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Abstract

A spinel ferrite sample Zn0.4Ni0.6Fe2O4 was prepared by a conventional solid-state 

reaction method, at high temperature. This compound was found to exhibit a single 

phase and crystallize in a cubic structure with Pm3m Space group. The complex 

impedance was investigated in the temperature range 400–700 K and in the frequency 

range 100 Hz - 1 MHz. The Z-impedance analysis revealed that the relaxation 

phenomenon is strongly dependent on temperature and frequency. The impedance 

plane plot showed semi-circle arcs at different temperatures, and a proposed electrical 

equivalent circuit explained its results. The temperature and frequency dependence of 

the ac conductivity was shown to obey the universal Jonscher's power law. The 

activation energy, inferred from the impedance spectrum, was confirmed to match very 

well with those estimated from the conduction mechanism, indicating that the 

relaxation process and conductivity have the same origin. The magnetization is due to 

the ferromagnetic interactions between iron ions.

Keywords: Spinel, Solid state, relaxation, conduction mechanism, Modulation.
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I. INTRODUCTION

Ni-Zn ferrites are soft ferromagnetic materials, which in high-frequency operation 

have high resistivity values, small eddy current losses and low magnetic coercivity [1]. 

These materials have always been of great interest, thanks to their technological 

applications namely at high frequencies [1, 2], where the eddy current losses have to 

be low. It is important to note that many methods could have been used to synthesize 

these ferrites such as ceramic [3], co-precipitation [4], combustion [2], precursor [5], 

hydrothermal method [6, 7], Micelle (MIC) route [7]… etc. The most known 

disadvantages of these methods are high reaction temperatures, prolonged reaction 

time, complicated procedure and especially the use of reducing agents that upset the 

environment and slightly modified the properties.

On the one hand, the properties of ferrites are sensitive to their composition and 

microstructure, which in turn are strongly dependent upon the processing method used 

to synthesize them [8]. On the other hand, they are dependent on the measuring 

temperature, magnetic or electric field applied and the frequency of the signal. 

Furthermore, ferrites have excellent magnetic properties and a high electrical 

resistance, which make them excellent core material for recording heads loading coils 

[9], power transformers in electronics [10], antenna rods [11], microwave devices and 

telecommunication applications [1], anode material in Li-ion batteries [12], 

piezoelectric actuators and transducers [13].

The magnetic and the structural properties of this type of materials have been broadly 

studied [14-20], but there are few reports are available on Impedance spectroscopy of 

the Ni–Zn ferrites [21, 22]. Moreover, impedance spectroscopy is a valuable technique 

Obviously, this technique is highly appropriate for the characterization of 

inhomogeneous electrical materials, which uses relying on the different frequency 
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dependencies of the constituent components for their separation. The responses of all 

components, such as grain boundary and bulk impedances in electronic ceramics, take 

the form of electrical relaxations and can be modeled using simple RC parallel circuit 

elements. Each electric component has its own characteristic relaxation time, given by 

the magnitude of the RC product, which could be separated in the frequency domain 

[23].

It was reported previously that the Ni0.6Zn0.4Fe2O4 compound prepared with the 

ceramic method with using the 5%-Polyvinyl alcohol as a binder, crystallized in the 

cubic structure and the lattice parameter was found to be equal to 8.35 Å [21]. The 

Nyquist plots (Z” vs Z’) showed two semicircles according to the grain and the grain 

boundary contributions. These two contributions were also seen in the Ni1-xZnxFe2O4 

samples which have been prepared with the combustion method [24].  

In the present paper, Ni-Zn ferrites were prepared by the conventional solid-state 

reaction method, at high temperature, and without any binder. XRD was used to 

characterize synthesized material and then alternating current (ac) impedance 

spectroscopy was used to study the effects of temperature and frequency on the Ni-

Zn compound. 

II. EXPERIMENTAL DETAILS

The solid-state route was used to prepare the Zn0.4Ni0.6Fe2O4 Spinel Ferrite 

ceramic (ZNFO). A stoichiometric mixture of Fe2O3, ZnO and NiO powder oxides with 

a purity of 99.99% was ground and pressed using a uniaxial pressure system under 

105 N/cm2 pressure into 10 mm diameter pellets. The pellets were submitted to heat 

treatments at different temperatures (800, 900, 1000 and 1200 °C), for 24 h.
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III. RESULTS AND DISCUSSIONS

1) XRD study:

Figure 1 depicts the XRD pattern of the prepared ZNFO compound. One can see 

clearly sharp and intensive peaks indicating the good crystallization of the synthesized 

compound. Using the X’Pert Highscore software, and according to the diffractions 

peaks in the XRD data that matched well with those of the pure ZnFe2O4 we confirm 

the formation of a pure cubic structure without any impurity. The Rietveld refinements 

of the XRD data performed using Fullprof program [25] revealed that this compound 

crystallized in the cubic structure, with the Pm3m space group in which the refined 

lattice parameters (a = b = c) and the volume (V) were found to be, respectively, equal 

to 8.3712 Å and 586.631 Å3. These values are slightly smaller than those previously 

reported [21].

The Scherrer formula [26] was used to calculate the average crystallite size (DSC) 

based on the full-width at half maximum (β) of the most intense peak and its Bragg 

angle () as mentioned in the following equation:

0.9
cos


SCD 

 

where λ is the used wavelength (λCu-Kα1 = 1.5406). The DSC value of our sample is about 

72 nm which confirm the nanoscale nature of the ZNFO compound.

Figure 2 (a) shows a typical TEM spectrum of the Zn0.4Ni0.6Fe2O4 ceramic. This 

spectrum proves the existence of a non-uniformly distributed grains with an irregular 

morphology (spherical, cube cubic, polygonal). The particle size distribution was 

calculated from 140 nanoparticles randomly selected from the TEM micrograph by 

using the Image-J software. The results are expressed in Figure 2 (b) as grain number 
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(counts) vs. particle size (nm). These particles were distributed, for the Zn0.4Ni0.6Fe2O4 

sample, according to a Lorentzian law (Blue solid line in Figure 2 (b)). The average 

particle size, generally known as grain, was of (197 (± 5) nm greater than the average 

crystallite size of value ~ 72 nm determined by XRD. Considering that several 

crystallites could form each particle observed by SEM, the difference between the 

crystallite and the particle sizes becomes reasonable.

2) Impedance spectroscopy:

Figure 3 shows the frequency dependence of the real part (resistive) of impedance 

Z’ for the studied compound at selected temperatures. When increasing the frequency, 

the magnitude of Z’ firstly decreases up to a certain value to become frequency 

independent beyond this value. At low frequencies, the high amplitude of Z’ decreases 

when increasing the temperature which applies an increase in the ac-conductivity as it 

known is common in dielectric materials [27]. The release of space charge implies the 

merge of the impedance real part (Z’) values at high frequencies which is a direct result 

of the reduction of barrier properties of the material at higher temperatures [28].

At the selected temperature, the effect of the frequency on the imaginary part of the 

complex impedance is shown in Figure 4 (a). It can be seen the appearance of three 

peaks corresponding to three different specific frequencies (Known as the relaxation 

frequencies); which confirms that, in the studied compound, it there exist three different 

relaxation types, and that each one is being attributed to one of the three contributions 

mentioned before (grain, boundary grain and interfacial). It is also noted that Moreover, 

with increasing temperature, all Z” peaks were found to shift towards a higher 

frequency. These observations support the previous results to confirm the semi-

conductivity behavior of the suggested sample and to prove the implication of charge 

carriers in the relaxation phenomenon and their thermal activation [29]. 



ACCEPTED MANUSCRIPT

6

On the other hand, for all peaks, the decrease of the values of Z″max with the increase 

in temperature could be explained by the decrease in the resistance of materials [30]. 

Furthermore, the coalescing of all of these curves at higher frequencies (over 107 Hz) 

mimics the reduction of space charge polarization with the increase in frequency [31]. 

To calculate the activation energies, we use the Arrhenius law. The variation of 

relaxation frequency (fmax) with temperature can be expressed by Eq. (1) [32]:

                                         (1)max 0 exp
 

  
 

a

B

Ef f
k T

where f0 is the relaxation frequency for high temperature, Ea is the activation energy 

for the relaxation process and kB presents the Boltzmann constant. The logarithmic 

representation of the deduced fmax values is plotted against the inverse of temperature 

in Figure 4(b), using the Arrhenius model. This figure shows clearly the increase of 

the relaxation frequencies with the increase in temperature. The obtained values of 

activation energies are about 0.133 eV, 0.204 eV and 0.138 eV for grain, boundary 

grain and electrode contributions, respectively. These values are quite close to those 

earlier found in the literature [33-35].

Moreover, the complex impedance spectra (-Z” versus Z’) of the synthesized ferrite 

Zn0.4Ni0.6Fe2O4 at different temperatures are presented in Figure 5. These plots are 

characterized by three semicircular arcs that are not centered on the real axis. The 

decentralization is indicative of a non-Debye type relaxation process and the material 

was found to obey the Cole-Cole formalism [36-38]. Every semicircle could be 

attributed to one of three contributions. At low frequencies, the semicircle can be 

attributed to the electrode contribution; at intermediate frequency range, the relaxation 

is due to the grain boundary contribution; while at high frequency, the semicircle is 

attributed to grain contribution. 



ACCEPTED MANUSCRIPT

7

The inset in Figure 5 shows the Simulate Nyquist plots with the equivalent circuit 

elements for Zn0,4Ni0,6Fe2O4 at several temperatures. This circuit is modeled by a 

combination series of three parallel R-CPE circuits, with R as resistance and CPE the 

complex element; a constant phase element (capacity of the fractal interface). Let (R1, 

R2, R3) and (CPE1, CPE2, CPE3) be the resistance and capacitance of grains, grain 

boundaries, and electrodes, respectively. , the CPE impedance (ZCPE) is given by the 

following relation [39, 40]:

                                             (2) 
1

   CPEZ Q j 

where Q is a proportional factor,  is the angular frequency, and  is an empirical 

exponent close to 1. Depending on the value of the exponent , the CPE has a 

behavior similar to the components conventionally used in equivalent circuits. The CPE 

is reduced to a resistance and ideal capacitive elements, when it is close to Zero and 

 = 1, respectively. The R, CPE and  extract parameters are summarized in Table 1. 

It is clear that the values of resistance R decrease with the increase in temperature, 

which is related to the increase of the mobility of charge carriers that was added to the 

conduction process [41].

The resistance at these temperature values can be deduced from the well-defined 

impedance peak, which was found to follow the Arrhenius relation: 

                                     (3)0 exp ac

B

ER R
k T

 
  

 

where R0 is the pre-exponential term, and Eac is the activation energy. The linear fitting, 

based on Eq. (3) shown in Figure 6 as a straight line, yields the values of Eac = 0.131, 

0.194 and 0.143 eV for R1, R2, and R3, respectively. It is therefore clear that the 

activation energy values obtained from both the Arrhenius plots of resistance and 
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frequency corresponding to the peaks of the imaginary part of impedance (Z”), in the 

same temperature region, are very close.

3) AC electrical conductivity:

Figure 7 displays the frequency dependence of the ac-conductivity of the prepared 

Zn0,4Ni0,6Fe2O4 spinel ferrite sample measured at different temperatures. One can see 

that the ac-conductivity spectra present two plateaus: one in low-frequency region with 

an independent frequency behavior for each temperature and the second one in the 

high-frequency region where the conductivity increases following the increase in the 

frequency. The origin of the frequency dependence of the conductivity can be 

attributed to the relaxation of the ionic atmosphere after the movement of the particle 

[42].

As mentioned before, three relaxations peaks were seen noticed in the imaginary 

part of the complex impedance. Accordingly, we can attribute the first plateau in the 

ac-conductivity to the contribution of boundary grains and electrodes contributions 

whereas the plateau at high frequencies is attributed to the grain contribution. To 

estimate the activation energy of the conduction process, we have calculated the 

conductivity of the grain, boundary grain, and electrode contributions, respectively (σ1, 

σ2 and σ3) of our compound (Table 2) using:

                      ; ;                                 (4)1
1

e
R S

 
 2

2

e
R S

 
 3

3

e
R S

 


where e is the thickness of pellet, S is its area and R1, R2 and R3 are respectively the 

grain, boundary grain and electrode contributions resistance of the sample previously 

calculated from the intercept of the semicircular arc on real axis Z’.

In Table 2, we summarized the activation energy values. It is worth noting that the 

activation energy values obtained from both of conductivities (Eq. 4) and frequencies 
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corresponding to the peaks of the imaginary part of impedance (Z”), in the same 

temperature region, are very close. So, we can confirm the goodness of the fitting of 

the Nyquist plots. 

In Figure 8 we present displays the temperature dependence of the ac-conductivity 

(log(σac*T) vs. 1000/T). As shown, it linearly depends on the temperature and the 

adjustment of these curves, which allows us to calculate the activation energy values 

for different frequencies (inset of Figure 8). We note that the Ea decreases with the 

increase in frequency, which confirm proves that the applied field frequency enhances 

the electronic jumps between the localized states [43].

4) Magnetic properties:

Figure 9(a) represents the M vs. (0H) curves of the Zn0.4Ni0.6Fe2O4 sample, 

collected at 5 K and at Room temperature with a maximum applied field of 10 T. At 

room temperature, the saturation magnetization (MS) and the coercivity (HC) of the 

Zn0,4Ni0,6Fe2O4 made by simple solid state reaction were found to be around 22 emu/g 

and 114 Oe, respectively. These are so close to the reported values of the same 

compound prepared by different method otherwise [44-46]. At both temperatures, one 

can notice an unsaturated magnetization was observed; it monotonically increases 

following the applied field and does not attain reach complete saturation even with 

maximum 0H field. Two necessary explanations could be used to explain this 

behavior; (i) the canted or disordered spins at the surface of the nanoparticles, which 

were difficult to align along the field direction causing an unsaturated magnetization in 

the sample, (ii) the presence of both ferromagnetic (FM) and the Antiferromagnetic 

(AFM) interaction processes in the compound.   
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A theoretical modulation of the M-H loops was used to separate out the ferromagnetic 

FM and the antiferromagnetic AFM contributions and to better understand the origin of 

the magnetization in the studied compound. We have used the following equation:

   (5) 
S R

1 ciFM FM
S

ci FM

H HM MM H 2 tan tan H
H 2 M

                  

where the first term is related to the ferromagnetic FM contributions and the second 

one represents the linear contribution from the antiferromagnetic (AFM) one [47, 48]. 

Here, , , Hci are the ferromagnetic FM saturation magnetization, remnant S
FMM R

FMM

magnetization, and intrinsic coercive field, respectively while  is the antiferromagnetic 

AFM susceptibility. The fitted curves with both contributions are shown in Figure 9(b). 

The obtained parameters from the adjustment are listed in Table 3. It was noticed that 

the magnetization of the sample is principally due to the ferromagnetic FM 

contributions (70% of the total magnetization) resulting in the ferromagnetic FM 

interactions between Iron ions. 

IV. CONCLUSION:

In the present study, the Zn0.4Ni0.6Fe2O4 ferrite spinel was successfully synthesized 

via the standard solid-state reaction method at high temperature. In fact, the X-Ray 

diffraction XRD data have confirmed that its composition is single-phase with no 

detectable impurity and is crystallized in spinel structure. Additionally, the electrical 

study of this material has shown showed that the electrical properties are strongly 

dependent on both temperature and frequency. As for the complex impedance plots, 

they have revealed the presence of three semicircular arcs (grain, boundary grain, and 

electrode). Moreover, it has been established that as the temperature increases, the 
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area under the semicircles of the Nyquist plots decreases; thus proving the tendency 

of better conductivity of our ferrite sample. This behavior was modeled by an electrical 

equivalent circuit composed of three series sets of resistance and capacitance in 

parallel. The values of the activation energy calculated from conductivity and 

impedance are found to be very close, which confirms that the relaxation process and 

the conduction mechanism may be attributed to the same type of charge carriers. 

Finally, the magnetization hysteresis loops were analyzed by two contributions the 

Antiferromagnetic AFM and Ferromagnetic FM contributions and it was found that the 

magnetization is due essentially to the ferromagnetic FM contribution.
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Figure Captions

Figure 1: Observed (open symbols) and calculated (solid lines) X-ray diffraction 

pattern for Zn0.4Ni0.6Fe2O4 compound. Positions for the Bragg reflections are marked 

by vertical bars. Differences between the observed and the calculated intensities are 

shown at the bottom of the figure.

Figure 2: (a) Top view of the surface morphologies of Zn0.4Ni0.6Fe2O4 sample 

obtained by SEM technique, (b) EDAX spectra, (c) Lorentzian distribution of particle 

sizes.

Figure 3:  Variation of real part of the impedance (Z’) of the Zn0.4Ni0.6Fe2O4 compound 

as a function of frequency for different temperatures. The inset shows the scaling 

behavior of Z’ at 480K. 

Figure 4: (a) Variation of imaginary part of the impedance (Z”) of the Zn0.4Ni0.6Fe2O4 

compound as a function of frequency for different temperatures, (b) The Arrhenius 

plots for Zn0.4Ni0.6Fe2O4 compound logarithm of frequency vs.1/T.

Figure 5:  Cole–Cole plots of Zn0.4Ni0.6Fe2O4 compound at several temperatures. 

Insert: the equivalent circuit formed by a series of three parallel combination of 

resistance (R) and Constant Phase Element Impedance (ZCPE) (R-CPE circuit).

Figure 6: The Arrhenius plots for Zn0.4Ni0.6Fe2O4 compound logarithm of resistances 

vs. 1/T.

Figure 7: Frequency dependence of the ac conductivity at various temperatures of 

the Zn0.4Ni0.6Fe2O4 compound.

Figure 8: the temperature dependence of the ac conductivity. The inset shows the 

activation energy values as function of frequency. 
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Figure 9: (a) Magnetization versus magnetic field (M-H) curves for Zn0.4Ni0.6Fe2O4 

compound, (b) Antiferromagnetic and Ferromagnetic Fitted Magnetization versus 

magnetic field (M-H) curve at room temperature for Zn0.4Ni0.6Fe2O4.
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Research Highlights

 The complex impedance plots have revealed the presence of three semicircular 

arcs.

Values of the activation energy calculated from σac and Z” are very close.

The electrical properties are strongly dependent on both temperature and 

frequency. 

The applied field frequency enhances the electronic jumps between the localized 

states.

The ferromagnetic contribution presents 70% of the total magnetization.  



ACCEPTED MANUSCRIPT

Table 1: values of the electrical parameters deduced from the complex diagram for 

Zn0.4Ni0.6Fe2O4 compound at several temperatures.

T(K) R1( C1 (10-11 F) α1 R2( C2 (10-8 F) α2 R3( C3 (10-7 F) α3

360 10272 7.405 0.994 39345 3.327 0.682 6918 44.570 0.725

400 3431 5.896 1.001 9945 5.297 0.658 1635 12.241 0.90

440 1624 9.362 0.977 4000 5.802 0.679 783 4.466 1.034

480 826.6 11.71 0.957 1788 6.237 0.691 396 4.732 0.992

520 455.2 9.834 0.950 760 5.687 0.710 247.9 3.702 0.986

560 278.8 10.72 1.008 293.4 4.514 0.739 144.5 3.959 0.938

600 215.6 11.65 0.696 84.58 3.692 0.802 100.7 7.627 0.877
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Table 2: the resistance, the conductivity and the activation energy of the grain, boundary 

grain and electrode for Zn0.4Ni0.6Fe2O4 compound

T(K) R1( 1(cm Ea(eV) R2( 2(cm Ea(eV) R3( 3(cm Ea (eV)

360 10272 0.00391 39345 0.00102 6918 0.0058

400 3431 0.0117 9945 0.00404 1635 0.02456

440 1624 0.02472 4000 0.01004 783 0.05128

480 826.6 0.04857 1788 0.02246 396 0.10139

520 455.2 0.0882 760 0.05283 247.9 0.16196

560 278.8 0.14401 293.4 0.13684 144.5 0.27785

600 215.6 0.18622

0.131

84.58 0.4747

0.194

100.7 0.39871

0.143
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Table 3: Parameters extracted from fitting the magnetization hysteresis loops of 

Zn0.4Ni0.6Fe2O4 compound

Paramagnetic contribution Ferromagnetic contribution

 (10-5 emu/g*gauss) HCI (Gauss) MFMS (emu/g) MFM R (emu/g)

6.761 1752 14.257 7.671


