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This paper presents the frequency and temperature dependences of the phase shift angle, the active part
of the admittance, the capacitance, and the dielectric loss factor tand for as-deposited and annealed
(FeCoZr)x(CaF2)(100-x) nanocomposite films prepared via ion-beam sputtering of a complicated target in a
mixed argoneoxygen gas atmosphere. For films with a metallic phase content of x ¼ 62.7 at.%, after
15 min of annealing at a temperature of 398 K, a strong ‘negative capacitance’ effect occurred, indicating
an inductive-like contribution to the admittance. This effect was accompanied by two types of reso-
nances: a voltage resonance and two current resonances. It was determined that description of AC pa-
rameters of (FeCoZr)x(CaF2)(100-x) films can be made by using compound equivalent circuit, consisting of
RLC series circuit and two conventional circuits differing in values of their RLC elements, which means
that the material can be used in microelectronics instead of such circuits.

The joint analysis of the s(f), q(f), Cp(f), and tand(f) curves allowed the resonances to be explained on
the basis of the previously developed alternating current (AC)/direct current (DC) hopping model with
three different characteristic times of electron hopping.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nanocomposites, owing to the nanometric effects occurring in
them, have found practical applications in many fields. Because of
their large surface area-to-volume ratio, they are used in catalysts,
solar cells, and gas sensors [1,2]. The change of the bandgap width
in dielectrics and semiconductors with the reduction of the char-
acteristic sizes allows the use of nanocomposites in optoelectronics
[3]. Increasing the hardness and abrasion resistance improves the
mechanical properties [4e6]. Many metaledielectric nano-
composites show very promising magnetic [7e10] and AC/DC
electrical [11e15] properties. In a low frequency range the admit-
tance of (CoFeZr)x(Al2O3)(100-x) and (CoFeZr)x(Pb(ZrTi)O3)(100-x)
nanocomposite films is almost independent of the frequency at
f < 10 kHz [16]. At higher f values, the admittance is saturated with
frequency and reaches a nearly constant value. This property ap-
pears often in nanocomposite materials produced via ion-beam
sputtering in a mixed argoneoxygen atmosphere. Annealing at
asz.koltunowicz@gmail.com
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high temperatures strongly changes the frequency dependence of
the admittance and shifts the percolation threshold to higher
values of x. Such behavior might be associated with the oxidation of
the surface of metallic nanoparticles during the interaction of ox-
ygen ions in the atmosphere of the vacuum chamber or during the
following annealing procedure.

The mechanism of such specific behaviour of AC transport in
(CoFeZr)x(Al2O3)(100-x) and (CoFeZr)x(Pb(ZrTi)O3)(100-x) nano-
composite films was explained in our previous works [7,14,17,18].
According to these studies, the oxide ‘shells,’ which are formed
aroundmetallic ‘cores’ of nanoparticles either directly at deposition
[19] or after the following high-temperature annealing [17], pre-
vent their direct electric contact even beyond the electric percola-
tion threshold [7,11]. As a result, the frequency dependences of the
phase shift angle q showed a very specific characteristic for the
films with x around the percolation threshold. This resulted in a
‘negative capacitance’ effect (prevalence of the inductive contri-
bution to the imaginary part of the admittance over the capacitive),
which is usually observed at high frequencies and low tempera-
tures in as-deposited samples [18e23]. In electrical engineering,
such behavior is characteristic for RLC series equivalent circuits. The
phase shift was 90� � q < 0� at low frequencies and 0� < q � 90� at
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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higher frequencies. Our measurements also show that for some
frequency f0, when the phase angle crosses the zero line (q ¼ 0�),
the capacity modulo Cp of the nanocomposite film reaches its local
minimum. This indicates the presence of a voltage resonance in the
sample at f0. Additionally, there is compensation of opposite phase
voltages which are dropped on capacitive and inductive contribu-
tions of the impedance reactive parts of, which resulted in, occur-
rence of minimum on the frequency dependence Cp, as previously
reported [17,19].

The occurrence of inductive-like properties in nanocomposite
films is usually considered as evidence of the formation of oxide
‘shells’ around metallic nanoparticles during either deposition or
annealing. We associate such behavior with the three-component
structure of the studied nanocomposite films: 1 e metallic a-
FeCo(Zr) ‘core’; 2 e FeCo-based metallic oxide ‘shell’ around the
metallic particle; 3 e dielectric matrix (Al2O3, Pb(ZrTi)O3) [7,24,25].
The observed phenomenon of the inductive contribution domina-
tion in the admittance of non-coil-like nanocomposite structures
was explained in Ref. [18] with a model of AC/DC electron hopping
and experimentally verified in Refs. [11,18,19].

As shown in Refs. [7,11,16,18,19,24,25], the state of the ‘shells’
around the metallic ‘core’ (i.e., the phase composition of ‘shell’
oxides and their contribution relative to the metallic phase) is
strongly dependent on the chemical composition of the matrix and
themetallic element concentration x in the nanocomposite. Among
inorganic substances, oxygen-containing dielectric compounds
(such as alumina, Pb(ZrTi)O3, and silica) are most commonly used
as matrices. For example, a comparison of (Fe45Co45Zr10)-
x(Al2O3)(100-x) and (Fe45Co45Zr10)x(Pb(ZrTi)O3)(100-x) samples sput-
tered in an oxygen-containing atmosphere revealed a significant
difference in the structure of the nanoparticles inside the matrices.
In the (Fe45Co45Zr10)x(Al2O3)(100-x) nanocomposite films, the crys-
talline state of the metallic a-FeCo(Zr) ‘core’ inside the resistive
oxidation amorphous alumina matrix remained above the perco-
lation threshold, although the portion of FeCo-based ‘shell’ oxides
increased with x [16,19,24,25]. Fe45Co45Zr10 nanoparticles in the
more chemically active lead zirconium titanium (PZT) matrix are
fully oxidized during the deposition process, even at small x values
[7,18].

Thematrix in nanocomposite films is crucial for the formation of
the ‘coreeshell’ structure of metallic nanoparticles and hence their
electrical properties. Additionally, surface oxidation of nano-
particles presumably depends on the intrinsic oxygen in the Al2O3
and Pb(ZrTi)O3 matrices of the nanocomposite films, especially
under heat treatment.

Thus, the aim of the present study was to investigate the effects
of oxygen in the sputtering and annealing gas atmospheres on the
temperature and frequency dependences of the AC conductance of
nanocomposites containing CoFeZr nanoparticles embedded into
an oxygen-free transparent ceramic matrix (CaF2), in comparison
with the previously studied (Fe45Co45Zr10)x(Al2O3)(100-x) [19] and
(Fe45Co45Zr10)x(Pb(ZrTi)O3)(100-x) [26] composite nanogranular
films. Further task is to develop equivalent circuit describing the
occurrence of resonance phenomena in the tested nanocomposites
and analysis of the possibilities of their use for the production of
elements with resonant circuit properties.

2. Experimental

We examined the electrical properties of (CoFeZr)x(CaF2)(100-x)
nanocomposites by applying an AC. The nanocomposites were
prepared via high-energy ion-beam sputtering of a compound
target in a mixed argoneoxygen atmosphere in a vacuum chamber.
The compound target contained a ferromagnetic alloy Co45Fe45Zr10
plate covered with stripes of dielectric transparent ceramic CaF2
through changing distances [27,28]. The pressures of argon and
oxygen gas in the vacuum chamber were pAr ¼ 8.5 � 10�2 Pa and
pO2 ¼ 4.3 � 10�3 Pa, respectively.

The chemical composition and nanogranular structure of the
(CoFeZr)x(CaF2)(100-x) films were verified using X-ray microanalysis
and transmission electron microscopy [11]. The obtained images
indicate that practically spherical crystalline nanoparticles of a
metallic phase covered with FeCo-based ‘shells’ were separated by
the crystalline transparent ceramic matrix CaF2. The average
diameter of the nanoparticles was approximately 4.4 nm, with a
standard deviation of approximately 0.22 nm.

For measurements of the frequency/temperature dependences
of the real part of the admittance s(f, Tp), the phase shift angle q(f,
Tp), the capacitance Cp(f, Tp), and the dielectric loss factor tand(f, Tp),
AC bridges HIOKI 3532 LCR HiTESTER (in the frequency range of 42
Hze5MHz) with a special personal computer-based control system
were used. The electrical properties of the samples were measured
after deposition and after the samples were subjected to isochro-
nous (15 min) annealing in a tubular furnace in the temperature
range of 398e573 K with steps of 25 K. The electrical parameters of
the samples were measured in the temperature range of 77e373 K
with steps of 5 K and an accuracy better than 1%. The measurement
stand was described in Refs. [29,30].

3. Results and discussion

In our previous studies [11,31,32], we examined the structural,
electrical (AC/DC), and magnetic properties of as-deposited
(FeCoZr)x(CaF2)(100-x) nanocomposite films with 20 < x < 72 at.%.
In the present study, we examined in further detail the samplewith
x¼ 62.7 at.%, which exhibited specific electrical properties in the AC
regime.

The measurement results for the as-deposited sample are pre-
sented in Fig. 1. Let us discuss the most characteristic features of
these curves. As shown in Fig. 1a, the real part of the admittance
increased slightly with the increase of the frequency at a relatively
weak temperature dependence of s(Tp). Thus, for the chosen range
of Tp, the examined sample exhibited dielectric (activation-like)
behavior of the real part of admittance with ds/dTp > 0 [33]. This
means that during carrier transport, electrons were forced to
overcome dielectric barriers, tunneling between nanoparticles with
conductance activation energies of DEsz (0.050 ± 0.010) eV. Fig.1b
shows the frequency dependence of the phase shift angle q, which
has small negative values at f < 103 Hz (not more than 10� by
modulo). This is typical capacitive behavior for composite granular
samples. For the highest Tp values (>250 K), the q values of the
sample remain negative in the whole f range, although at low
temperatures (<248 K) and high frequencies, the q values become
positive (‘negative capacitance’ effect in Fig. 1c), approaching þ75�,
which indicates the inductive-like behavior of the sample.

The transition from a positive capacitance to a negative capac-
itance is clearly shown in Fig. 1c, which presents the frequency
dependence of the capacity modulo (Cp) measured in the parallel
equivalent circuit regime. As shown in this figure, the Cp modulo
quickly decreases with the increase of the frequency, reaching the
expressed minimum for some frequency f ¼ fminC. After reaching
the minimum value, the Cp(f) modulo increases, eventually
becoming saturated (steady state).

Comparison of Fig. 1b and 1c reveals that the frequencies at
which minimal Cp(f) modulo values are observed for every mea-
surement temperature Tp coincide exactly with the fq values at
which q¼ 0. The capacity modulo Cp in the frequency range f < fminC
increased with the measurement temperature. Additionally, with
the increase of the temperature, fminC shifted to a region of higher
frequencies. This resulted in an activational characteristic of the



Fig. 1. Frequency dependences of the real part of the admittance s (a), the phase shift
angle q (b), and the capacity modulo Cp (c) for the as-deposited (FeCoZr)62.7(CaF2)37.3
nanocomposite sample in the temperature range of 81 K < Tp < 313 K.

Fig. 2. Frequency dependences of the real part of the admittance s (a), the phase shift
angle q (b), and the capacity modulo Cp (c) in the temperature range of
81 K < Tp < 313 K for the (FeCoZr)62.7(CaF2)37.3 nanocomposite sample annealed at
398 K.
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reactive part of the conductance. By plotting the Cp(Tp) dependence
on the Arrhenius scale, we observe that the thermal activation
energy for this contribution DEc z (0.041 ± 0.010) eV is slightly
lower than the aforementioned DEs values. As a whole, such
behaviour of the s(f, Tp), q(f, Tp), and Cp(f, Tp) dependences of the
studied nanocomposites is in accordance with the parallel equiv-
alent RCL circuit where the contribution of L dominates over that of
C.

As shown in Fig. 2, after 15min of annealing at 398 K, the s(f, Tp),



Fig. 3. Arrhenius plots for the characteristic time constants tC, tq, ts1, ts2, t-90, and tþ90

(Equations (3) and (4)).
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q(f, Tp), and Cp(f, Tp) dependences were significantly changed
compared with those in Fig. 1, with regard to both their shape and
turndown. The main differences in the s(f, Tp), q(f, Tp), and Cp(f, Tp)
curves between the as-deposited and annealed samples are as
follows. First, as shown in Fig. 2a, the s(f) curves for the annealed
samples exhibit a non-monotonous shape with two (or even three
at some temperatures) minima whose positions on the frequency
scale are strongly dependent on the temperature. Second, the q(f)
curves after the annealing process exhibit very strong widening of
the q values (from �120� to þ135�) in the studied range of fre-
quencies (Fig. 2b). Third, the Cp(f) progress with the increase of the
frequency was conserved as a whole after the heat treatment, but
the fminC values were shifted to a lower range of frequencies with
the decrease of the temperature (Fig. 2c). Fourth, the s(f, Tp) curves
in Fig. 2c show two minima that were absent for the as-deposited
samples.

To explain the observed changes, let us analyse them in further
detail with regard to the theory of admittance spectroscopy,
considering the modes of measurement applied in the aforemen-
tioned RCL-meters. The joint analysis of the s(f, Tp), q(f, Tp), and Cp(f,
Tp) curves transformed by heat treatment shows that the observed
frequency dependences can be explained using equivalent
circuits more complicated than those employed for the as-
deposited samples. In particular, within the framework of the AC/
DC hopping model considered in Refs. [11,18,19], which describes
the effect of ‘negative capacitance,’ the equivalent circuits of the
annealed nanocomposite samples should include both series and
parallel RCL parts. In Ref. [18], we introduced equivalent circuits to
describe the s(f, Tp) dependences for (CoFeZr)x(Al2O3)(100-x) and
(CoFeZr)x(PZT)(100-x) nanocomposite films. This follows from not
only the presence of a minimum in the Cp(f) curves at some f¼ fminC
(close to fminq, where the q(f) dependence changes sign from
negative to positive) but also the appearance of two extra minima
in the s(f) curves (Fig. 2a) when the q(f) dependences cross the lines
of q ¼ -90� (fmins1) and q ¼ þ90� (fmins2). Therefore, the s(f) de-
pendences show two resonance frequencies fmins1 and fmins2, at
which the compensation of the voltages on the capacitive (C) and
inductive (L) components of the RCL equivalent circuits is evi-
denced. These voltages are in opposite phases (�90� and þ90�),
and their values at the characteristic frequencies are coincident.
The measured values of fminC in Fig. 2c are between them:
fmins1 < fminC < fmins2.

Because of the parity of the voltages on the inductive and
capacitive components and their opposite phases (�90� andþ90�),
the L and C values cannot be estimated simultaneously. This follows
from the formula for the voltage on the reactive part of the
impedance in a series circuit:

U¼ i0

�
uLS �

1
uCS

�
; (1)

where i0 is the applied current amplitude, CS is the capacitance, LS is
the inductance, and u ¼ 2pf is the angular frequency.

Equation (1) indicates at every frequency fs, the measured ca-
pacity reaches a very small value (theoretically zero), in accordance
with the following expression:

usL� 1
usC

¼ 0; (2)

where us ¼ 2pfs.
The measurements presented in Fig. 2 were performed when

the frequency changed with steps of 10 points per decade, and for
this reason, we were unlikely to measure a value of precisely zero.
The minima of the Cp(f) modulo dependences shown in Fig. 2c are
clearly observed owing to the strong observed changes of Cp(f) (two
ormore orders of magnitude around fminC values). It is evident from
Fig. 2a that the AC conductivity did not showany peculiarities at the
resonance frequency fminC, which is in accordance with the voltage
resonance theory.

It should be emphasized that such behavior of the admittance
frequency dependences was observed in a wide temperature range
of ~130e~225 K (see Fig. 2b). Using the equations

tq ¼
1

2pfq
and tC ¼ 1

2pfminC
; (3)

we can estimate the characteristic times for the electron hopping
processes. The temperature dependences of the estimated charac-
teristic times tq and tC are presented in Arrhenius plots in Fig. 3. As
shown, both the time constants are in the same region of values;
thus, we can assume that tq z tC for every measurement tem-
perature. Moreover, as indicated by curve 1 in Fig. 3, the tq(T) and
tC(T) dependences in the Arrhenius scale (lgt e 1,000/T) are
described by curves with two linear segments having different
slopes, which correspond to two different activation energies. In
the low-temperature range (100e145 K), the activation energy is
DE1c z (0.012 ± 0.002) eV, whereas at higher temperatures, it is
DE2c z (0.061 ± 0.005) eV.

Similarly, we can compare the values of the characteristic times
t-90, tþ90, ts1, and ts2, which were estimated using the following
equations:

t�90 ¼ 1
2pf�90

t90 ¼ 1
2pf90

ts1 ¼ 1
2pfmins1

ts2 ¼ 1
2pfmins2

(4)

They are also presented in Fig. 3. As shown, the time constants
(t-90, ts1 and tþ90, ts2) calculated from the temperature de-
pendences of the phase angle shift for (q¼�90� and f¼ fmins1) and
(q ¼ þ90� and f ¼ fmins2) are in coincidence in pairs (see curves 2
and 3). The appropriate activation energies are close to the values
obtained above from the lgtC(1,000/T) curves.

Let us analyse the observed frequency dependences of the AC
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conductivity in further detail on the basis of conventional RLC cir-
cuits. The obvious minima in the s(f, Tp) curves indicate the pres-
ence of a current resonance in the two parallel circuits in the
conventional equivalent RLC circuit. The resonance resistance RR of
these contributions is significantly higher than their active re-
sistances rP. The theory of current resonance shows that

RR ¼
LP
rPCP

(5)

Hence,

RR
rP

¼ LP
r2PCP

¼ Q2 ¼ 1
tan2 d

; (6)

where Q is the quality factor and tand is the dielectric loss factor at
the frequency where the current resonance occurs.

Fig. 4 shows the frequency dependence of tand(f), where both
types of resonances (voltage and current) are clearly observed. For
frequencies where the voltage resonance occurs, only the active
component is observed, causing the tand values to increase to in-
finity. The impedance meters used in our experiments had a tand
measurement limit of 10, as shown in Fig. 4. For the voltage reso-
nance frequency (at q ¼ 0�), tand reached the maximal value of
~10 at every temperature. At approaching the frequencies, when
q ¼ �90� or q ¼ þ90�, obvious minima of tand are observed with
tandz3� 10�2 << 1 (Fig. 4). This means (see Equation (6)) that the
circuit resistance RR at the current resonance frequency is
approximately 1,000 times larger than the active resistance rP of the
circuit.

Analysis of Figs. 2e4 indicates that a complicated (ser-
ieseparallel) equivalent circuit should be used to describe the AC
hopping carrier transport in the annealed nanocomposite
(CoFeZr)x(CaF2)(100-x) films. The occurrence of two minima in the
s(f) dependences in the temperature range of 130e225 K indicates
that the full equivalent circuit comprises two parallel circuits with
two different systems of RLC parameters (see Fig. 5). The crossing of
the zero line by the q(f) dependences and the occurrence of obvious
minima in the C(f) curves at the same frequency (fqz fminC) indicate
that the compound equivalent circuit of the nanocomposite film
Fig. 4. Frequency dependences of the dielectric loss factor in the temperature range of
81 K < Tp < 313 K for the (FeCoZr)62.7(CaF2)37.3 nanocomposite sample annealed at
398 K.
contains one series component in the equivalent circuit (Fig. 5).
Current and voltage resonances occur in this RLC circuit at the
angular frequency

uR ¼
1ffiffiffiffiffiffi
LC

p (7)

For the series contribution to the equivalent circuit, the voltage
resonance frequency is given as

uRS ¼
1ffiffiffiffiffiffiffiffiffiffi
LSCS

p ; (8)

and for two parallel parts of the equivalent circuit current, the
resonance frequencies are equal to

u1RP ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L1PC1P
p and u2RP ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2PC2P
p (9)

This indicates that the equivalent circuit of the annealed nano-
composite films presented in Fig. 5 contains three resistive com-
ponents (RS, R1P, and R2P), three capacitive components (CS, C1P, and
C2P), and three inductive components (LS, L1P, and L2P), which can be
attributed to the three-phase structure of the studied nano-
composite films (see the sketch in Fig. 5b).

Theoretical assumptions for the model of impedance and
voltage resonance were described in the paper [34] and the
modeling related to the occurrence of current resonance in the
paper [18]. Resonance occurs in each electrical circuit for pulsations
at which the resultant reactance of circuit X or the resultant sus-
ceptance B of the circuit is zero. A prerequisite for resonance is the
simultaneous presence of reactance elements in the circuit:
inductance and capacity. In the case of voltage resonance, there is
compensation of induction reactance XL with capacitance XC and
the total reactance is zero. At current resonance, the resulting
susceptance of the circuit is zero. As proven in [18, 34], the presence
of an inductive contribution in the equivalent circuit of nano-
composites with a ‘coreeshell’ structure of FeCoZr-based nano-
particles is due to hopping (tunneling) of electrons between
nanoparticles (neutral potential wells), which form electric dipoles.
The electric dipoles cause the thermally activated polarization of
the matrix around the nanoparticles, and the activation energy
increases with the temperature. This results in the delay of the
electron on the second nanoparticle after its first jump from the
first nanoparticle under the weak AC bias voltage applied. Intro-
duction of the characteristic time ts of this delay of the electron on
the second nanoparticle before its return to the first potential well
or its jump to the third one (at the appropriated phase of the
applied AC electric field or under phonons with appropriate en-
ergy) allows the high-frequency admittance to be described in
accordance with the current resonance theory.

Examination of the annealed nanocomposite sample with close
composition but deposited via ion-beam sputtering in a pure argon
atmosphere at a partial pressure of pAr ¼ 1.1 � 10�1 Pa proves that
oxygen and fluorine had a significant impact on the occurrence of
current resonance and the dominance of the inductive-like
contribution over the capacitive one. Fig. 6 shows the frequency
dependences of the phase angle q for the (FeCoZr)66.3(CaF2)33.7
nanocomposite sample (its composition is very similar to that
described in Figs. 1 and 2), which was annealed under the same
conditions. As shown, this sample is characterized by only
capacitive-like behavior (no ‘negative capacitance’ or current res-
onances effects). In the context of the current resonance theory and
the AC hopping model [11,18,19,34], we attribute the observed
difference in the frequency dependences of the conductivity, ca-
pacity, phase angle, and dielectric loss factor of the annealed



Fig. 5. Equivalent circuit for the (FeCoZr)62.7(CaF2)37.3 nanocomposite annealed at 398 K (a) and a sketch of the ‘coreeshell’ nanoparticle composition (b), where M denotes the a-
FeCo(Zr) ‘core’.

Fig. 6. Frequency dependences of the phase shift angle q in the temperature range of
81 K < Tp < 313 K for the (FeCoZr)66.3(CaF2)33.7 nanocomposite sample annealed at
398 K.
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samples (FeCoZr)62.7(CaF2)37.3 and (FeCoZr)66.3(CaF2)33.7 to the
different phase compositions of the nanoparticles due to the
involvement of not only oxygen but also fluorine atoms in the
formation of ‘shells’ at the surface of the metallic nanoparticles.

Next, we discuss possible reasons for the different behavior
of both the (Fe45Co45Zr10)x(CaF2)(100-x) annealed films from the
previously studied annealed (Fe45Co45Zr10)x(Al2O3)100-x or
(Fe45Co45Zr10)x(Pb(ZrTi)O3)(100-x) nanogranular films, as well as the
differences between the frequency dependences of the admittance
for the (FeCoZr)62.7(CaF2)37.3 and (FeCoZr)66.3(CaF2)33.7 films in the
temperature range of 81 K < Tp < 313 K, as shown in Figs. 2 and 6.

A detailed study of as-deposited (FeCoZr)62.7(CaF2)37.3 and
(FeCoZr)66.3(CaF2)33.7 films using XRD and M€ossbauer spectroscopy
[35] revealed that ‘coreeshell’ nanoparticles contain three phases:
metallic ‘cores’ (phase I) and two types of FeCo-based oxides in
‘shells’ (see Fig. 5b). The first oxide (phase II) is a crystalline
Fey2þCo1-y2þO phase, and the second oxide (phase III) is a-Fe2O3 with a
high degree of structural disorder. According to the data reported in
Refs. [25,34], where the process of nanoparticle oxidation was
considered in detail, we believe that the crystalline Fex2þCo1-x2þO
phase is localized between the a-FeCo(Zr) ‘core’ surface and the a-
Fe2O3 disordered oxide. The a-Fe2O3 oxide is formed mainly at the
interface with the CaF2 matrix; thus, the structural disorder and
dissolution of F atoms in this oxide may be due to its location near
fluorite. In addition to structure and crystallinity, these oxides differ
with regard to their magnetic and electrical properties [25].

The main difference between the phase compositions of the
(FeCoZr)62.7(CaF2)37.3 (sample production in argon with the addi-
tion of oxygen) and (FeCoZr)66.3(CaF2)33.7 (sample produced in pure
argon) films is the ratio of metallic-to-oxide contributions. Pro-
gressive oxidation occurs with the increase of x [35]; thus, almost
complete Fe oxidation occurs in the (FeCoZr)66.3(CaF2)33.7 sample,
whereas the metallic core contains mainly Co (as shown in Fig. 5b).
Based on the analysis of M€ossbauer spectroscopy spectra, it was
calculated that about 20% of Fe and Co elements are in the metallic
phase [36]. The remaining atoms of these elements are in the form
of oxides. Less than 20 at.% of Fe is in the metallic (non-oxidized)
state in this sample (according to M€ossbauer spectroscopy). The
contribution of Fex2þCo1-x2þO oxide also dramatically increases. Thus,
the main phase transformations in the nanoparticles with the in-
crease of x � 62.7 at.% are related to the decrease of the metallic
‘core’-to-Fey2þCo1-y2þO oxide ratio and, as a result, the increase of the
Fey2þCo1-y2þO oxide-to-a-Fe2O3 ratio (because of the redistribution in
the oxide shell).

Similar frequency dependences of the conductance, capacitance
phase angle, and dielectric loss factor for the (Fe45Co45Zr10)x(-
CaF2)(100-x) annealed films were observed at high annealing tem-
peratures (423 K � Ta � 573 K). However, the impact of the high-
temperature annealing on the recorded dependences was
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considerably smaller than that of annealing at 398 K (low tem-
perature). This may be related to the high chemical activity of ox-
ygen and especially fluorine ions. After the first (low-temperature)
annealing at 398 K, almost all the free ions of fluorine and oxygen,
defragmented by the film during the deposition procedure, fully
reacted chemically with the metallic atoms incorporating into
phases II and III. Further annealing at higher temperatures caused
significantly slower structural changes of the nanocomposite owing
to the deficiency of free F and O atoms for the samples, especially
with high x values.

It is still unknownwhich of these three phases (along with three
time constants and three systems of RLC parameters) are related to
the voltage resonance or the current resonances. This question
requires additional experiments.

4. Conclusions

Low-temperature annealing (at 398 K) of (FeCoZr)x(CaF2)(100-x)
nanocomposite films produced with ion-beam sputtering in an
argoneoxygen gas mixture caused significant changes of the AC
electrical properties. The q changes for a (FeCoZr)62.7(CaF2)37.3 film
sample after annealing at 398 K were measured within the range
of�170� toþ135�, exceeding the characteristic limit of q¼ ±90� for
conventional RLC circuits. A clear minimumwas observed in the C(f,
Tp) modulo dependences when the phase angle q approached zero.
The presence of this minimum is similar to the phenomenon of
voltage resonance in series RLC circuits. Additionally, the de-
pendences of s(f) exhibited two obvious minima related to the
transition of the phase shift angle through the values q1 ¼þ90� and
q2 ¼ �90�. Such behavior corresponds to the current resonances in
conventional parallel RLC circuits. The AC parameters of the
(FeCoZr)x(CaF2)(100-x) films annealed at temperatures of Ta z 398 K
were described by using a compound equivalent circuit comprising
one series RLC circuit and two parallel circuits, which differed in the
values of their R, L, and C elements. In our opinion, this is related to
the formation of the three-phase structure of the nanocomposite
films, which involved the electron hopping process under the
applied AC bias voltage. These phases are metallic ‘cores’ (phase I)
and two types of FeCo-based oxides ‘shells’ (Fex2þCo1-x2þO crystalline
oxide, i.e., phase II, and a-Fe2O3 disordered oxide, i.e., phase III)
between the metallic core and the CaF2 matrix.

Joint analysis of the s(f), q(f), Cp(f), and tand(f) curves trans-
formed by heat treatment revealed that the observed frequency
dependences can be explained by the previously developed AC/DC
hopping model with three different characteristic times of electron
hopping and three sets of parameters for the three components of
the full equivalent circuit in Fig. 5 (RS, CS, LS; R1P, C1P, L1P; R2P, C2P, L2P)
owing to the different tunneling conditions between the afore-
mentioned three-phase nanoparticles embedded in the trans-
parent ceramic matrix. It is still unknown which of these time
constants and RLC parameters are related to the voltage resonance
or current resonances.

Considering such nanocomposite (FeCoZr)x(CaF2)(100-x) proper-
ties and using ion beam sputtering technologies, one can obtain an
areawithout winding inductancewith about 100 mH/mm3 induction
and capacity with relative dielectric permittivity of about 10,000 in
one technological process. Consequently, it allows reducing the
surface area of the semiconductor structure while increasing the
degree of integration and the use of such materials in integrated
circuits.
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