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Abstract: The effect of frequency, temperature, and composition on the dielectric behavior for the 

composition of BaNi2-xZnxFe16 O27 ferrite samples were studied (with x = 0, 0.4, and 1.6) prepared using 

the usual ceramic method. The experimental results indicated that the dielectric constant  and 

dielectric loss “decrease as the frequency increases, and increases with increasing temperature. The 

experimental results indicated that the dielectric constant and dielectric loss  decreases. The 

dielectric constant has high values and shows relaxation processes at relatively higher temperatures. 

The dielectric abnormal behavior of the dielectric constant was observed to shift to lower values as the 

temperature increases. The dielectric loss tangent initially decreases rapidly with increasing frequency, 

and increasing tan δ with increasing temperature is attributed to thermal activation of electron transport, 

responsible for dielectric behavior. The , and tanσ were composition-dependent, both decreasing as 

Zn ion substitution increases.    
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1. Introduction 

The nano ferrites continue to be the most important and attractive materials up to 

becoming a vital source in all life fields from electronics to microwave and radio frequencies. 

As important, their unique physical characteristic properties, such as dielectric constant, 

electrical conductivity, and magneto-dielectric properties, play an important role in the 

electronic industry field. Because of their high uniaxial anisotropy, cost-effectiveness, and high 

coercive Force, it was used in microwave devices as permanent magnets [1]. The magnetic 

properties of BaCo2−xNixFe16O27 W-type   BaCo2− xZnxFe16O27 - Co-Ni substituted 

BaMg2Fe16O27 [2-4]. Also, the AC conductivity and dielectric properties of and dielectric 

behavior for BaCo2−xZnxFe16O27 W-type BaCo2−xCuxFe16O27- BaCo2−xNixFe16O27- BaNi2-

xZnxFe16O27, and  BaCo2−xZnxFe16O27 W-type hexaferrite [5–8]. To understand the dielectric 

behaviors and explain the mechanisms of electric conduction in the ferrite, one must study the 

effect of temperature, composition, and frequency on dielectric and the a.c. electrical 

conductivity will offer great valuable value information about this behavior. From the dielectric 

measurement analysis, two elementary electrical characteristics of materials can be examined. 

The physical phenomenon (conduction nature) represents its ability to transfer electrical 

charge, and the electrical phenomenon (capacitive) insulating nature, represents its ability to 

store  electrical charge [9]. Therefore, analysis of the dielectric analysis ends up offering the 
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dielectric constant (ε’) and dielectric loss (ɛ”) of a material. Therefore, the present work aimed 

to study the effects of Zn ions dopant on the dielectric properties for  BaNi2-xZnxFe16O27 W-

type hexagonal ferrites as a function of frequency and temperature. 

2. Materials and Methods 

Highly pure BaCO3, MgO, ZnO, and Fe2O3 to produce a sequence of polycrystalline 

w-type hexagonal nano ferrites in the correct ratio with compositional formula                         

BaNi2-xZnxFe16O27 (Where x = 0:0, 0.4, and 1.6) by the standard ceramic method. First, the 

mixed oxides were ground using an electrical agate mortar for 10 h. The powders were then 

presintered in the air for 20 hours at 900 K  degrees Celsius in a furnace. The granules were 

brought to room temperature gradually. The grinding process was repeated; afterward, the 

mixtures were pressed into discs, and toroid’s under the constant pressure of 29.4  107 N/m2. 

The discs and toroid’s were sintered at 1470 K for 6 hours before being cooled to ambient 

temperature. The disks were finally sintered in air at 1250 K  for 6h and left to be slowly cooled 

to room temperature within 24 h. As a good contact material for electrical tests, the samples 

were polished and covered with a thin layer of silver paste. 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). The dielectric constant and loss 

tangent are calculated by the flowing relation                               

r = 
𝜀

𝜀°
=

𝐶𝑑

𝐶𝐴
       (1)                             tane= 

𝜀


          (2)  where ''  s is the imaginary part of the 

dielectric constant 

3. Results and Discussion 

3.1. Dielectric constant ε’. 

3.1.1. Temperature dependence of dielectric constant ε’. 

Figure 1.(a)–(c) depicts the variation of the real part of the dielectric constant (ε’) 

behaviors with frequency for BaNi2-xZnxFe16O27 ferrite compositions at various temperatures. 

It can be shown that the dielectric constant ε’ has a high value at low frequencies, then drop 

monotonically with rising frequency and also increases with increasing temperatures at low 

frequencies. This indicates that charge carriers respond to an externally provided electric field 

at low frequencies faster, resulting in a higher value of ε′. Charge carriers cannot follow rapid 

changes in the applied electric field at higher frequencies, resulting in low values of ε′. 

The decrease in ε′ with frequency is because, at low frequencies, ε′’ for polar materials 

is explained by the contribution of many polarizability components, namely deformational, 

electronic, and ionic polarization, as well as relaxation, orientational, and interfacial 

polarization. 

It’s worth noting that the high value of ε comes primarily from Koop’s theory [10]. 

According to this theory, charge carriers encounter a different resistance as they hop across the 

grain boundary due to the high charge concentration at the dividing boundaries, resulting in 

interfacial polarization. As a result,  the value of ε was increased significantly [11,12]. Peaks 

on the ε‘ curves were detected as the temperature increased. This is the abnormal dielectric 

behavior that had previously been observed [13,14]. The position of the observed peaks was 

discovered to be dependent on the composition and temperature, with the peaks shifting 
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towards higher frequencies as the temperature rises and toward lower temperatures as the zinc 

concentration decreases. 

The presence of a collective contribution of two types of charge carriers (p-type and n-

type) to the polarization, according to the Rezlescu model, can explain the aberrant behavior 

of the dielectric constant with frequency and temperature. Because the contribution of p-

carriers to polarization is lower and in the opposite direction than that of n-carriers, and because 

the mobility of p-carriers is lower than that of n-carriers, and their contribution to polarization 

decreases rapidly at lower frequencies, the contributions of each type of charge carrier to 

polarization can be added up to give a polarization like Rezlescu [15]. With rising zinc-ions 

concentration, the maximum in dielectric constant   shifts towards lower frequencies with 

frequencies and temperature. 

3.1.2. Frequency dependence of dielectric constant ε’. 

The dielectric constant ε’ as a function of temperature for all samples at various 

frequencies is shown in figure 1.(d)–(f). The dielectric constant ε’ increases with increasing 

temperature until it reaches a maximum value at a specific temperature, after which it begins 

to decline with increasing temperature quickly. It is clear from figure.1.(d)–(f). that the 

dielectric constant ε’ increases as the temperature rises.   

This can be attributed to the fact that dipoles cannot orient themselves with variable 

electric fields at low temperatures because orientational polarization is linked to the thermal 

motion of the molecules. It is found nearly constant at low temperatures [16,17]. The dipoles’ 

orientation was changed with increasing temperature, which caused an increase in the value of 

orientational polarization, which eventually increased the dielectric constant ε’ with 

temperature. To put it another way, the increase in ε′  values with temperature is due to the 

charge carriers’ contribution to polarization. Due to the dipoles’ inability to rotate quickly 

enough at low temperatures, polarization is weak, and they wobble behind the field. The bound 

charge carriers receive enough thermal excitation energy as the temperature rises to improve 

polarization, increasing the dielectric constant. 

3.2. Dielectric Loss ε. 

3.2.1. Temperature dependence of dielectric loss ε. 

Figure 2.(a)-(c) illustrates the frequency dependence of dielectric loss (ɛ”)  for all 

samples at different temperatures. The dielectric losses (ɛ”) decrease rapidly at low frequencies, 

then decrease monotonically with increasing frequency until reaching a constant value at a 

higher frequency. The decreases in dielectric loss as frequency rises can be explained by the 

fact that at high frequencies, ion vibration may be the only source of dielectric loss; hence ε” 

has the smallest value. In other words, as the frequency of the applied field surpassed the 

relaxation frequency, the polarization response became increasingly delayed. Because of the 

grain boundaries, the resistivity was high at lower frequencies. The energy loss increased in 

the lower frequency range because the electron exchange between ions (Fe3+ and Fe2+) required 

more energy [18,19]. Because of the high values of dielectric loss ε” [20], the examined 

samples can be used for microwave radiation absorption and attenuating electromagnetic 

interference applications. 
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Figure 1. (a, b, c)  Dielectric constant vs. frequency  of BaNi2-xZnxFe16O27 (x=0, 1.6 ,0.8) at different 

temperatures;  (d, e, f) Temperature dependence of  the dielectric constant () of BaNi2-xZnxFe16O27 (x=0, 1.6 

,0.8)  at selected  frequencies. 

3.2.2. Frequency dependence of dielectric loss ε. 

Dielectric loss is a term used to describe the loss of dielectric properties. Figure 2.(d)-

(f). shows the dielectric loss “as a function of temperature for all samples at various 

frequencies. It has been pointed out that increases dielectric loss “as the temperature rises. 

Conduction losses, dipole losses, and vibrational losses are the three types of dielectric losses 
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[15]. Because conduction losses are proportional to σac(ω), they are smallest at low 

temperatures. Ion migration over long distances necessitates conduction loss. When ions travel, 

they transfer some of their energy to the lattice in the form of heat. Conduction loss increases 

as the temperature rises because ac rises with it. As a result “, rises as the temperature rises. 

For many nonlinear optical materials and their applications in devices, a low dielectric constant 

and high-frequency dielectric loss suggest that the sample has enhanced optical quality with 

fewer faults, which is crucial. 

  

  

 

 

 

 

 

 

Figure 2. (a, b, c) Dielectric loss vs. frequency of BaNi2-xZnxFe16O27 (x=0, 0.8 and 1.6) at different 

temperatures; (d, e, f) Temperature dependence of dielectric loss (‘) with Frequencies. 
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3.3. Loss tangent (tan σ). 

3.3.1. Temperature dependence of loss tangent (tan σ). 

The loss tangent (tan δ) as a function of frequency for all the samples is shown in 

figure.3.(a)-(c). As frequency increases, the dielectric loss tangent falls rapidly, demonstrating 

dispersion at lower frequencies before becoming fairly constant at higher frequencies. The 

Maxwell-Wagner model [21,22] and Koop’s phenomenological theory [23] are related to these 

characteristics for dielectric loss in ferrite. Two mechanisms cause ferrite dielectric loss: 

electron hopping and loaded dipoles defect. The dielectric loss was caused by the low-

frequency band. The main cause of dielectric loss in the high-frequency area was the reaction 

of defect dipoles to the applied field. Due to a shift in the cation state, such as Fe3+ - Fe2+, a 

ferrite dipole was generated during the heat treatment process. In the high-frequency region, 

the relaxation of dipoles in an electric field reduced as dielectric loss increased [24]. Impurities 

in the crystal structure and defects in the crystal lattice caused the dielectric loss in the applied 

field [25]. The dielectric loss tangent is also affected by the sample’s structure and sintering 

temperatures, such as stoichiometry, Fe2+ concentration, and structural homogeneity [26]. At 

low temperatures, it can be shown that tanσ decreases monotonically with increasing 

frequency, with no peaks. While at high temperatures, the decrease in tanσ at low frequencies 

is faster than that at high frequencies for all samples, at high temperatures, the decrease in tan 

at low frequencies is faster than that at high frequencies. At high temperatures, there is also an 

apparent shoulder on the tanσ curves for the sample with increasing Zinc. As the temperature 

rises, the position of the peak shifts to higher frequencies. In addition, at all frequencies and 

for all samples, tan increases with rising temperature. 

3.3.2. Frequency dependence of loss tangent (tan σ). 

At various temperatures, Figure 3.(d)-(f) shows the frequency dependence of loss 

tangent tanσ for all samples. It is noticed that dielectric relaxation processes behave normally. 

The thermal activation of electron transport, which is responsible for dielectric behavior, is 

responsible for the increase in tanσ with rising temperature. Simultaneously, the variation of 

dielectric loss with temperature has the same nature as the change of dielectric constant with 

temperature and can be explained in the same way that the dielectric constant can be explained. 

It has been discovered that as the temperature rises, so does the dielectric loss. Charge carrier 

mobility increases as temperature rises, leading to greater polarization and significant dielectric 

loss. Charge accumulation at grain boundaries causes the observed increased value of the 

dielectric loss at high temperatures. Temperature causes charge carrier mobility to increase, 

resulting in increased polarization and high dielectric loss. The observed higher value of the 

dielectric loss at high temperature is due to charge accumulation at grain boundaries. [27]. At 

room temperature, the loss tangent tan is very small, but it rapidly increases as the temperature 

rises; the rate of increase is faster at low frequencies than at high frequencies. Slowly, very 

broad peaks are observed in figure.3,(e) at the x=1.6 sample. This indicates that as the zinc 

content rises, the activation energy for dielectric relaxation also rises. Because the dielectric 

loss tangent tan depends on the ability of charges to follow the external applied electric field, 

the decrease of tan d with increasing frequency is because polarization cannot follow the 

changes of the external field beyond a certain frequency, as explained above. The increase in 
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tanσ with increasing temperature is due to an increase in the charge carriers’ hopping 

frequency. In the references [7,28] observed similar behavior. 

 

 

 

 

                            

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a,b, c) Frequency dependence ( f ) of  loss tangent tan σ at selected temperature  of BaNi2-

xZnxFe16O27 (x=0, 0.8, and1.6); (d, e, f) the temperature dependence of loss tangent with Frequencies. 

3.3. Composition dependence. 

Figure. 4.a. demonstrates the composition dependence of the real part of the dielectric 

constant  at room temperature and different frequencies. Figure. 4.b. illustrates the variation 

of dielectric loss tangent tan σ with composition at room temperature and different frequencies. 
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It can be seen that the value of a ε and tan) decreases with increasing Zn2+ substitution 

because of reducing the number of Ni2+–Ni3+ ions on the B-sites. This decrease in the hole 

exchange between Ni2+–Ni3+ ions could be due to Zn2+ ions preferring the A-sites replacing 

Ni2+ ions that are dispersed nonstatistically in the tetrahedral and octahedral sites. As a result, 

the value decreases significantly; however, a small amount of Fe3+ ions begin to migrate from 

A-sites to B-sites to compensate for the fall in Ni2+ ion concentration at B-sites. The production 

of Fe2+ ions at the B-sites boosts polarization by increasing electron exchange between Fe2+–

Fe3+ ions [29,30] noticed the same behaviors. 

(a) 

 

 

                              (b) 

 

Figure 4. (a) Compositional dependence of () at room temperature for selected frequencies; 

(b) Compositional dependence of dielectric loss tangent tan σ at room temperature for selected frequencies. 

4. Conclusions 

The dielectric constant, the dielectric loss factor tan σ, and dielectric relaxation decrease 

as the frequency increases. The dielectric constant and dielectric loss increase as the 

temperature increases. The dielectric constant has abnormally high values and exhibits a 

dielectric relaxation process or peaks at relatively higher temperatures—the relaxation 

frequency shifts to a higher frequency as the temperature increases.  

The abnormal behavior of the dielectric loss constant ; was observed to shift to lower 

values as the temperature increases and decreases with increasing frequency and zinc ions.   

The abnormal behavior was explained by the presence of two types of charge carriers. This has 

been explained based on the hopping conduction mechanism and the Rezlescu model. The 

dielectric constant ‘, dielectric loss tan σ and dielectric relaxation decrease as Zn ion 

substitution increases. This is explained on the basis ‘that the mechanism of dielectric 

polarization in ferrites is similar to that of electric conduction and that the displacements of 

strongly localized electric charge carriers (which increase as Zn ion addition increases) 

determine the dielectric polarization in ferrites. 
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