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ABSTRACT

This study investigated the role of zinc (Zn) substitution on the electrical and dielectric behavior of BaNi;.
xZnyFe16027 W-type hexaferrites for AC electrical conductivity (c,.), dielectric constant, and structure properties
with (x = 0.0-2.0). High-purity oxides were blended and sintered by the ceramic process, and the measurements
were carried out over the frequency range of 1-100 kHz and temperature range from room temperature to 500 °C
using a Wayne Kerr 6500P LCR meter. The samples exhibited semiconducting activity, with o, increasing at
elevated temperatures owing to the thermally activated charge carriers. The observed transition temperature for
samples with x = 1.6 and x = 2.0 reflects a conduction mechanism transition shift, whereas the wide tan & peaks
at these levels disclose complex dielectric relaxation responses. In addition, the broad peaks in the tan §,
spectrum at these levels reveal the complex dielectric behavior and frequency-dependent relaxation processes.
The behavior at x = 1.6 and x = 2.0, is an unrivaled combination of electrical conductivity and complex
dielectric properties, which offers pathways for tailoring materials for high-temperature and frequency-sensitive
applications. The single-phase W-type hexaferrite frame was verified through X-ray diffraction (XRD) analysis,
with expanding lattice parameters as larger Zn?* cations replaced smaller Ni2* cations. Microstructural studies
have shown that minimal grain growth and porosity increase with Zn content, which are characteristics that
determine charge transportation, and polarization. Optimized behaviors were achieved for x = 0.4, with the
maximum o, and ¢ and the lowest tan 8, proposed as a consequence of the optimal Fe?*/Fe>" hopping and
polarization mechanisms. The results attest that Zn substitution efficiently tunes the structural, electrical, and
dielectric parameters of BaNij.xZnFe;60y; ferrite and can be used for advanced applications as a superior
material for radio-frequency and microwave devices, capacitors, materials innovation, and energy-storage
applications.

1. Introduction

environmental engineering [7]. In addition, these properties can be
drastically modified by doping with magnetic, nonmagnetic, or

Ferrite materials have garnered significant attention owing because
of their broad applicability in modern technologies, including micro-
wave devices, magnetic recording systems, and electromagnetic wave
absorbers [1-4]. Among these ferrite materials, barium hexaferrites
have long been recognized as vital materials in advanced technology and
stand out for their superior magnetic and dielectric properties, high
chemical stability, strong magnetic anisotropy, and low electrical losses
[5,6]. These characteristics make these materials particularly suitable
for advanced applications in the fields of electronics, energy storage, and

rare-earth ions, such that new applications can be designed, and the
functional ability of the material can be broadened. Hence, a vast
amount of research has focused on doping methods to enhance the
properties of barium hexaferrite [8-15]. Despite these advancements,
barium ferrites still possess electrical conductivity and dielectric draw-
backs, that restrict their application in high-efficiency devices. These
drawbacks are predominantly caused by the high resistivity and low
tenability of dielectric constants at varying frequencies [16]. The lack of
free charge carriers and inhibition of ionic and electronic mobility also
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limit their application in technologies such as wearable electronics and
high-performance sensors [14,17]. To overcome these challenges,
doping strategies have been explored, with zinc (Zn) and nickel (Ni)
emerging as effective dopants for enhancing the structural, electrical,
and dielectric properties [11]. Among these, Zn doping has shown
exclusive potential through the mechanism of resistivity reduction
through the creation of localized energy states that enable electron
hopping, thereby reducing the energy barrier for charge transfer
through the Fe3™-O-Fe®* pathways [18-20]. These modifications
enhance the electrical conductivity and improve the dielectric proper-
ties, such as the dielectric constant, and reduce loss across a large fre-
quency range; hence, Zn-doped ferrites have potential applications at
high frequencies [14,21,22]. Moreover, Zn doping alters the micro-
structure and improves the charge carrier mobility and polarization
mechanisms; however, a balance must be reached from the point of view
of structural stability against improved functional performance. Nickel
doping complements these effects by optimizing grain boundaries and
reducing porosity, thereby facilitating better charge transport and
enhancing material densification, which are crucial for energy storage
applications [23,24]. Ni doping also stabilizes the dielectric behavior
under various environmental conditions by enhancing the dipole
relaxation processes and modifying the Curie temperature and magnetic
coupling, indirectly influencing the dielectric stability [11,25,26]. The
combined effects of Zn and Ni doping not only improve the electrical and
dielectric properties but also enhance the magnetic and optical charac-
teristics, as Zn lowers the crystal anisotropy to support microwave ab-
sorption and photonic applications, and Ni contributes to better
magnetic ordering for multifunctional devices [13,27-29]. The combi-
nation of Ni and Zn dopants improves the performance of ferrite mate-
rials, particularly in energy storage and magnetic recording
applications. Their interactions improve the magnetic and electrical
properties owing to increased permeability, reduced magnetic losses,
and enhanced conductivity. These developments make Ni-Zn ferrites
highly desirable in inductive applications and high-frequency devices,
where they provide stable performance, minimum energy dissipation,
and efficient signal transmission in tune with modern technological
demands [15,18,30,31]. Although previous studies have highlighted the
benefits of Ni and Zn doping in ferrites, there is a lack of comprehensive
analysis of their combined effects and optimal Zn doping levels in
barium ferrites, particularly regarding the interplay between the
dielectric and electrical properties as functions of temperature, fre-
quency, and composition. In this study, Zn-doped ferrites were investi-
gated in order to optimize their dielectric and electrical properties. Zn
doping is known to enhance polarization mechanisms and reduce energy
dissipation, providing advantages in dielectric performance over
Ni-doped systems, which primarily focuses on magnetic enhancement.

Therefore, the present study addresses these aspects by investigating
the effects of Zn substitution on the electrical and dielectric properties of
barium-nickel ferrite. Important characteristics, such as AC electrical
conductivity (c,c), loss tangent (tan §), permittivity constant (¢, €”), and
structural properties were investigated as functions of Zn substitution at
different frequencies and temperatures. This study aimes to determine
the doping level that optimizes the performance and understands
temperature-dependent behaviors. Focusing on the study of Zn-doped
barium-nickel ferrites, this research contributes to the field by
providing an overview of their application potential in RF and micro-
wave devices, capacitors, and energy storage systems, furthering ad-
vances in high-performance materials for state-of-the-art technologies.

2. Synthesis and experimental procedure

In this work, polycrystalline samples of BaNiy.xZnsFe 5027 ferrites
(with x varying from 0.0 to 2.0) were synthesized using high-purity raw
materials: ferric oxide (Fe;Os3), the carbonate of barium (BaCOs3), the
oxide of zinc (Zn0), and oxide of nickel (NiO). The starting powders
were weighed according to their molecular weight ratios to achieve the
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desired stoichiometries as indicated in Table 1. The synthesis followed
the chemical reaction equation (1):

BaCO3+(2—x) NiO + xZnO+8Fey03—BaNi(2-x) ZnxFe;5027+C0O21 (1)

The molecular weight ratios of the raw materials used for synthe-
sizing BaNiy yZnyFe 6097 ferrites are presented in Table 1. These values
were calculated based on the molar masses of BaCO3 (197.34 g/mol),
NiO (74.69 g/mol), ZnO (81.38 g/mol), and Fe;03 (159.70 g/mol), and
normalized per formula unit of BaNiy yZnyFe;027. The same approach
was reported in our earlier work [27], and the present table was
reproduced to ensure transparency and reproducibility in the current
study.

The values in Table 1 were reproduced from our previous work [27],
in which detailed step-by-step calculations were provided.

A ceramic technique was used for sample preparation. Initially, the
raw materials were mixed and ground for 6 h in an agate mortar and
then mechanically grinding for 5 h to ensure a uniform mixture. After 5
h of pre-sintering in air at 1170 + 10 K, the resultant powder mixtures
were gradually cooled to room temperature. The pre-sintered powders
were reground for three additional hours to achieve a fine particle size
and homogeneity. The powdered materials were compressed into disc-
shaped pellets with a diameter of 1.5 cm as well as a thickness of
0.3-0.6 cm using a uniaxial pressure of 10 tons/cm? to perform elec-
trical testing. After 4 h of sintering at 1250 K, each sample was gradually
cooled to the ambient temperature. Powder samples were prepared for
XRD measurements,and the disc surfaces were polished to achieve
smooth and parallel faces, and a thin layer of silver paste was applied to
both sides to serve as electrodes for electrical testing. Fig. 1 shows a
flowchart of the production synthesis method.

Characterization: To comprehensively examine the influence of Zn
substitution on the structural, and electrical properties of barium ferrite
nanoparticles, a suite of analytical techniques was utilized.

An LCR meter (Wayne Kerr 6500P) was used to calculate the AC
electrical conductivity (c,c), the dielectric constant (¢, ¢"), and the
dielectric loss tangent (tan 3). To assess the frequency and temperature-
dependent behavior of the samples, these measurements were con-
ducted over a frequency range of 1-100 kHz and a temperature range of
room temperature (RT) to 500 K. A Shimadzu EDX-720 X-ray diffrac-
tometer with Cu Ka radiation (A = 1.5406 f\) was employed to determine
the crystal structure, and phase composition of the synthesized BaNis.
xZnxFe160o7 ferrites. The XRD patterns were collected over a 26 range of
5°-75° at a step size of 0.02°/s. Preparative and measurement methods
have been used very accurately and reliably for studying Zn-doped
ferrites both XRD, both dielectrically and electrically, to draw valu-
able inferences about their behavior and application performance.

3. Results and discussion
3.1. AC electrical conductivity

Conductivity in the AC electric of Zn-doped barium ferrites was
measured at varying concentrations of Zn ions in terms of temperature
for the frequency regime 1-100 kHz. Fig. 2 depicts the dependence of
the log of the AC conductivity (log c,.) on the reciprocal temperature
(1000/T) for x = 0.0-2.0 compositions. As indicated in Fig. 2, all the
samples display semiconducting character: o, rises with temperature
due to thermally activated hopping of charge carriers from/into the Fe**
and Fe3" ions, in accordance with conduction mechanisms documented
in Zn-substituted ferrites [32,33].

At low temperature, 0, is small and frequency-dependent due to the
limitation of mobility from scattering and misalignment of carriers at
grain boundaries. With rising temperature, 6,. increases sharply due to
the liberation of trapped carriers and the increase in hopping of Fe?*/
Fe3*. Further assistance is provided at higher temperature due to
increased lattice vibrations, which bring ions in their vicinity more close
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Table 1

Molecular weight ratios of the raw materials used to synthesize BaNi Zn,Fe;50,; ferrites (x = 0.0-2.0).
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Elements Composition Total Molecular weights weight of oxides in grams Total weight of composition (30 g)
- Molecular weights Empirical Formula g/mole BaCo3 (NiO)2-x 8(Fe2 03) (ZnO)x
Zn 65.38 BaNi2 Fel6 027 1672.306 3.540286 2.679859 23.77986 0 30
C 12.011 Ba Nil.6 Zn0.4 Fel6 027 1674.98 3.534632 2.140464 23.74188 0.583021 30
) 15.999 Ba Nil.2 Zn0.8 Fel6 027 1677.655 3.528997 1.602789 23.70403 1.164182 30
Ni 58.693 Ba Ni0.8 Zn1.2 Fel6 027 1680.33 3.52338 1.066825 23.6663 1.743494 30
Fe 55.85 Ba Ni0.4 Zn1.6 Fel6 027 1683.004 3.517781 0.532565 23.62869 2.320964 30
Ba 137.34 Ba Zn2 Fel6 027 1685.679 3.512199 0 23.5912 2.896601 30
. |
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Fig. 1. Schematic flowchart of the BaNiy xZnyFe;505; ferrite preparation route via the ceramic technique.

and increase carrier mobility [34]. Thus, the curves show linear
Arrhenius-type dependence (log 6, o« 1/T) at temperature below a
characteristic transition temperature, To, vindicating thermally acti-
vated transport. Analogous temperature-induced conductivity increase
below To is universal for ferrites, in which o, increases due to thermally
assessed electron exchange among near-neighbor cations possessing
mixed-valence [32,34].

Compare to that, at high temperature (T > To), c_ac slows down
gradually for all the samples: the curves bend away from linear and
exhibit less steep slope or slight slope downward, more pronounced for
x = 1.6 (Fig. 2e) and x = 2.0 (Fig. 2f). This is due to increased thermal
motion and phonon scatting, which disorient the orientation of hopping
carriers and decrease their effective mobility and thus raise up their
conductivity. Further, 6, rises with frequency, indicating larger carrier
mobility and potential tunneling assistance at higher frequency—an
observation that the majority conduction mechanism may change with
frequency [35,36]. The transition temperature measured for x = 1.6 and
2.0 is an essential point beyond which the prevailing conduction
mechanism is altered. Below T < To, heat energy daligns carriers from
the applied field and aids electron hopping; above T > To, thermal
motion disrupts this alignment, causing conductivity to decrease.
Experimentally, To is a handy criterion for maximizing materials per-
formance in temperature-dependent applications (e.g., temperature
sensors and resistive elements). Generally, 6. (T) has two regions
defined apart by To. The increase in Tc to higher temperature with
increasing Zn content indicates that Zn addition pinnings the conduction
pathway, causing the onset of the conductivity depression due to dis-
order delay.

3.2. Real part of the complex permittivity (€')

The real part of the complex permittivity €’ for the Zn-doped ferrites
was measured in the frequency range of 1-100 kHz at different tem-
peratures, as shown in Fig. 3. The ¢ variation with increasing temper-
ature was observed to increase, which could be due to the thermally
activated charge carriers and increased polarization mechanisms.

Fig. 3 indicates that €' grows monotonically with temperature up to a
broad maximum and diminishes at higher temperature, displaying the
characteristic dielectric relaxation of ferrites. At low temperature,
charge carriers do not have enough vigor to accompany the reversing
field, and thus small ¢’ is obtained. When temperature grows, thermal
excitation favors Fe>"—Fe®* hopping and interfacial polarization near
semiconducting grain and insulating grain boundaries (Max-
well-Wagner effect), giving rise to the ¢ growth [32]. After the broad
maximum, the downtrend is due to thermal agitation, which disarrays
dipolar alignment and enhances leakage loss. Normal dielectric disper-
sion is observed in the frequency dependence, such that ¢ diminishes
with frequency rise due to fast oscillating field, which inhibits dipolar
reorientation. Zn®" substitution effect is prominent: € grows up to x ~
0.8 Fig. 3¢, owing to higher occupation of octahedral positions for Fe>*
and higher hopping polarization, yet diminishes for x > 1.2 as shows
Fig. 3e and 3f, due to non-magnetic Zn>" ions, which disarrays the
hoping network. such behavior is consistent with previous result for
Zn-subsituted ferrite, confirming that cation redistribution and interfa-
cial effected polarization control the dielectric response. One possible
explanation for the rising trend of the dielectric constant ¢ with
increasing temperature is an increase in thermally activated charge
carriers [33,37]. At elevated temperatures, the dielectric constant
increased significantly, and was approximately 20-30 % higher than



S.H. Khoreem and A.H. Al-Hammadi

-2.8

-3.0 4

3.2 = ook

—@— =90kHz
-3.4 -|—@— f=80kHz
—@— f=70kHz
T -3.6 - |—®— f=60kHz
5 —®— f=50kHz
_3.8 ||—@— f=40kHz
—@— f=30kHz
—@— =20 kHz
—@— f=10kHz
—@— =1 kHz

logls!,. @1 em

-4.0

-4.2

T T
2.2 2.4 2.6 2.8 3.0 3.2
10%T (K)

=2 (©): x=0.8

-3.6 4

—@— f=100kHz|
-4.0 |—@— =90kHz
—&— =80kHz
—@— f=70kHz
4.4 ||—®— f=60kHz
—O— f=50kHz
1|—@— f=40kHz
—@— =30kHz
—@— =20 kHz
—@— f=10kHz

—0— f=1 kHz
-6.2 T T T T T T

T T
2.0 2.2 24 2.6 2.8 3.0 3.2 3.4
10%T (K")

logle!,. (Q'l. cm'l)

-4.8 4

5.0 1| —@— £~100kHz
—&— =90kHz
5.5 {|—@— f=80kHz
—e— =70kHz
—o— f=60kHz
—®— £=50kHz
—e— f=40kHz
6.5 |—@— £=30kHz
—e— =20 kHz
||—e— £=10kHz
—@— f=1 kHz

-6.0

Iog‘[iﬂac (Q'l. cm'l)

2:0 2:2 2:4 2:8 2:8 3.0 3.2 3.4
10%/T (K")

Results in Materials 28 (2025) 100825

-2.64

—8— =90 Khz
—8— ~80kHz
4.0 |—®— =70kHz
—®— f=60kHz
—®— f=50kHz
4.5 |—— f=40kHz
—8— £=30kHz
—8— =20 kHz
5.0 J—®— £=10kHz

—e— =1 kHz

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
103T (K™)

logi',, (1. cm™)

(d): x=1.2

4.0

o~

-4.5

1

—e— £=100kHz
—8— f=00kHz
5.0 |[—®— f=80kHz
—e— =70kHz
—&— f=60kHz
—8— f=50kHz
-5.5 1| —@— f=40kHz
—e— f=30kHz
—e— =20 kHz
-6.0 {|—@— f=10kHz
—@— =1 kHz

logit!,, @ em

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
10%T (K

(f): x=2

—@— {=100kHz
—®— {=90kHz
—@— {=80kHz
—@&— {=70kHz
—®— {=60kHz
—®— {=50kHz
—®— {=40kHz
—®— =30kHz
—®— =20 kHz
7.5 |—@— f=10kHz
—®— =1 kHz

T T T T
2.2 2.4 2.6 2.8 3.0 3.2 3.4
103/T (K™)

Fig. 2. AC conductivity as log 6, Vs reciprocal temperature 1000/T of the BaNi, yZnsFe;5027, across different frequencies for (a) x = 0.0, (b) x = 0.4, (c) x = 0.8, (d)

x = 1.2, (e) x = 1.6, and (f) x = 2.0.

that at room temperature. This increase originates primarily from the
increased mobility of charge carriers, leading to increased polarization
through mechanisms such as orientational dipole polarization and
space-charge polarization. The electron transfer between Fe?* and Fe>*
also contributes significantly to this effect, particularly in p-type ferrites,
where electron transfer is more dominant than hole transfer at lower
temperatures [38]. As a result, the polarization at reduced temperatures
is weak because the dipoles, which are incapable of rapid rotation,
oscillate under the effect of the field. When heating was applied and the
temperature increased, the bound charge carriers acquired sufficient
energy for thermal excitation, which increased the polarization and
consequently increased the dielectric constant. In addition, from the

variation in the dielectric constant with temperature, the dielectric
constant increased with increasing temperature, which may be attrib-
uted to an increase in the molecular orientation and rearrangement with
increasing temperature. However, the dielectric constant decreases at
lower temperatures because of the reduction in the polarization strength
[37]. The mobility of dipoles is low; hence, they cannot easily reorient
themselves in an applied electric field. If the temperature increases,
thermal excitation energy is provided to the bound charge carriers,
enabling them to overcome this limitation, increasing the molecular
orientation and rearrangement, and thus, further increasing the dielec-
tric constant.
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Fig. 3. Real part of the complex permittivity as log(e") versus T(K), of BaNi, xZnyFe;6047, across different frequencies for (a) x = 0.0, (b) x = 0.4, (c)x = 0.8, (d) x =

1.2, (e) x = 1.6, and (f) x = 2.0.
3.3. Imaginary part of the complex permittivity (¢")

Imagination part of the complex permittivity (¢") versus temperature
and frequency is given in Fig. 4 for BaNiy.xZnsFe;6027 (x = 0.0-2.0).
There is an unmistakable increase in ¢’ with temperature due to the
increased mobility of charge carriers and thermally driven relaxation of
dipoles and space charges. ¢ is small at low temperature due to insuf-
ficient energy of charge carriers for the defeat of grain-boundary bar-
riers. With increasing temperature, thermal excitation enhances
Fe?"Fe®" hopping and interfacial (Maxwell-Wagner) polarization
between semiconducting grains and electrically insulting grain bound-
aries, resulting in the high-rise observed above 400 K. This is typical for
the thermally driven relaxation mechanisms usually observed in ferrites
[39,40].

Dielectric loss (g") is low at low temperatures due to minimal con-
duction loss that scales with 6, c. With rising temperature, 6, is higher
and conduction losses increase, leading to larger £” values, especially at
low frequencies, due to space-charge polarization effects. At high fre-
quencies, polarization mechanisms cannot keep up with fast oscillations

of fields and ¢’ becomes small in comparison [37,41]. The
frequency-dependent  Reduction in ¢ thus follows the
Koops-Maxwell-Wagner model, wherein low-frequency loss is

controlled by resistive grain boundaries and high-frequency loss is
controlled by conductive grains.

Zn?* substitution also changes the amplitude and slope of ¢'-T, With
higher Zn content, ¢” decreases with x up to ~0.8 due to less availability
of Fe?*/Fe® hopping pairs. At higher Zn content, x > 1.2, ¢’ increases
again at high temperatures, implying that Zn?' ions in tetrahedral
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positions create lattice distortion and defects and increase local charge
trap for enhancing losses. Minimum ¢” values in the intermediate tem-
perature regime (x = 0.8-1.2) indicate points in the composition space
where polarization and conduction losses are best balanced.

Generally, frequency- and temperature-dependent nature of ¢" vali-
dates that the dielectric losses in BaNig xZnsFe 6027 follow thermally
activated hopping conduction and interfacial polarization. With these
features and the Zn-control, the oxide is promising for applications in
high-temperature electronics, microwave absorbments, and energy
storage [39].

3.4. Loss tangent

This study also analyzed the loss tangent (tan 8) of Zn-doped ferrites
in relation to the temperature and frequency, revealing key insights into

their dielectric relaxation processes. The results in Fig. 5 show that tan &
increases with temperature owing to enhanced dielectric absorption,
which is a consequence of the thermal activation of charge carriers. The
enhanced mobility of charge carriers at higher temperatures results in a
higher energy dissipation as heat during polarization in the case of an
alternating electric field. The same temperature dependence was
observed by El Ata et al. [42]. This is because of the increased dielectric
absorption owing to the thermal activation processes. This indicates that
the charge carrier mobility increases with temperature; thus, more en-
ergy is dissipated as heat in polarization under an alternating electric
field. The increase in tan & with temperature is due to the increasing
number of conduction electrons and their ability to allow more energy
absorption and translation into heat owing to polarization [43,44]. The
tan § value increased more intensely at lower frequencies, which sug-
gests that the action of lower frequency fields provides sufficient time for
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frequencies.

dipolar relaxation mechanisms to occur. The rate of increase in tan §
with temperature at lower frequencies is more intense because
lower-frequency fields provide ample time for dipolar relaxation
mechanisms to occur. However, at higher frequencies, tand decreases
because the polarization is unable to keep up with the external electric
field, which changes rapidly. The tan § spectrum peaks for x = 1.6,
Fig. 5e, and x = 2.0 Fig. 5f, are broad and indicate complex dielectric
behavior and frequency-dependent relaxation processes. The peaks shift
to higher temperatures with increasing frequency, indicating the capa-
bility of the material to ensure dielectric stability over a broad range of
operating conditions. This is important for the optimization of Zn-doped
ferrites for high-temperature and high-frequency applications, including
capacitors, RF circuits, and industrial heating. The peaks are attributed

to the relaxation mechanisms of dipolar and space charge polarization,
and can provide insight into the manner in which doping levels should
be adjusted to minimize dielectric losses and thus ensure high efficiency.
The behavior, as seen from the increase in tan 8 at higher temperatures
and its reduction at higher frequencies, agrees with that of hexagonal
ferrites such as BaCoy4NixFe;6027 [42]. This indicates a high degree of
correlation between the charge-carrier motion and external electric
field. The coincidence of the transition temperature in cac with the
broad peaks in tan § indicates the interdependence of conduction and
dielectric properties. This further suggests that charge carrier mobility
and relaxation are intimately connected and can be achieved through
controlled doping levels and operating conditions. These features pro-
vide stable operation over a wide range of temperatures and frequencies,
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making them extremely useful for high-frequency electronics,
low-power devices, and high-temperature applications, such as capaci-
tors, RF circuits, and industrial heating. The variation in the dielectric
loss tangent (tan 8) is associated with the ability of the charge carriers to
follow an externally applied electric field. The observed decrease in tan &
at higher frequencies arises because the polarization mechanism cannot
respond sufficiently rapidly to the alternating field beyond a certain
frequency. Conversely, the increase in tan § at elevated temperatures is
attributed to the enhanced hopping frequency of the charge carriers,
which facilitates greater energy dissipation within the material.

3.5. Composition dependent of o4, €, and tand

The influence of Zn substitution on the AC electrical conductivity,
real part of the dielectric constant ¢/, and loss tangent was investigated,
and the corresponding results are presented in Fig. 6. As shown in
Fig. 6a, the variation in AC conductivity 6,. with Zn content exhibits a
behavior similar to that of the dielectric constant (¢) displayed in
Fig. 6b, indicating that both AC conductivity and dielectric behavior
originate from related polarization and charge transport mechanisms.
The electrical conductivity and dielectric constant of the ferrite samples
increased with Zn substitution up to x = 0.4, beyond which they
exhibited a gradual decline, suggesting that excessive Zn content dis-
rupted the optimal cation distribution responsible for charge hopping.
The observed trend is in good agreement with the behavior reported in
the literature for similar systems [25,34,45-47].

Cation distributions in BaNiy yZnyFe 057 ferrites were derived from
XRD intensity ratio analysis using the Bertaut method [31], which
compares observed and calculated peak intensities:
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Here, I° and I denote the observed and calculated intensities,

respectively, for the given (hkl) planes.

The resulting cation occupancies are presented in Table 2. The cation
distribution data in Table 2 provide the structural basis for these ob-
servations. With increasing Zn substitution, Zn>" ions progressively
occupy the tetrahedral (A) site, displacing Fe>*, while Ni>* concentra-
tion at the octahedral (B) site decreases from 2.0 to 0.0 as Fe>" content at
B increases correspondingly (8.0 — 10.0). At low Zn levels (x < 0.4), the
modest increase in B-site Fe enhances the Fe-O-Fe linkages, facilitating
FeZ*/Fe>* small-polaron hopping, thereby increasing ¢ and €. Such site-
occupancy trends are consistent with recent reports on Zn-substituted
ferrites [48]. At higher Zn substitution (x > 0.4), although the B-site
Fe content continued to increase, the depletion of Ni?* and reduction of
A-site Fe weakened the A-B superexchange pathways and reduced the

Table 2
Cation distribution for BaNi, yZn,Fe;¢05; ferrite.

Sample Cation distribution
Tetrahedral (A-site) Octahedral (B-site)
BaNiy oFe16027 (BaZng oFeg o) [Nis.oFesg o]
BaNij 6Zno.4Fe16027 (BaZno 4Fe7.6) [Niy ¢Feg 4]
BaNij 2Zno 4Fe16027 (BaZno sFe7.2) [Ni; oFeg g]
BaNig gZn; 2Fe16027 (BaZn; sFeq s) [Nig.gFeg o]
BaNio 4Zn1 ¢Fe16027 (BaZn Fes.4) [Nio.4Feo 6]
BaZn; gFe16027 (BaZn oFeq.0) [Nip.oFe10.0]
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polarization efficiency. Thus, the observed rise and subsequent decrease
in the electrical conductivity and dielectric constant can be rationalized
as the outcome of this cation redistribution, which modulates both the
hopping probability and dielectric polarization [49].

The initial increase can therefore be related to electron hopping
between Fe?™ and Fe®" jons, which enhances charge transfer and in-
creases the conductivity and polarization. This interpretation aligns
with hopping models for ferrites [50]. However, the subsequent
decrease in electrical and dielectric properties with further Zn substi-
tution can be understood based on the replacement of magnetic Ni2*
ions by nonmagnetic Zn?" ions at the A-sites, thereby reducing the po-
larization within the lattice. The co-presence of both Fe?* and Fe** ions
on the B-sites favors conduction via an electron exchange mechanism. In
contrast, the presence of Zn?" on A-sites reduces the population of Ni%™,
thereby lowering the probability of hole hopping between Ni2*-Ni®*
pairs and weakening the polarization. Accordingly, the electrical con-
ductivity shows a corresponding reduction with a decrease in the
dielectric constant.

Fig. 6b shows the dielectric constant, which strongly depends on the
level of Zn substitution. The dielectric constant increased with
increasing Zn content and reached a maximum at x = 0.4. This is
indicative of improved dielectric properties at this doping level, possibly
owing to enhanced polarization mechanisms under optimal structural
and electronic arrangements [46,47,51]. When x > 0.4, it decreases and
stabilizes at smaller values, as shown in Fig. 6b. This decrease indicates
that excess Zn addition might disturb the dielectric mechanism of this
ferrite system; structural distortion or modified dynamics of the charge
carriers could be responsible for this effect. These findings agree well
with previously reported studies related to the sensitivity of ferrites to
compositional aspects with respect to their dielectric behavior [52,53].

The variation in the dielectric loss tangent (tan §) confirms the
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results described above for the dielectric constant. The loss tangent
decreased as Zn substitution increased to a minimum value at x = 0.4,
reflecting a minimum energy dissipation and a better dielectric effi-
ciency at this substitution rate, as shown in Fig. 6¢. Beyond this rate, for
x > 0.4, the loss tangent increased, indicating deterioration of the
dielectric properties. This increase may be attributed to microstructural
changes or the saturation of benefits provided by the addition of Zn, as
indicated by other reports on Zn-substituted ferrites [46,54]. The low
loss factor observed at x = 0.4 is especially desirable in applications
involving capacitors and other electronic devices with high dielectric
efficiency, as shown in Fig. 6c¢.

These results establish x = 0.4 as the optimum substitution level at
which the dielectric constant reaches a maximum, tan § reaches a
minimum, and cac reaches its maximum value. The obtained results
confirm that moderate Zn doping enhances polarization, reduces energy
dissipation, and improves charge-carrier mobility via mechanisms such
as small-polaron hopping. These findings highlight the flexibility and
adaptability of Zn-doped ferrites in advanced applications. The opti-
mized properties at x = 0.4 make such materials highly suitable for RF
and microwave devices, capacitors, and energy storage systems where
stable dielectric performance and efficient conductivity are essential.

3.6. XRD analysis

X-ray diffraction (XRD) analysis was also performed to confirm the
formation of the crystalline phase, lattice parameters, and any second-
ary phases. According to the XRD results in Refs. [27,55] The XRD
patterns in Fig. 7 confirm the formation of a single-phase W-type hex-
aferrite structure, as provided by the c/a ratio value, without detectable
secondary phases, indicating the successful incorporation of Zn into the
Ni-Ba ferrite matrix. Based on the Scherrer formula [55], the grain size
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was estimated to be in the nanometer range (35-37 nm). The lattice
constant and AC volume of the unit cell were calculated based on
equations (3) and (4). The refined lattice constants (a and c) and cor-
responding unit cell volumes in Table 3 exhibit a gradual increase with
Zn substitution, consistent with the replacement of Ni%* (ionic radius
0.69 [o\) by the larger Zn2* ions (0.74 10\). The increase in the unit cell
volume from 991.944 A% (x = 0) to 1025.005 A% (x = 2.0) further
confirmed Zn incorporation of Zn. The absence of impurity peaks vali-
dates the high phase purity of the samples, whereas the observed lattice
expansion directly correlates with the compositional dependence of the
electrical and dielectric properties [27].

Physical structural properties such as density and porosity were
calculated using equations (5a), (5b) and (6), respectively. The results in
Table 3 demonstrate a decrease in density as Zn substitution increases,
while the percent porosity correspondingly increases from 11.2 % at x =
0-20.9 % at x = 2.0. This trend indicates that a higher Zn content in-
hibits densification during sintering, resulting in greater pore formation
[56]. Such microstructural changes strongly influence the dielectric and
conductivity behavior; higher porosity and larger grains reduce the
effective conduction pathways and suppress polarization, which is
consistent with the observed decrease in the dielectric constant and AC
conductivity at higher Zn levels (Fig. 6a and b).

1 4R +hk+k L2

23 @ @ @
Vear = a?c Sin (120°). 4
Pp= ”T;h )
Py &)
%P = (M> x 100 (6)

Importantly, the moderate expansion observed at x = 0.4 corre-
sponds to the composition where the electrical conductivity and
dielectric constant reach their maximum, as shown in Fig. 6a and b,
indicating that subtle lattice modifications at this substitution level
optimize polarization mechanisms. Overall, the XRD-confirmed lattice
expansion with Zn substitution directly correlates with the observed
trends in dielectric and conductivity behavior, where moderate substi-
tution (x ~ 0.4) optimizes polarization and charge transport, whereas
higher Zn levels introduce porosity and disorder that suppress electrical
performance.

4. Conclusion

In this study, BaNis.xZnsFe;6027 ferrites were synthesized success-
fully by the ceramic method, and their electrical and dielectric proper-
ties were systematically investigated as a function of Zn substitution.
These results provide significant insights into their behavior and appli-
cations. Electrical and dielectric measurements demonstrated that the
conductivity and dielectric constant increased with temperature up to a
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transition point (Tc), beyond which thermal disorder suppressed carrier
orientation. Importantly, the composition at x = 0.4 exhibited the most
favorable combination of properties of high dielectric constant,
maximum AC conductivity, and minimum dielectric loss, highlighting
the role of moderate Zn substitution in enhancing polarization and
charge carrier mobility. In contrast, higher Zn levels (x > 1.6) intro-
duced structural disorder and porosity, which suppressed both the
conductivity and the dielectric response. These findings highlight the
promising versatility and adaptability of Zn-doped ferrites in new ap-
plications. The optimized x = 0.4 characteristics make the materials
highly suitable for RF and microwave devices, capacitors, and energy
storage systems where stable dielectric behavior and good conductivity
are paramount. The x = 1.6 and x = 2 behaviors also offer opportunities
for materials tailoring for high-temperature and frequency-dependent
applications, and the integration of structural, microstructural, and
electrical results demonstrates a direct structure-property relationship,
with x = 0.4 identified as an optimum composition. XRD analysis
confirmed the formation of a single-phase W-type hexaferrite structure,
with lattice parameters and unit cell volume V expansion gradually due
to the substitution of Ni2* by larger Zn?* ions, which directly correlates
with the observed trends in dielectric and conductivity behavior.
Microstructural analysis further revealed an increase in porosity and a
slight increase in grain size with higher Zn content, which strongly
influenced the charge transport and dielectric polarization.

Zn substitution optimizes dielectric and electrical performance in
BaNiy.,Zn,Fe 6047, at x = 0.4 by enhancing B-site Fe?*/Fe3* hopping,
making these ferrites highly attractive for RF/microwave devices, ca-
pacitors, and energy-storage applications requiring high polarization
efficiency and low dielectric loss. This work provides new insights into
tailoring ferrite compositions for targeted performance, offering poten-
tial applications in RF/microwave devices, capacitors, energy-storage
systems, and high-temperature frequency-sensitive components. These
findings highlight the novelty of compositionally driven optimization in
W-type ferrites, bridging fundamental mechanisms with technological
relevance.
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