i:;l?é electronics

Article

Impedance and Dielectric Analysis of Nickel Ferrites: Revealing
the Role of the Constant Phase Element and Yttrium Doping

Mirjana Siljegovi¢ !, Zeljka Cveji¢ 1V, Stevan Jankov ', Elvira Toth !, Dejana Herceg 2, Peter Odry 34

and Vladimir Tadic 34/5*

check for
updates

Citation: Siljegovi¢, M.; Cveji¢, Z.;
Jankov, S.; Toth, E.; Herceg, D.; Odry,
P,; Tadic, V. Impedance and Dielectric
Analysis of Nickel Ferrites: Revealing
the Role of the Constant Phase
Element and Yttrium Doping.
Electronics 2024, 13, 1496. https://
doi.org/10.3390/ electronics13081496

Academic Editors: Alessandro
Gabrielli and Fabio Corti

Received: 9 February 2024
Revised: 27 March 2024
Accepted: 11 April 2024
Published: 15 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physics, Faculty of Sciences, University of Novi Sad, Trg Dositeja Obradovica 4,

21000 Novi Sad, Serbia; mirjana.siljegovic@df.uns.ac.rs (M.S.); zeljka.cvejic@df.uns.ac.rs (Z.C.);
stevan.jankov@df.uns.ac.rs (S.].); elvira.toth@df.uns.ac.rs (E.T.)

Faculty of Technical Sciences, University of Novi Sad, Trg Dositeja Obradovica 6, 21000 Novi Sad, Serbia;
vuletic@uns.ac.rs

Institute of Information Technology, University of Dunaujvaros, Tancsics M. Str. 1/A,

H-2401 Dunaujvaros, Hungary; podry@uniduna.hu

Symbolic Methods in Material Analysis and Tomography Research Group, Faculty of Engineering and
Information Technology, University of Pecs, Boszorkany Str. 6, H-7624 Pecs, Hungary

John von Neumann Faculty of Informatics, Obuda University, Becsi Str. 96/B, H-1034 Budapest, Hungary
Correspondence: tadity.laszlo@uni-obuda.hu or laslo.tadic@gmail.com

Abstract: This paper presents the analysis of electrical and dielectric properties of the yttrium-doped
nickel ferrite nano-powders synthesized using the co-precipitation method. Impedance and dielectric
measurements have been carried out as a function of frequency at different temperatures from 200 to
25 °C in the range of 0.1 kHz-1 MHz. In order to investigate the conduction mechanism and highlight
the role of yttrium doping in different concentrations, impedance spectroscopy was employed. The
obtained data were analyzed in terms of equivalent circuits made of resistor and capacitor components
describing the contributions from different electrical active regions in a material. Further, this study
highlights the importance of a single constant phase element (CPE) in the description of dispersion
behavior of the impedance response of the investigated samples in the given frequency range. The
use of this technique enabled the characterization of grain and grain boundaries contribution in
overall conductivity mechanism. The dielectric dispersion nature of all investigated materials is
reflected in this study. Very high values of the real part of permittivity at low frequencies are assigned
to space-charge polarization. The dependence of the real part of dielectric permittivity values of the
yttrium content was also discussed. Doping with yttrium in different concentrations that reflects in
different electric and dielectric responses is concluded in this study. The greatest change is noticed for
the sample with the minimum dopant content for a x = 0.05 atomic percent share of yttrium. To reveal
the potential role of more than one ion contribution to the overall relaxation process in investigated
compounds, a modified Debye’s equation was utilized.

Keywords: impedance spectra; constant-phase element; space-charge polarization; yttrium doping;
measurements

1. Introduction

Due to their specific magnetic, electrical and optical properties, magnetic nanoparticles
are considered as highly versatile materials of great importance with the significant poten-
tial for application in different areas such as medicine, cancer therapy, bio-sensing, catalysis
and environment [1-4]. For the same reason, magnetic nanoparticles are recognized as
promising materials for utilization in modern electronic devices. Their implementation
in soft electronics and robotics enables many functions, such as the detection of intensity
and direction of magnetic fields, measurements of mechanical deformations, manipulation
at small scales, etc. Among these, transition metal ferrites of a general MFe,O4 formula
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(where M can be Ni, Co, Mn, Zn, Mg, etc.) are particularly important due to their chemical
and thermal stability and unique physical properties providing them a wide potential for
various technological applications [5-8].

The NiFe;O4 belongs to a group of soft ferrites, crystallized in a fully inverse spinel
structure, where trivalent ions (Fe®*) are equally positioned at two interstitial sites A and B,
and the octahedral sites B are filled by divalent cations [9]. The energy gap of NiFe;Oy is
found to be 1.59 eV. Thanks to their high electrical resistivity and electrochemical stability,
catalytic and magnetic behavior, the nickel ferrites found their use in photoelectric devices,
catalysis, sensors and nano-devices [9,10]. Some of these properties can be further improved
by the replacement of Ni?* ions with divalent cations, or with the substitution of Fe3* with
trivalent cations [11-16].

Impedance spectroscopy (IS) [17] and dielectric spectroscopy (DS) [18] are the in-
strumental techniques most commonly used to characterize the electrical and dielectric
response of the investigated materials using various formalisms. IS handles the frequency
data sets of resistance (R) and capacity (C) parameters obtained at a specified temperature.
Experimental data are analyzed in terms of the equivalent circuits made of components
describing the contribution of the different electrical active regions in a material. This
analysis is essential for materials that are inhomogeneous, such as ferrites [19]. DS is a
well-established method for the analysis of dielectric materials that exhibit the dipolar
reorientation processes [20]. The aim of the DS study is to determine the time constants
using the peak maxima, either from frequency dependence at a given temperature, or from
temperature variation at the selected frequency. Data are usually displayed via permittivity
and dielectric loss parameters whose analysis enables the characterization of the different
relaxation processes over measured temperature/frequency interval.

In impedance data, the time constants represent conducting components and paral-
lel resistance—capacitance (RC) combinations, while in permittivity data, they represent
dielectric processes and series RC combinations. The use of broadband data enables the
determination of the best equivalent circuit to fit the experimental data, quantify resistance,
capacitance and time constant parameters of different regions of the investigated mate-
rial and to describe departures from ideality using appropriate circuit elements in the fit
procedure. Using the fixed frequency and variable temperature data in either impedance
or dielectric methodologies, it is possible to detect the presence of different electrical
components that contribute to a data set.

In order to conduct a comprehensive study related to electrical inhomogeneity and
carriers’ behaviors in yttrium doped nickel ferrites, the combined impedance and dielectric
analysis is applied. Namely, in most cases, the low-frequency peak seen in the impedance
spectra originates from the direct current (DC) component of the conductivity and therefore
makes the real dielectric relaxation phenomena unable to be detected using this technique.

Henceforth, in this study, an attempt is made to comprehensively investigate the
electric and dielectric properties of nickel ferrites doped with yttrium by implementing
both the IS and DS methods. The impedance spectra and dispersion curves of the dielectric
permittivity are analyzed in detail. The main contribution of this work is the establishment
of the correlation between the polarization and conduction mechanism and perceiving the
role of yttrium dopant by employing conductivity and dielectric models from the literature
during the discussion of the reported results.

In the previous investigations of the electrical properties of NiFey_,Y,O4 samples
(where the yttrium atomic percent share is 0 < x < (.3), it was reported that the doping with
yttrium in small amounts (up to x = 0.15) reflects an increase in AC (alternating current)
electrical conductivity. However, this trend becomes the opposite with the further addition
of impurity atoms [21]. Such behavior was explained by the creation of vacancies due
to the replacement of yttrium ions with Fe ions. This substitution can affect the number
of Ni?*-Ni3* and Fe?*-Fe®* pairs and thus change the sample conductivity. It was also
suggested that the presence of the secondary phase detected on the X-ray of samples with
x > 0.15 may have an influence on conductivity values. Therefore, further investigations
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of electric properties proved to be necessary for highlighting the consequences of yttrium
doping on the structure modification.

In order to investigate the polarization mechanism in the studied samples and to
establish the correlation with IS results, DS analysis is applied. It is known that the dielectric
behavior of such materials is governed by mainly four types of polarization: dipolar, ionic,
electronic and space charge polarization [22]. Thus, orientation and interfacial polarization
are dominant in low frequency range and explore a significant dependence on temperature.
The ionic and electronic polarizations contribute at higher frequencies and show no change
with temperature.

The paper can be summarized as follows. The Section 1 presents the introduction
and the main goal of the research. The Section 2 describes the employed methodology.
The Section 3 contains experimental results and a detailed discussion of the results. The
conclusion is given in the Section 4, and suggestions for future work are in the Section 5.

2. Method
2.1. Impedance Spectroscopy Studies

To obtain a better insight into the conductivity mechanism and reveal the potential role
of the secondary phase in the investigated samples, impedance spectroscopy measurements
were performed over a range of temperatures (20025 °C) and frequencies. This analysis is
very useful for the characterization of ferrites, since it enables the detection of electrical
responses arising from different electrical active regions in a material.

Yttrium doped nickel ferrite nano-powders are synthesized using the co-precipitation
method as described in [21]. The densities of all the samples are well above 90% of TD
(theoretical density) and vary only slightly for varying Y>* content, as confirmed using
scanning electron microscope (SEM) images of the fresh fracture surfaces of the investigated
samples [21]. The grain size was found to decrease with the increase in yttrium content,
possibly due to the pinning of the grain growth using the secondary phases nucleated at
the grain boundaries.

For the needs of the measurements of the electrical and dielectric properties, NiFep_, YxO4
samples (x = 0.05, 0.15 and 0.3 at. %) were prepared in the form of tablets, prepared using
a cold press. The wires of the sample holder were connected to the silver electrodes and
the whole sample holder was placed inside the furnace. After reaching the maximum
temperature of 200 °C, the capacity and resistance were recorded in the cooling regime of
the sample with 5 °C steps using the GW Instek LCR-8105G (Available online https:/ /www.
coleparmer.com/i/gw-instek-lcr-8105g-20-hz-to-5-mhz-precision-lcr-meter /2003658, ac-
cessed on 4 March 2024). 20 Hz to 5 MHz Precision LCR Meter [23]. Measurements were
conducted in the frequency range from 0.1 kHz to 1 MHz.

From the experimentally determined values of the resistance Rp and the capacitance
Cp connected in parallel, the complex impedance Z* was calculated according to the
following relation:

\ . 1, !
"= Zreal *]Zimag = (R +]pr) (1)
P

where w is the angular frequency of the field.

Impedance spectra were analyzed and simulated using the EIS Spectrum Analyzer
software (Available online: www.abc.chemistry.bsu.by, accessed on 22 December 2023) [24].
The simulation procedure involves fitting the experimental data with an equivalent elec-
trical circuit. Based on R, and C, parameters obtained from the fit, it was possible to
determine the relaxation time using the expression:

or the modified expression, where the CPE element instead of C is used for fitting:

T = (R,-CPE) T (2b)
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where T is the relaxation time, R, and C, are the fitting parameters and 7 is the parameter
whose values lie between 0 and 1. The constant phase element CPE is used to accommodate
the non-ideal behavior of the capacitance. The impedance of the CPE can be described with
the following expression [25]:

Zcpe = CPE L (jw)™" 3)

where w is the angle frequency, the parameter CPE is independent of frequency and the
values of n lie between 0 and 1. At n =0, it is considered to be a pure resistor while for n =1
it is regarded as a pure capacitor.

Further, following the Arrhenius law [26], the activation energy of the conductivity
mechanism could be calculated. This parameter is significant for the identification of the
type of charge carriers transfer.

2.2. Dielectric Spectroscopy Studies

In order to investigate the polarization mechanism in the studied samples and to
establish a correlation with the IS results, DS analysis is used. Although this technique uses
the same type of electrical information as impedance spectroscopy, it applies a different
approach in data representation. The dielectric response is based on a concept of “energy
storage” and results in the relaxation per release of this energy via the system’s individual
components. The time required for this process to take place is called the relaxation time t
and can be described with the following relation [25]:

S 1
znfmax

4)

where fmax is the so-called critical relaxation frequency.

In the experiments, the relaxation time can be determined through detecting the
frequency dependence of the complex permittivity e*. This quantity is a function of two
parameters: the real part ¢’ and imaginary part ¢’ of permittivity:

€0 — €oo (€0 — €00)WT

= +e¢ =ect+ 5 5
1+ (wT) 1+ (wT)

(5)

where e, and g refer to dielectric permittivity at the highest and lowest frequencies,
respectively, w is the angular frequency of the field and 7 is the Debye average relaxation
time.

Based on the experimentally obtained dielectric permittivity values, the analysis is
conducted over a frequency domain from 0.1 kHz to 1 MHz at selected temperatures in
the range from 200 to 25 °C. The obtained results are analyzed considering the Maxwell-
Wagner model according to which the polycrystalline sintered ferrites act as two-layer
capacitors, consisting of large well-conducting grains separated by thin layers of resistive
grain boundaries [27,28].

The dielectric behavior is also discussed by employing the modified Debye’s relaxation
equation to confirm the potential role of more than one ion contribution to the overall
relaxation process in investigated compounds. The used relation [29] can be expressed as:

€0 — €0
= ——m8 (6)
1+ (wr)21=

where « is the spreading factor of the actual relaxation times about the mean value.

In summary, the combined impedance and dielectric spectroscopy analysis should
provide the deconvolution and characterization of different contributions in the impedance
and dielectric response of investigated samples and therefore provide a better insight in
the structure of the materials.
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3. Results and Discussion
3.1. Impedances Analysis

The frequency dependence of the real part of the impedance in the temperature range
from 50 to 200 °C for the NiFep_,Y,O, samples where x = 0.05, 0.15 and 0.3 is given in
Figure 1la—d. All the plots display a monotonous decrease in the Z,., values with the
increase in frequency and temperature which can be interpreted with the domination of
electronic polarization in studied samples. Such dependence is in accordance with the
previously established increase in alternate current (AC) conductivity and can be assigned
to a negative temperature coefficient of the resistance [30]. Further, the impedance curves
that merge at high frequencies show the independence of the measured parameter on
temperature in this region, illuminating the conduction mechanism due to the short-range
movement of charge carriers [31]. It is known that grain boundaries are active interfaces for
the creation of such region [32]. Therefore, the observed temperature plot can be attributed
to the accumulation of charge carriers at the grain boundaries and the reduction in the
barrier resulting in the release of space charge. However, the change in the temperature
behavior of Z,) values for the samples with x = 0.15 and 0.3 suggest a different contribution
share in the conductivity mechanism at different temperature intervals.
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Figure 1. Frequency dependence of Z., parameter for: (a) NiFeg5Yp0504, (b) NiFeggs5Y(.1504,
(c) NiFegg5Yp.1504 (high temperatures) and (d) NiFeg 7Yy 304 samples. (Sign x on Z,.,1 axis refers to
multiplication).

In order to support this discussion and to assist in the interpretation of impedance
spectra under limitations (failing to cover the entire set of relaxation frequencies of different
microstructural contributions), as well as to possibly provide useful information such as
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the relaxation time, the dispersion curves of the imaginary part of impedance at given
temperatures for the analyzed samples are shown in Figure 2a—d. The continuous decrease
In Zimag values with the rise in frequency in the whole temperature range is noticed for
the NiFegg5Y0.1504 and NiFeg7Yy304 samples. The graph of the NiFeg 95Yp 0504 sample
indicates a dispersion behavior shift to higher frequencies with a rise in temperature that
can be related to the relaxation effect being much more pronounced with temperature
evaluation than in the other two samples [33,34].
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Figure 2. Frequency dependence of Zjnag parameter for: (a) NiFepg5Y0.0504, (b) NiFeqs5Y0.1504,
() NiFeqg5Y0.1504 (high temperatures) and (d) NiFep 7Y 304 samples. (Sign x on Zin,g axis refers to
multiplication).

In order to provide more details about the conduction mechanism in the studied
samples and highlight the role of yttrium doping in different concentrations, experimental
data are presented in the form of a Nyquist plot and are shown in Figure 3a—e.

In the case of the NiFe(95Y0,0504 sample (Figure 3a), the impedance response for all
the selected temperatures can be analyzed only in the high frequency domain, since the
DC component of the conductivity is still dominant at lower frequencies and disables the
detection of a low-frequency contribution in the overall conductivity. The appearance of a
single semicircular arc at all temperatures means that the procedure follows a single relax-
ation appliance in the high frequency range. The arcs exhibit a change with temperature
through decreasing the diameter which indicates the presence of a thermally activated
conduction mechanism and the semiconducting character of the NiFeg 95Y( 0504 sample.
The semicircles are also found to be depressed with their centers below the Z., axis.
Such characteristics indicate the existence of a non-ideal Debay behavior which can be
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attributed to several factors: interior grain, distribution of the grain size, grain boundaries,

distribution of atomic defects, effect of stress—strain, etc. [35].
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Figure 3. Nyquist plot for: (a) NiFepg5Yp 0501, (b) NiFepgsYy1504 (low temperatures),

(c) NiFepgs5Yp.1504 (high temperatures), (d) NiFeg7Yp304, () NiFey7Yy304 (high temperatures)
samples. (Sign x on both axis refers to multiplication).

According to the Maxwell-Wagner model [27], the impedance spectra of polycrys-
talline ferrites, in general, can contain three overlapping semicircles [36]. The first one
appearing at high frequencies corresponds to the resistance of grain only, while the semi-
circle in the intermediate frequency range refers the contribution of both grain and grain
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boundaries. The third semicircle at frequencies below 100 Hz is assigned to the electrode’s
effect [37].

Considering the frequency area and the appearance of the graphs themselves, the
impedance response of the sample with a minimum content of yttrium can be attributed
to the considerable contribution of grains in the high frequency domain. To highlight the
correlation of the electrical properties to the microstructure, the experimental data are fitted
with an equivalent electrical circuit formed via a grain resistance (Rg) in parallel with the
constant phase element (CPE). The CPE is used to accommodate the previously mentioned
non-ideal behavior of the capacitance.

The analysis and simulation of impedance spectra were performed using the EIS
Spectrum Analyzer software (Available online: www.abc.chemistry.bsu.by, accessed on
22 December 2023) [24]. Fitting errors were less than 10%. Based on the determined values
for R and C, the relaxation time T was also calculated. The obtained values of the parameters
are given in Table 1. The low values of quantities Ry and T confirm the correctness of the
assumption about the grain dominance in the electric response of this sample in the high
frequency domain.

Table 1. Parameters of the equivalent electric circuits.

x =0.05 x=0.15 x=0.3

t Ry  CPE 7y s, CPE g Ry CPE e
cO a*a) @ " aossy R0 o5y 0%y a0y @p " (105s)
50 8086.3 1.96 1 15.85 10 1.93 0.86 70.1 10 0.644 0.99 59.84

75 6533.5 7.48 0.91 18.42 6.19 1.8 0.9 52.73 9.94 2.08 0.89 96.66
100 3122.8 6.95 0.93 9.70 3.09 5.12 0.74 19.83 5.61 1.23 0.98 59.65
125 1453.6 3.91 0.97 3.96 1.44 1.91 0.92 129 4.48 1.56 0.97 56.20
150 933.58 5.13 0.95 2.59 0.53 4.15 0.85 5.25 3.27 5.72 0.84 56.70
175 632.42 2.04 1 1.29 0.18 1.25 0.96 1.45 0.53 24.19 0.7 7.41
200 2845 1.99 1 0.57 0.08 4.08 0.87 0.7 0.38 3.3 09 4.67

Although the introduction of yttrium ions into the NiFe; O structure formally reduces
the number of pairs of iron ions of different charge (participating in the hopping mecha-
nism), the distances between them decrease, which can explain the improvement of the
hopping mechanism and the increase in conductivity for the sample with x = 0.05 at. % of
Y [38].

The Nyquist plots of the NiFepg5Yy1504 and NiFey7Yp30, samples at given tem-
peratures (Figure 3b—e) clearly indicate the change in impedance response with the rise
in temperature. In the impedance spectra at temperatures of 50 °C and 75 °C of the
NiFe)g5Yy 1504 sample and 100 and 125 °C of the NiFe( 7Y 304 sample (Figure 3b,d) the
curves tend to be linearly lined up towards the Ziy,g in the whole frequency range which
refers to the high insulating nature of these compounds and the significant contribution of
grain boundaries in the conduction process. The observed decrease in the conductivity can
also be attributed to a decrease in oxygen vacancies [39], as already discussed in Section 2.
Namely, in the case of a further increase in the amount of yttrium in the NiFe,O4 structure,
the decrease in the distance between pairs of iron ions with different charges cannot com-
pensate for the additional decrease in the number of pairs of mentioned iron ions, which
negatively affects the jump mechanism and leads to a decrease in conductivity [40]. The
semicircular pattern again appears at higher temperatures (Figure 3c,e) and points out the
semiconducting behavior in this range due to a more pronounced contribution of grain
interiors. These results confirm the previously derived assumptions about the change in
the conductivity mechanism.

Therefore, it can be supposed that the impedance plots of both these samples consist of
depressed semicircles assigned to the grain boundaries and grain interiors contribution in
their electric response. This is supported by fitting the experimental data with an electrical
equivalent circuit made of elements R and CPE in parallel. The obtained parameters,
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including the relaxation time values, are given in Table 1. The comparable values of
resistivity and relaxation time indicate a significant similarity in the electric behavior of the
samples with a greater amount of yttrium.

Also, the decrease in the R and T parameters with the rise in temperature is obvious
for all the samples. It is known that a disordered arrangement of atoms near the grain
boundary region can caus1 the localization of electrons and enhance its scattering during
the conduction process [41]. Therefore, at lower temperatures, the electric response of the
studied samples is governed by highly resistive grain boundaries that disable electrons to
jump and influence the charge mobility. Doping with yttrium, due to larger ionic radius of
Y3+, increases the distance between a potential Fe?*—Fe®* pair, making hopping between
them less likely. With the rise in the temperature grain boundary, scattering decreases;
therefore, the thermally activated localized charge carriers are encouraged to drift more
freely and the trapped charge carriers are released. Similar behavior regarding the drop in
conductivity was also noticed in [42].

It should be emphasized that the magnetic relaxations in nickel ferrites considered
as soft magnetic materials might occur way beyond 1 MHz, which is the upper frequency
where the measurements were performed in this research.

The activation energy related to grains and the grain boundary was determined by
applying the Arrhenius law [26]. The obtained curves are illustrated in Figure 4. The
activation energy value for grains is 0.3 eV. The grain boundary activation energy is
found to be 0.43 eV for the NiFeyg5Yp 1504 sample. Similar results are also observed in
the literature [38], such as in the previous research [30] where the activation energy of
the hopping mechanism for investigated samples was experimentally and theoretically
determined. However, a much lower value of 0.13 eV is obtained for the sample with
the maximum yttrium content. This can be related to the percolation of larger grains and
preferred orientation, facilitating the charge carriers motion along the conduction plane.
The obtained value suggests the tunneling of the charge carriers as a dominant mechanism.
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Figure 4. Temperature dependence of InR for: (a) NiFeyo5Yp 0504 (b), NiFepgsYy1504 and
NiF€0_7Y0V3O4 samples.

3.2. Dielectric Analysis

The variation in the real part of the dielectric permittivity ¢’ with the frequency
at selected temperatures for the studied samples is shown in Figure 5a—d. From the
illustrated dispersion curves it appears that all the previously mentioned mechanisms can
be attributed to the dielectric response of the investigated compounds. Furthermore, the
IS study revealed a semi-conducting grain and insulating grain boundary resulting in the
formation of surface and internal barrier layer capacitors which leads to the high value
of the dielectric permittivity. Namely, in the external electric field, the flow of electrons
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between Fe?* and Fe?* ions at the same crystallographic position and the hopping of holes
between Ni** and Ni?* ions in the grains takes place in the direction of the field. When the
charge carriers reach the insulating grain boundaries, they accumulate and induce the large
number of space charge polarizations at these places which manifests in high values of this
dielectric parameter in a low frequency interval [43,44]. This is especially pronounced in
the dielectric response of the NiFe 95Yp.0504 sample which is completely governed by the
large capacitance of grain boundaries in almost the whole frequency range, while the grain
contribution starts to appear above 10 kHz (see Figure 5b as an illustration, for randomly
chosen temperatures). Further, in the middle frequency range at all the temperatures, the
real part of the permittivity hardly depends on frequency, which is known as the static
permittivity. Therefore, there are two stages of permittivity reduction for this sample. The
low-frequency stage becomes more prominent as the temperature increases. The high-
frequency stage changes much more slowly, which means that they differ not only in
the values of the relaxation times, but also in the influence of the temperature values on

them [45,46].
0
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Figure 5. Frequency dependence of ¢’ for: (a) NiFego5Y(0504; (b) NiFepo5Y( 0504 (selected tempera-
tures); (c¢) NiFegg5Y0.1504; (d) NiFep 7Yy 304 samples. (Sign x on ¢/ axis refers to multiplication).

The sample with x = 0.15 shows the maximum value of the real part of dielectric
permittivity as a consequence of Fe ions redistribution due to yttrium incorporation, which
causes the enhancement of Fe** ions in the grains and assembles them in the grain bound-
aries. Further inclusion of yttrium in the system makes the hopping of electrons from Fe?*
to Fe3* ions more difficult, since the interionic distance increases as a consequence of the
incorporation of the larger Y3* ions.
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With the rise in the field frequency, the hopping of electric charge carrier’s increases
due to more active grains, which reflects significantly lower values of ¢’ in all three samples.

In order to reveal the potential role of more than one ion contribution to the over-
all relaxation process in investigated compounds, the modified Debye’s equation is em-
ployed [29]. For the sample with a minimum yttrium content, the analysis could be applied
at temperatures of 50, 75 and 100 °C. The experimental data for the compound with x = 0.15
did not show an agreement with the proposed fit at any temperature. For the sample with
x = 0.3, the results are obtained at temperatures of 100, 125 and 150 °C (Figure 6b).
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Figure 6. Frequency dependence of ¢’ for: (a) NiFe(95Y(0504 and (b) NiFeg7Y(304.

The calculated values of the relaxation time T and spreading factor a for these two
samples are given in Table 2. For the sample with the maximum yttrium content, the values
of the mean relaxation time are significantly higher than that of the NiFe 95Y( 0504 sample,
which is in line with the previous IS results. Namely, according to the Maxwell-Wagner
model of the homogeneous double structure, the first layer is of fairly well conducting
materials, which is separated by the second thin layers (grain boundaries) of the relatively
poor conducting substance [19]. Between the grain boundaries, conductivity difference and
high resistances increase the dielectric constant which is proportional to the polarization
and accumulation of charge carriers in the separated boundaries. When the external
alternating electric field of frequency increases, the polarization decreases and reaches a
constant value since the electron exchange cannot follow the frequency. Thus, the grain
boundaries relaxation time will be higher than that of the conducting grains. As already
mentioned, another important factor that affects the electrical and dielectric property of
investigated ferrites is the distribution of the Fe ions. The greater values of the relaxation
time parameter of the grain boundaries can be explained by the greater length of hopping
between the cation within the octahedral site, due to a greater interionic distance [47].

Table 2. Parameters of fit using modified Debye’s relaxation equation.

x =0.05 x=0.3
t(°O) T (s) o t(°O) T (s) o
50 2.6 x 1077 1.47 100 342 x 1074 1.48
75 0.91 x 10~8 1.72 125 0.84 x 1074 1.39
100 0.36 x 1078 1.69 150 0.8 x 1074 1.51

4. Conclusions

This paper presents an analysis of the electrical and dielectric parameters of nickel
ferrite nano-powders doped with yttrium in a wide range of frequencies and temperatures.
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The impedance study revealed the presence of the distribution of relaxation time which
is accommodated with the use of a CPE element, in fitting with the equivalent electrical
circuit for all the samples. The Nyquist plots also confirmed the semiconducting behavior.
The significant contribution of both grains and grain boundaries in the conduction process
of the samples with x = 0.15 and 0.3 at. % of Y is established. The impedance response
of the sample with the minimum content of yttrium is attributed to the considerable
contribution of grains in the high frequency range. The low-frequency domain remained
uncharacterized due to the domination of the DC conductivity component. The dispersion
curves of the dielectric permittivity of all the investigated compounds exhibit consistency
with the Maxwell-Wagner type interfacial polarization. However, the dielectric response of
the NiFego5Y00504 sample was found to be completely governed by the large capacitance
of grain boundaries in almost the whole frequency range, while the grain contribution
starts to appear above 10 kHz, as also confirmed via the Nyquist plot. The high values of
the dielectric parameter are explained with cation distribution that causes the enhancement
of Fe3* ions in the grains and assembles them in the grain boundaries. The obtained
results imply the potential practical application of the investigated compounds as favorable
materials for capacitors, energy storage and power applications.

5. Future Work

Future work will be focused on further investigations of electric properties in a low
frequency range and will support the results with modulus spectroscopy measurements.
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