE persists, the values of AE; are still smaller than in regions where it is not observed (for example,
after annealing at 7, = 623 K for composite with x = 0.50 at /' = 1 MHz, we have that AE, = 15.0 meV is less
than AE, = 31.4 meV in the region of low and high temperatures, respectively). It is important to note that
after high temperature annealing the region of x, where positive phase shift (with inductive-like behaviour of
nanocomposites) expands, so that the energy characteristics AE; decrease over the entire range of x studied.
In (Fe 45Coy 4521 10)(PZT), _, nanocomposites deposited in Ar — O, mixture at various oxygen partial pres-

sures, the relationship between the phase shift angles 0 and the energy characteristics AE, is similar to the pre-
vious case (fig. 5, b): when the NCE occurs, the energy characteristics are also always less than in the region
where it is absent.
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Fig. 5. Frequency dependences of the energy characteristics in the region
of high and low temperatures for the (Fe, 45C0, 4521 1) 50(Al,05)y 50 film deposited
in an Ar — O, mixture (without annealing and at 7, = 623 K) (a) and the phase angle
for the (Fey 45C0y 4521 19)0.52(PZT)g 45 film deposited in an Ar — O, mixture at £, = 3.0 - 107 Pa
at different temperatures (/ — 80 K, 2 - 123 K, 3 - 173 K, 4-223 K, 5-273 K, 6 - 303 K)
with the corresponding energy characteristics ()

Annealing of this type nanocomposites in air up to 7,, = 598 K does not significantly affect the nature of the
temperature dependences of the admittance, since their morphology does not change after this heat treatment
(for example, in the samples with x = 0.52 deposited at /f, = 2.0 - 10 Pa, the energy characteristics AE, at

f=1kHz were 151 meV in the case of annealing at 7, = 598 K and 154 meV before it).

Conclusions

There were estimated the model parameters of hopping carrier transport (electron lifetime on nanoparticles 7,
energy characteristics AE; and hopping probability p, etc.) in nanogranular (Fe, 4,5Co 4521, 19),(AL,O3), _, and
(Fey45C0g 4521 10)(PZT), _, composite films with different morphology of nanoparticles. It is shown that 7,
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AE; and p values significantly depend on the amount, composition and type of native iron oxide phases formed
around Fe,, ,5Co, 45Zr, ;, alloy cores in the sequence FeO — Fe;0, — Fe,O; regardless of the oxidation method
(during deposition or after post-annealing in air). It was found that in the vicinity of the touching threshold x,,
the appearance of the negative capacitance effect is observed if the predominance of semiconductor-type iron
oxides (FeO, Fe;0,) in shells around the nanoparticles cores occurs leading to T increase (from 0.1 to 400.0 ps)
and AE; decrease to values less than k7" (from 300 to 1 meV). At the same time, if around cores of nanoparticles
dielectric-type native oxide (Fe,0O,) is prevailed, with the insulating properties close to dielectric matrix, it
doesn’t cause a sufficient increase in t and a decrease in AE, leading to the usual capacitive-like behaviour of
admittance showing negative phase shift.
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