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Abstract: The effects of composition, temperature, and frequency-dependent dielectrics Properties of
barium-nickel-based ferrites have been investigated. The conventional ceramic technique prepared the
compositions BaNi2-xZnxFeis027  (x = 0.0, 0.4, 1.2, and 2). The relatively high values of the dielectric
constant at low frequencies are due to the interfacial polarization, which ensures that the samples can
be fairly considered to be formed of well-conducting grains and poorly-conducting grain boundaries
according to Koop's model. Dielectric results showed that zinc concentration at the composition x = 0.4
is sufficient to reduce the dielectric constant and loss tangent at low frequencies. Overall, the dielectric
properties of this sample made them a suitable candidate for flexible supercapacitors and are best suited
for high-frequency region applications. The existence of gradually shifted shoulders in the tan vs.
temperature curves towards higher frequencies ensures the presence of two types of charge carriers.
The results indicate that the initial permeability of the synthesized sample ferrites increases with
increasing zinc ion concentration. The initial magnetic permeability decreases as Zn® ion substitution
increases. The substitution of Zn ions greatly enhanced the dielectric constant, dielectric loss, as well
as initial permeability.

Keywords: W-type barium ferrites; permittivity; initial permeability; electric modulus; nonmagnetic
ions.
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1. Introduction

Nanoparticles have different electrical, optical, microstructural, and magnetic
characteristics, which are different from the corresponding stable-state bulk properties. This is
because of the small size effect, dimensions, surface influence, or quantum impact [1, 2].
Metallic nanoparticles have been comprehensively examined due to their practical significance
and technical importance for wide-range applications in industry, electronic devices, magnetic
materials, etc. [3, 4]. Ferrites are divided into different categories depending on their crystal
structure: spinel ferrite, garnet, and hexagonal ferrites, all of which have their importance [5].
Substituted W-type ferrite has promising potential candidates for technological use because of
its intriguing features. These hexagonal ferrites have a ferromagnetic nature at both operating
and ambient temperatures. More than 90% of permanent magnets are produced worldwide
based on this compound. So, this compound was a deep semiconductor with a ferrimagnetic
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structure at room temperature [6—8]. Furthermore, a large spontaneous polarization and multi-
ferric properties at room temperature recently discovered in barium hexaferrite were substituted
by diamagnetic cations [9]. Various ferrite groups, such as manganese-zinc, nickel-zinc, and
magnesium-manganese, are vital for high-tech applications [10-12]. Only nickel-zinc bulk
ferrite nanoparticles are promising and suitable for use in high-frequency applications [10, 13—
14]. Eddy currents at high frequencies are a major drawback; they restrict the operation at
higher frequencies. This problem can be overcome by increasing the material's electrical
resistance and achieving a higher magnetic moment. The electrical resistance can be directly
increased by removing the cross-functional and cross-domain wall and converting the material
into fine particulate matter. [15, 16]. As grain size increases, grain boundaries form and obstruct
electron passage, reducing eddy current losses [17—-20]. In addition, doping BaNi ferrite with
Zn ions has attracted significant attention due to ferrites' interesting and enhanced properties.
Here, we explain the effects of nonmagnetic ions dopant (Zn ions) on barium-nickel
nanoferrites. In the present study, the dielectric properties of BaNiz2xZnxFe1s027 (x = 0, 0.4,
1.2, 2) ferrites were examined as a function of frequency, temperature, and composition, with
variation concentration from Zn*2 ions doping.

2. Materials and Methods

A composition of samples of the BaNi2-xZnxFe16027 w-type hexaferrite (with x = 0.0,
0.4, 1.2, and 2) has been prepared using the usual ceramics technique as mentioned earlier
[21,22], and shown in Figure 1. The sample powder was pressed under a pressure of 4 tons per
square centimeter at room temperature to form discs and toroids. This disc and toroid were
sintered at 1250 K for 4 hours and slowly cooled to room temperature by turning the furnace.
After that, the discs were polished to obtain two smooth, uniform parallel plate surfaces, and
the surfaces were coated with a thin layer of silver as a good contacting material for
measurements of the AC conductivity and dielectric properties. The dielectric was measured
under vacuum at different temperatures and frequencies using the complex impedance
measuring technique (Lock-in amplifier Stanford SR 510 type, USA).

3. Results and Discussion

The property of a dielectric that determines the electrostatic energy stored per unit
volume for unit potential gradient indicates the degree to which a medium can resist the flow
of charge. It describes a material's ability to store charge when used as a capacitor's dielectric.

3.1. Real part of permittivity dependence on composition.

The dielectric constant (€) in the ferrites was affected by a number of factors, such as
the preparation methods' structure, dopants, and microstructure. The dielectric constant €' as a
function of composition for all samples at selected frequencies is shown in Figure 2 (a, and b).
It has been observed that in Figure 2, the dielectric constant increases with the increase in Zn
concentration. The decrease in the dielectric constant values might occur due to the increasing
grain size values. With increasing zinc concentration, the grain size increases, and the
conversion of Fe®* into Fe?* ions increases. Zinc ions occupy tetrahedral (A) sites, whereas Ni
ions prefer to go to octahedral (B) sites [22].
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Figure 1. Flow chart of rare-earth ferrite sample preparation technique by the usual ceramic method.

Also, with increasing Zn ions, the Fe ions migration from the octahedral site to the
tetrahedral site causes a decrease in the hopping between Fe®*" and Fe?*, leading to the real part
of permittivity decreased [23]. When Zn is added in place of Ni?* ions, some Fe** ions are
converted to Fe?* ions to maintain charge neutrality. As a result, hopping between Fe** and
Fe2* ions increases, and the resistance of grains decreases. The probability of this increases
electrons reaching the grain boundary. Consequently, polarization and the dielectric constant
both increase [21]. The dielectric polarization mechanism in ferrites is similar to the conduction
mechanism [24], where poorly conducting grain boundaries play a main role at lower
frequencies, thereby &’ showing higher values at lower frequencies.
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Figure 2. (a) Relationship real part of dielectric constant with log frequency at different temperatures; (b)
Relationship between zinc concentration and the real part of permittivity of BaNiz.xZnxFe1s027 (x=0.0, 0.4, 1.2,
and 2) at different frequencies at room temperature.

Furthermore, at higher frequencies, conducting grains are activated. In the low-

frequency region, the doping of Zn causes low values of dielectric properties compared to x =
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0.0 (pure barium ferrite), as shown in Figure 2.a. This could be related to the increase in grain
size with Zn ion substitution. The grain size increase reduced grain boundaries, thereby
decreasing the possibility of electron hopping. This causes the decrease in the dielectric
constant of Zn substituted BaW hexaferrite, as shown in Figure 2. b).

3.2. Real part of permittivity dependence on temperature.

The real part of permittivity (€) for Zn-substituted Ba-Ni ferrites was calculated using
the flowing equation (1):

c 11.3d 11.3d1 sin®
Co A A w
where C is the disc capacitance, d thickness, and A area.
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Figure 3. Temperature dependence of dielectric constant ( ') of BaNi,.xZnxFe1s027 (a) x=0.0; (b) x=0.4;(c) at
x =1.2; and (d) at x = 2, at different frequencies.

Figure 3 shows that the dielectric constant increases with temperature at all frequencies.
At lower frequencies, the increase in dielectric constant is very large with the increase in
temperature, while at higher frequencies, this increase is very small. The dielectric constant of
a material depends upon four kinds of polarization: dipolar, interfacial, electronic, and ionic.
Dipolar and interfacial polarizations are important at lower frequencies [25]. Both polarizations
depend on the temperature variation. The surface polarization will increase with the
temperature rise. This increase in polarization is due to the creation of crystal defects. The
dipolar polarization decreases with the rise in temperature. The rapid increase in dielectric
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constant with the rise in temperature at lower frequencies shows that the effect of temperature
IS more pronounced on the interfacial than on the dipolar polarization. Electronic and ionic
polarizations are the main partners at higher frequencies, and their temperature dependence is
important. A constant and low value of the dielectric constant at higher frequencies is
understandable.

3.3. Frequency dependence of dielectric constant.

The real part of permittivity for the zinc-doped barium ferrite sample is shown in Figure
4; with increasing frequency, the real part of permittivity decreased. This means that the real
part of permittivity decreases at high frequencies and low temperatures, and dispersion is also
observed, while at higher frequencies, it is frequency-independent. The real part of permittivity
behaviors follows the Maxwell-Wagner model [26, 27]. The dielectric material's
inhomogeneous structure is the main reason for the space charge polarization according to the
presence of higher conductivity phases (grains) inside the insulating matrix (grain boundaries).
An externally provided AC electric field causes a localized charge accumulation at the grain
boundary [28]. The polarization results from the accumulation of electrons at the grain borders
When the resistivity of the grain boundary is sufficiently high. It takes a finite amount of time
for space charge carriers to build up in a dielectric to align their axes parallel to an alternating
electric field. When the frequency of field reversal increases, fewer charge carriers can cross
the grain boundary. As a result, they are unable to keep up with the field, and their directional
alternation is delayed [28].
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Figure 4. Dielectric constant dependence of frequency (¢') of BaNiz.xZnxFe16027 ,(a) x= 0.0, (b) x= 0.4,(c) at x
=1.2, and (d) at x = 2), at different temperatures.
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So, the reduction in polarization at grain boundaries caused the decrease in charge
carriers, and the dielectric constant decreased. According to the authors [29], polarization in
ferrites is a conduction-like phenomenon. The local displacement of electrons in the direction
of the applied field as a result of the electron exchange between Fe?* and Fe®" establishes
polarization. The polarization decreases until it reaches a fixed value with increasing
frequency. This is because the electron exchange Fe?*— Fe3* cannot follow the alternating field
above a certain external field frequency. This can be attributed to the prevalence of species
such as Fe?" ions, oxygen vacancies, defects at grain boundaries, piles of interfacial
dislocations, and voids, among others [30, 28]. The second behavior was observed at relatively
high temperatures, where the real part of the dielectric constant initially increased with
increasing frequency until reaching a peak, exhibiting conventional relaxation. This behavior
can be explained using the Rezlescu assumption [29], where this behavior is attributed to the
combined contribution of electrons and holes to the polarization. It is reasonable for the real
part of the dielectric constant to decrease as the frequency increases because any species
contributing to polarizability is discovered to lag behind the applied field at higher frequencies
[31]. Figure 4 illustrates the typical real part of the dielectric behavior of ferrites, which exhibit
higher values at low frequencies and decreasing values at higher frequencies. By considering
the inhomogeneous dielectric medium explained by Koops' theory with two Maxwell-Wegner-
type layers [24, 27], the behavior of the real part of the dielectric constant with frequency is
explained [32].

The trend of the dielectric constant ¢ to reduce with an increase in frequency is natural
because any species contributing to polarizability shows lagging behind the applied field at
higher frequencies [31]. The normal dielectric behavior of ferrites is shown in Figure 4, where
at lower frequencies €' have higher values and, as frequency increased, decreased. Koops's
theory [32] explains this behavior of a dielectric constant with frequency by considering the
inhomogeneous dielectric medium explained by Koops's theory with two Maxwell-Wegner
type layers [24, 27].

3.4. Dielectric loss factor.

Increases in frequency were accompanied by a reduction in the loss factor. Tan values
are influenced by a number of variables, including stoichiometry, Fe?* content, and structural
homogeneity, all of which are influenced by sample composition and sintering duration [33].
Figure 5.1 illustrates the variations in loss tangents for synthesized samples as a function of
composition. The fact that the charge—carrier hopping frequency stops with the change in
polarity after a certain frequency may be the cause of the decline in the loss factor. Hence, Zn?*
ions doped in Ba-Ni ferrites lead to a low dielectric loss factor, tan(d), which can be effectively
used in applications requiring high-frequency data storage. For synthesis samples, the loss
tangent (tand) variables are shown in Figure 5.2. as a function of frequency. Based on Koops'
phenomenological mode, the initial drop in tan with an increase in frequency may also be
explained [25]. When the frequency of the electron jump between Fe?* and Fe®" is equal to the
frequency of the applied field, the peaking nature is observed. An explanation of the resonance
peak appearance is provided below. A potential barrier separates the two equilibrium positions,
A and B, which have equal potential energies. lons have the same chance of jumping from B
to A as they do from A to B. The natural frequency of the jump between these two states refers
to the frequency at which the ion switches positions between these two states. Resonance
occurs when an external natural frequency alternating electric field is applied because the
https://biointerfaceresearch.com/ " 6of12


https://doi.org/10.33263/BRIAC141.021
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC141.021

oscillating ions receive the maximum amount of electrical energy while experiencing a

significant increase in power loss. As a result, the peaks were as described.
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Figure 5.1 (a) Composition dependence of dielectric loss (tanc ) for BaNi,.xZnxFe16027 (x=0.0, 0.4, 1.2, and 2).
ferrite at different frequencies, (b) Relationship dielectric loss (tanc ) with log frequency at different zinc
concentrations at room temperature.
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Figure 5.2. Frequency dependence of dielectric loss (tanc ) for BaNiz-xZn«Fe1s027, (a) x= 0.0, (b) x=0.4,(c) at x
=1.2,and (d) at x = 2, ferrite at different temperatures.

3.5. Electric modulus.

The real (M' ) and imaginary (M™ ) have been calculated by using the following

equations:

’ gl

£2+4¢" 2
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Equations (2) and (3) represent the real and imaginary parts, respectively, of the electric
modulus.
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Figure 6. Behavior of real part of electric modulus with frequency for BaNi,.xZny Fe1s027, (a) X=0.0; (b) x=
0.4;(c) at x = 1.2; and (d) at x = 2), at different temperatures.
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The complex dielectric modulus depends on the material's properties, such as the
dielectric constant and loss as a function of structure, temperature, and frequency. Because of
the electrode polarization (EP) effect, both materials have extremely high dielectric constants
and losses at low frequencies. The electric modulus formalism was devised by Macedo et al.
to reduce the impact of electrode polarization. Figures 6 and 7, depict frequency's dependence
on real M' and imaginary M" electric modulus at various temperatures of BaNiz2-xZnxFe16027
ferrites. It is evident that both real M' and imaginary M" electric modulus increase with
frequency up to the maximum value at higher frequencies and also increase with increasing Zn
ion concentration, respectively. This behavior is explained by the fact that at high frequencies,
the dielectric constant decreases to its minimum value, as shown in Figures S2, and the electric
modulus reaches its maximum value.

3.6. Permeability.

The initial magnetic permeability of BaNi2-xZnxF16027 at room temperature as a

function of composition was calculated using the following relation [34]:
L @
H uN?h In(%)
where L is the inductance, N is the number of turns, b is the inner diameter, a is the outer
diameter, and h is the height of the core.

Figure 8 shows the variation in the initial permeability with temperature for the series
BaNi2-xZnxFe16027 (x=0.0, 0.4, 1.2, and 2). As shown in Figure 8. With increasing the zinc
concentration, the initial magnetic permeability increased to the maximum value at x = 2. The
initial permeability, which is the same as the dielectric constant, is influenced by several
factors, including impurity contents, grain structure, compositional, dopant types, crystalline
structure, and porosity. The increase in the initial permeability value as Zn concentration
increased and vice versa, as shown in Figure 6, is due to the grain growth observed with
increasing Zn [21].
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Figure 8. Initial permeability of samples as a function of temperature BaNiz-«xZnyxFe15027 composition: (a) x=0,
(b) x=0.4; (d) x=1.2, and (c) x= 2.

https://biointerfaceresearch.com/ 9of 12


https://doi.org/10.33263/BRIAC141.021
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC141.021

Additionally, it was found that as zinc content increased, crystallite size and density
similarly increased [21] while anisotropy decreased, increasing the initial permeability value
[35]. A decrease in initial permeability with temperature is also observed, which is caused by
zinc evaporation, which occurs more frequently as the temperature increases. In W-type hexa-
ferrites, the magnetic ions are distributed between sub-lattices in parallel alignment that faces
away from the c-axis. [36]. Ni* ions preferentially occupy octahedral sites, Zn?* ions prefer to
occupy tetrahedral sites, and Fe®* ions are dispersed over both sites. When the nonmagnetic
zinc ions on the tetrahedral sites increase, Fe®* ions travel from tetrahedral to octahedral sites.
Because there is less contact between the tetrahedral and octahedral sites due to the reduction
in magnetic ions at the tetrahedral site, the Curie temperature decreases, and the initial
permeability increases. Because zinc is not magnetic, this behavior occurs naturally, increasing
the initial permeability as Zn ions gradually replace Ni ions in the zinc structure.

Accordingly, the behavior of u(T) for BaNiz2-xZnxFe16027 (x=0.0, 0.4, 1.2, 2) indicates
that the rotation of the dipole momentum in the domain very slowly with temperature and at a
certain temperature becomes randomly distributed. At this temperature  p(T) falls to a
minimum with a constant value as a function of temperature, which means that the samples
transition from phase to phase, from ferrimagnetic materials to paramagnetic materials.

4. Conclusions

It was determined from observations and tests that the replacement of Zn in BaNiz-
xZnxFe16027 (x=0.0, 0.4, 1.2, 2) significantly modifies modifications to the electrical and
magnetic properties of nanoferrites. The dispersion behavior of a normal dielectric was
ascertained can be referred to as the Maxwell-Wagner kind of polarization. The dielectric
results showed that the zinc concentration at composition x = 0.4 was sufficient to reduce the
dielectric constant and loss tangent at low frequencies, while the dielectric constant had much
better results and showed maximum values at X = 0.4. Such material can be dangerously utilized
in perpendicular magnetic recording media. However, the dielectric properties of this sample
make it a suitable candidate for flexible supercapacitors. Based on Koop's phenomenological
mode, the initial loss tangent drop of tan with an increase in frequency may also be explained.
Increasingly shifted shoulders also guarantee the presence of two different types of charge
carriers in (€¢) with increasing temperature curves towards higher frequencies. The dielectric
results demonstrate that a Zn dopant concentration beyond Zn = 0.4 was adequate to reduce
both loss tangent and dielectric constant at low frequencies. This study reveals a wide range of
variations in Zn?* ion concentration as well as frequency variation, which have not been
reported previously. Generally, the decrease in dielectric parameters such as loss tangent and
dielectric constant resulting from incorporating Zn*? ions advocate the appropriation of these
materials in high-frequency applications such as recording media, sensors, circulators,
microwave devices, electronic devices, and phase shifters. As Zn?* ion replacement increases,
the initial magnetic permeability increases. This could be explained by magnetic Ni?* ions
substituting for nonmagnetic Zn?* ions. Substituting Zn ions enhances the dielectric constant,
dielectric loss, magnetic loss, and permeability.
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