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A B S T R A C T   

The polycrystalline Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites are fabricated by the method of con
ventional solid-state reaction technique. The X-ray diffraction (XRD) confirms that the structure 
of the composition is a single-phase cubic spinel structure for all samples. The particle size of the 
compositions is varied from 36 to 52 nm. The lattice parameter and densities are found to increase 
with enhancing Zn content, as the ionic radius and atomic weight of Zn are greater than Ni. The 
porosity exhibits a decreasing trend. The average grain size determined using Field Emission 
Scanning Microscopy (FESEM) increases until x = 0.40, then declines. The Energy-Dispersive 
Spectroscopy (EDS) examination revealed that the percentage of obtained elements is well 
matched with the stoichiometric elements. The addition of Zn content acts as an accelerator for 
enhancing the value of the real part of initial permeability and the highest value is obtained (μiʹ =
276) for the x = 0.40 sample, as well as the highest relative quality factor (RQF) of around 3000. 
The loss factor for the Zn substituted composition is nine times lower than for the parent 
composition. The optimum saturation magnetization of around 77.49 emu/g is found for the x =
0.40 sample. The maximum dielectric constant (εʹ = 2.85 × 103) is found for x = 0.10 samples at 
10 kHz. Further, from impedance studies, the non-Debye type dielectric relaxation is seen for the 
Zn-substituted samples. The observed region of the imaginary electric modulus peak signifies the 
transition of charge carrier mobility from a larger range to a short-range distance. The phe
nomenon of ac conductivity is attributed to the process of the small polaron hopping mechanism.   

1. Introduction 

Ferrimagnetic oxides or ferrites have become a practical magnetic material and have risen to an important place in many branches 
of electrical engineering over the last two or three decades. Their high degree of compositional diversity and good magnetic per
formance make them a popular choice in research. Most electrical conduction in ferrites occurs by hopping electrons among ions of the 
same element in numerous valence states and randomly scattered over comparable crystallographic lattice sites [1–3]. The crystal 
structure of spinel ferrite is characterized by the presence of A-sites (tetrahedral) and B-sites (octahedral), as specified by the chemical 
formula AB2O4. The magnetic and dielectric properties depend on ion distribution on tetrahedral and octahedral sites. Additionally, it 

* Corresponding author. Department of Physics, Comilla University, Cumilla, Bangladesh. 
E-mail addresses: mkdas@cou.ac.bd, mkdas.ju@gmail.com (M.K. Das).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e21633 
Received 16 June 2023; Received in revised form 7 October 2023; Accepted 25 October 2023   

mailto:mkdas@cou.ac.bd
mailto:mkdas.ju@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e21633
https://doi.org/10.1016/j.heliyon.2023.e21633
https://doi.org/10.1016/j.heliyon.2023.e21633
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e21633

2

is thought that Zn ions change the Curie temperature, lattice parameter, and saturation magnetization [4]. It is well recognized that the 
inclusion of Cu in the Ni–Zn ferrite composition has a notable impact on reducing the sintering temperature (Ts). The main obstacles 
faced by high-performance Ni–Zn ferrites are expanding the frequency range of applicability and reducing energy consumption. 
Several attempts have been undertaken to enhance the electrical resistivity, dielectric, and magnetic characteristics of mixed Ni–Zn 
ferrites. Many scientists now accept that substituting one material for another is the most effective technique for modifying its 
morphological, electrical, and magnetic characteristics [5–11]. Whereas, the interest in research in Ni–Cu–Zn is exaggerated day by 
day, since it has vast applications in multilayer chip inductors, multilayer LC filters, magnetic temperature sensors, and humidity 
sensors [12–16]. In addition, Ni–Zn–Cu ferrites exhibit lower densification temperatures than Ni–Zn ferrites and superior charac
teristics at higher frequencies compared to Mn–Zn ferrites [17,18]. Moreover, several studies have focused on Ni–Cu–Zn spinel ferrites 
due to the excellent electrical and magnetic characteristics shown by ferrites containing copper. The Jahn-Teller effect causes 
Cu-ferrite to undergo a structural phase as well as a decrease in crystal symmetry to tetrahedral, distinguishing it from other spinel 
ferrites [19]. Li-ferrites have excellent relaxation and anisotropic characteristics in comparison to other ferrites due to distinct sub
stitutions [20,21]. Li-based ferrite is a versatile magnetic material that finds extensive use in both low- and high-frequency devices, 
making it very useful for many daily uses [22]. However, in this study, Zn2+ was chosen as a substituted ion to improve the com
position’s densification and electromagnetic properties. The addition of Zn was seen to enhance the electromagnetic characteristics, 
including the initial permeability, saturation magnetization, and impedance [23,24]. The previous investigation showed that the 
inclusion of Zn content significantly contributes to the enhancement of density, magnetic moment, and, average grain size [25,26]. The 
addition of the Jahn-Teller ion Zn2+ to the LiNiFe2O4 ferrite resulted in a significant increase in the magnetostriction coefficient, hence 
improving the electromagnetic characteristics of the material [27]. Therefore, this research is being carried out for Zn doping Li–Ni–Cu 
ferrite to understand the changing behavior of the investigated samples and to optimize them for different applications. Here, we have 
thoroughly examined the impact of Zn substitution on the structural, morphological, magnetic, and electrical properties of Li–Ni–Cu 
ferrites. 

2. Experimental procedure 

2.1. Synthesis 

Compositions of Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 (LNZCFO) (where x = 0.00–0.50; in steps of 0.10) were prepared by using the 
traditional solid-state reaction method [28]. According to stoichiometric proportion, highly pure raw materials of Li2CO3 (99.0 %, CAS 
No. 554-13-2, Sigma-Aldrich), NiO (99.9 %, CAS No. 1313-99-1, Sigma-Aldrich), ZnO (99.9 %, CAS No. 1314-13-2, Sigma-Aldrich), 
CuO (99.99 %, CAS No. 1317-38-0, Sigma-Aldrich), and Fe2O3 (99.9 %, CAS No. 1309-37-1, Thermo Scientific Chemicals) were 
weighed. The hand-milling process was carried out by using an agate mortar in an acetone medium to form a homogeneous mixture. 
The combined powders were then calcined at 800 ◦C for 5 h. The further grinding of the calcined powders results in enhanced ho
mogeneity of the sample. A binder consisting of 10 % polyvinyl alcohol (PVA) was incorporated into the ground powder. Subsequently, 
a pressure of 5 tons per square centimeter was used to shape the samples into disks and pellets. The samples were sintered in air for 5 h 
at 1200 ◦C, and ready for characterization. 

2.2. Characterization 

The structural characterization of ferrites was conducted using an advanced X-ray diffractometer with CuKα as a target (λ = 1.5418 
Å). The lattice parameter for each peak of the cubic spinel ferrites was calculated by using the formula a0 = d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
, where (h k 

l) is the miller indices, a0 is the lattice parameter and d is the inter-planer distance obtained by the equation 2dhklsinθ = nλ. The FESEM 
was used to analyze the microstructures of ferrites. The bulk density(ρB), and the theoretical density (ρth) were determined using the 
following expression: ρB =

M
πr2 t, and ρth =

8MA
NAa3

0
, where M is the sample mass, r the radius, t the pellet thickness, MA the molecular weight, 

and NA Avogadro’s number. The calculation of porosity (P) as a percentage was performed using the equation: P= ρB
ρth
× 100%. The 

investigation of frequency-dependent dielectric and magnetic characteristics was conducted using a Wayne Kerr Impedance Analyzer 
(Model no. 6500B). The real part of initial permeability (μi’) is calculated with the following relation: μi’ = Ls

L0
, where, Ls is the winding 

coil’s self-inductance with a sample, L0 (=μ0N2S
πd ) [29] is its inductance without the sample core, N is the number of turns of the coil (n =

4), S is the area of the cross-section and d is the mean diameter. The formula used to determine the RQF is RQF= μ′
i

tan δM 
[30]. A Vibrating 

Sample Magnetometer (VSM) was used to measure the magnetization of various samples. The dielectric constant (εʹ) was found from 
the relations: εʹ = C

C0
, where, Co is the capacitance of vacuum or free space, and C reveals the capacitance with the dielectric medium. 

The electrical properties were carried out on disk-shaped specimens in the high-frequency regime. The ac conductivity was calculated 
with the following equation (σac): σac = ωε0ε’tanδE , where ε0 represents free space permittivity, ω represents angular frequency, and 
tanδE represents dielectric loss [31,32]. 
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3. Results and discussion 

3.1. Structural analysis 

The XRD patterns of variously studied ferrites are shown in Fig. 1. Sharp and clearly defined peaks are seen in the XRD pattern with 
the Miller indices (220), (311), (222), (400), (422), (511) and (440), which confirms the single phase cubic spinel structure. All of the 
peaks in the pattern also match well with the characteristic reflections that have been previously reported [27]. The leftward shift of 
peaks seen with the increase in Zn concentration suggests an increase in the a0. The Scherrer formula is used to evaluate the average 
particle size (D) through the FWHM of the diffraction peaks for each sample [33]. The D is predicted to range from 36 to 52 nm, as 
shown in Table 1. Fig. 2 depicts the a0 for different LNZCFO ferrites. The extrapolation of the fitted lines to the y-axis yields an estimate 
of the precise a0. It is evident that the lattice parameter a0 exhibits an upward trend as the concentration of Zn increases, following 
Vegard’s law [34]. It has been observed that the value of a0 ranges from 8.38164 Å to 8.39343 Å. There are two notable factors 
contributing to the observed rise in a0: (i) the ionic radius of Zn(0.750 Å) is observed to be larger than that of Ni(0.690 Å), leading to an 
increase in the a0 upon the addition of Zn content, (ii) this increase in a0 can be attributed to the volume differences between the 
constituent cations, where the substitution of Ni2+(0.078 nm) with Zn2+(0.083 nm), a larger ion, causes the unit cell to expand [35]. In 
the context of doping, the substitution of Ni2+ ions with Zn2+ ions inside the NiO lattice results in lattice distortion. This distortion 
arises from the disparities in ionic radius and ionic charge between the two ions. Consequently, an increased number of oxygen va
cancies are generated to maintain charge equilibrium. The lattice distortion also impacts the structural characteristics of the NiO 
structures. The result indicates that when the concentration of Zn in Ni-ferrites rises, there is a reduction in lattice strain and an in
crease in lattice constant [36,37]. The findings of this research demonstrate that the absence of Zn in the composition results in a 
decrease in the lattice constant, mostly owing to an increase in lattice strain. However the lattice constant exhibits an increase as the Zn 
concentration rises, mostly attributed to the reduction in lattice strain. The obtained result is in good agreement with the earlier 
reported result [36,37]. The values of a0 for different compositions investigated are shown in Table 1. 

3.2. Surface morphology and EDS analysis 

The surface morphology and elemental analysis were conducted using an FESEM equipped with an EDS system. Figs. 3 and 4 show 
the FESEM micrographs and EDS analyses, respectively. The average grain size (D) is determined from a grain distribution histogram 
using ImageJ software. The magnitude of the D falls between the range of 4–6 μm. Anomalous grain development provides a sub
stantial activation energy for the movement of grain boundaries. Analysis of FESEM images reveals ferromagnetic properties are 
associated with significantly larger grains. Certain small pores are observable, with some being entrapped within the ferrite structure 
due to diffusion delays occurring during the sintering process. However, it can be seen that the sintered structures exhibit greater 
strength in comparison to the non-sintered samples, mostly attributed to their lower presence of defects and pores [38]. The obtained 
values are presented in Table 1. 

The EDS spectra obtained using FESEM provide valuable information on the effective atomic concentration of various constituents 
present in the top surface layers of the materials under investigation [39]. The EDS investigation demonstrated that the mass per
centages of the elements found closely correspond to the stoichiometric elements, except for oxygen. The formation of oxygen va
cancies may occur at elevated temperatures during the sintering process. The values are presented by the tables in the inset of Fig. 4. 
For the x = 0.30 sample, the element mapping was carried out by EDS spectra. Fig. 5 revealed that the element mapping confirms the 
presence of O, Fe, Ni, Cu, and Zn in the investigated sample which is homogeneously distributed. 

Fig. 1. The XRD patterns for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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3.3. Density and porosity 

The electric and magnetic characteristics of ferrite compounds are notably influenced by their density, along with several other 
factors. Molecular weight, a0, and other factors are used to compute ρth. Materials that possess a high density have little porosity and 
demonstrate favorable electric and magnetic properties. Fig. 6 demonstrates the effect of introducing Zn on the rise of both the ρth and 
the ρB. The atomic weight of the constituent elements is responsible for these phenomena. The substituent Zn has a larger atomic 
weight (65.38 amu) than the Ni atom (58.69 amu). As a result, there is an expected rise in the variable ρB. Fig. 6 further demonstrates 
that the value of ρth is greater than ρB, indicating that during the sintering process, the samples may have tiny fractures, holes, and 
atomic vacancies inside the lattice structure [40]. The aforementioned imperfections are taken into consideration while determining 
the ρB of the bulk samples. In contrast, the value of ρth is determined by the use of the lattice constant and the volume of the unit cell, 
which is not influenced by the presence of any defects. The P of the compositions, on the other hand, demonstrates the opposite trend. 
The addition of Zn causes disappears of voids and holes making the composition denser with a smaller P. Two types of porosity 
contribute to the P value of ceramic samples: intragranular and intergranular [41]. As a result, the formula for the total porosity is 
P=Pintra + Pinter. The average grain size is the key factor influencing intergranular porosity. The measured values are shown in Table 1. 

3.4. Real part of initial permeability 

The parameter μiʹ provides insights into the dynamic magnetic characteristics of materials and their efficacy in high-frequency 
applications. In Fig. 7, the frequency dependence of μiʹ for different LNZCFO materials is shown to range from 10 kHz to 100 MHz. 
The data shows that the value of μiʹ exhibits a rising pattern as the concentration of Zn increases. It reaches its peak value (μiʹ = 276) for 
x = 0.40 composition, which is more than nine times higher than the value observed for the parent composition (μiʹ = 30). It has been 
found that the value of μiʹ stays merely constant up to a certain frequency referred to as the resonance frequency. Subsequently, it 
exhibits a decreasing pattern with a rising frequency. This decrease of μiʹ is due to intragranular pores and higher-frequency impurities 
on the sample surface that result in a pinning effect. This effect hinders the mobility of domain walls and the rotation of spins, hence 
reducing their influence on the parameter μiʹ. According to Snoek’s law (ƒrμiʹ = constant), the μiʹ and resonance frequency (ƒr) are 
inversely proportional [42,43]. No resonance peak is seen for the x = 0.00 sample, which may be because ƒr is beyond the measurable 
frequency range (more than 100 MHz). Evidence suggests that polycrystalline ferrite permeability is affected by two magnetizing 
mechanisms: spin rotation and domain wall motion [44,45]. 

3.5. Relative quality and loss factor 

Fig. 8 displays the RQF vs. frequency representation for all compositions, revealing an expected trend of rising values as the Zn 
content rises. The RQF is used as a performance metric for materials in many device applications. As the frequency increases, there is a 
rise in the RQF. However, a subsequent decline is seen after a certain frequency value reaches its peak. The sample with x = 0.40 has a 

Table 1 
The a0, D, D, ρth, ρB, and P for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  

Content, x a0 (Å) D (nm) D (μm) ρth (g/cm3) ρB (g/cm3) (P%) 

0.00 8.3816 52 4.01 5.11 4.32 15 
0.10 8.3824 51 4.45 5.13 4.39 14 
0.20 8.3828 49 5.09 5.14 4.42 14 
0.30 8.3830 43 5.68 5.15 4.53 12 
0.40 8.3840 36 6.04 5.17 4.76 7 
0.50 8.3934 47 3.89 5.16 4.74 8  

Fig. 2. Variation of a0 with Zn content for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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sharper peak, and of all the compositions being studied, the x = 0.40 composition shows the highest RQF value, about 3000. The 
investigated samples exhibit a broad frequency band that is important for practical applications. 

Fig. 9 shows how the magnetic loss factor (tanδM) varies with frequency. The amount of energy loss in the system is represented by 
the tanδM. As the frequency increases, there is a notable drop in the values of tanδM, resulting in a higher frequency corresponding to 
lower tanδM values. This is possibly due to the development of fewer imperfections and defects at a higher frequency. The motion of the 
domain wall is influenced by changes in the external magnetic field at low frequencies. Nevertheless, as the frequency is increased, the 
domain wall loses its ability to follow variations in the external magnetic field and may be approximated as having a constant tanδM 

Fig. 3. (a–f) FESEM images along with grain distribution histograms for different Zn contents in Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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value. However, defects such as domain wall bending, non-uniform motion, fluctuations in localized flux density, annihilation, and 
nucleation contribute to the tanδM, which results from a lack of domain wall motion with an applied alternating current field [46]. 

3.6. M − H hysteresis loops 

Fig. 10 illustrates the variation in magnetization (M) with the applied magnetic field (H) for different ferrites. When the applied 
magnetic field (H) is introduced, the magnetization (M) of all compositions exhibits a linear rise until it reaches 0.142T, after which it 
approaches the saturation magnetization (Ms). The study reveals that the values of μiʹ and Ms exhibit a rising trend as the Zn doping 
level rises until reaching x = 0.40, after which they experience a subsequent decline. The variation of Ms with doping concentration can 
be explained by considering the cation distribution and the super-exchange interaction between tetrahedral (A) sites and octahedral 
(B) sites. It is known that Zn2+ (non-magnetic) occupies the A-sites and Li1+ (non-magnetic), Cu2+ (magnetic moment, MB = 1μB), and 
Ni2+ (MB = 2μB) occupy the B-sites. Conversely, Fe3+ (with a magnetic moment of 5 μB) can be occupied at both the A- and B-sites 

Fig. 4. (a–f) EDS spectrum for different Zn contents in Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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Fig. 5. (a) FESEM image for x = 0.30 sample, and (b–f) Element mapping for x = 0.30 sample.  

Fig. 6. The variation of ρth, ρB, and P with Zn content for Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  

Fig. 7. Variation of μiʹ with frequency for different Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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[47–49]. In the current investigation, the probable arrangement of cations may be expressed as:  

(Zn2+
x Fe3+

1-x)A [Li1+0.15Cu2+
0.10Ni2+0.60-xFe3+

1.15+x]BO4                                                                                                                                (1) 

where in equation (1), parenthesis () denotes tetrahedral A-sites and square brackets [ ] octahedral B-sites. Néel’s two-sub-lattice 
model shows that A-B super-exchange interaction dominates intra-sub-lattice A-A and B–B interaction and that Ms corresponds to 
the vector sum of the magnetic moment of the individual’s A- and B-sub lattices. 

Ms =MB-MA = (6.78+ 3x-5+ 5x)μB =(1.78+ 8x)μB (2)  

where 

Fig. 8. Variation of RQF with frequency for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  

Fig. 9. Variation of tanδM with frequency for different Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  

Fig. 10. M − H loop for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  

J. Ferdaus et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e21633

9

MB = [(0.1× 1)+ (0.6-x)2+ 5(1.15+ x)]μB =(6.78+ 3x)μB (3) 

and 

MA = 5(1 − x)μB = (5 − 5x)μB (4) 

Thus, from equation (2), (3), and (4), it is evident that Ms should rise along with Zn concentration. The maximum value of Ms (∼
77.49 emu/g) is found for the x = 0.40 sample. A similar outcome has been previously reported [50]. However, beyond x = 0.40, Zn2+

may partly occupy the B-site, raising Fe3+ in the A-site and resulting in a drop in Ms [51,52]. Moreover, according to the Globus model, 
Ms is directly proportional to μiʹ [53,54]. As a result, Ms changes in the same way as μiʹ does. In addition, following the three sub-lattice 
models proposed by Yafet and Kittel, the observed drop in the saturation magnetization (Ms) beyond the composition x = 0.40 might 
potentially be attributed to the presence of non-collinear spin configurations [55]. 

3.7. Dielectric properties 

The ε′ vs. frequency graph is shown in Fig. 11. The high value of ε′ is present at lower frequencies. As frequency increases, ε′ rapidly 
decreases and becomes nearly insensitive to frequency in the high-frequency range. The Maxwell-Wagner and Koops phenomeno
logical theories have been used to describe this type of dielectric behavior in ferrites [56–58]. Following the Maxwell-Wagner dou
ble-layer model the inhomogeneous dielectric structure of the substance causes space charge polarization [46,56]. In this concept, it is 
hypothesized that thin, poorly conducting grain boundaries separate highly conducting grains to generate a dielectric medium. Grains 
have enhanced efficacy at higher frequencies, whereas grain boundaries exhibit greater efficacy at lower frequencies. Similar findings 
are reported earlier [59–66]. 

As frequency rises, polarization falls until it reaches a definite value. The drop in ε′ with frequency is due to the electronic 
interaction between Fe2+ and Fe3+ ions not following the AC field frequency above a certain frequency. Since the grain boundaries 
have very high resistance, electrons traveling along them create a significant space charge polarization. Consequently, the value of ε′ 
has a large magnitude in the low-frequency range. As the frequency increases, the electrons undergo rapid changes in direction, 
resulting in a decrease in their velocity inside the dielectric material. Consequently, this phenomenon leads to a reduction in the 
accumulation of charge at the interfaces between the grains. The decline in space charge polarization leads to a decrease in the values 
of ε′ [67]. The maximum ε′ (∼ 2.85 × 103) is observed for the x = 0.10 sample. 

It is thought that two mechanisms (electron hopping and charged defect dipoles) are the basis of the tanδE in ferrites. The 
fundamental cause of tanδE is the rotational motion of electrons. The presence of impurities and defects inside the crystal lattice may 
result in a lag between the polarization and the applied alternating current (AC) field, leading to the occurrence of tanδE. The variation 
of the tanδE is greatly influenced by the density of the material. Fig. 12 shows the anomalous behavior in the frequency response of 
tanδE , which may be due to the resonance effect. The presence of both negative and positive charge carriers may be responsible for this 
anomalous behavior [68]. There are noticeable relaxation peaks due to the different concentrations of Fe2+ ions that were produced 
throughout the sintering procedure. Additionally, when the externally applied AC field is about equivalent to the localized electrons’ 
jumping frequency these peaks appear. These resonant tanδE peaks are observed in the spinel ferrites when the relation ωτ = 1, is 
satisfied, where ω = 2πf [69]. 

3.8. Impedance studies 

Impedance spectroscopy is useful for investigating the effect of different constituents on polycrystalline materials, especially at 
interfaces, grains, and grain boundaries. Information about resistive and reactive components is statistically provided by the 
impedance measurements. Fig. 13 illustrates two components of impedance, namely the real portion (Z′) and the imaginary part (Z″), as 
a function of frequency for all the samples. Both Z′ and Z″ decrease with increasing frequency demonstrating that the applied AC field 
promotes conduction. Fig. 13(a) shows that the Z′ exhibits a high dispersion in the low-frequency range, followed by a plateau. The 

Fig. 11. Variation of εʹ with frequency for Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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behavior of each curve eventually approaches zero as the frequency increases, suggesting that Z′ exhibits frequency frequency- 
independent nature. At higher frequencies, the rate of recombination increases while the relaxation of the space charge slows 
down. Consequently, the polarization of the space charge declines, leading to the merging of the curves seen in all the samples. The 
patterns of Z″ curves show similar behavior as Z′ (shown in Fig. 13(b)). The peaks in the Z″ curve are observed at lower frequencies for 
some samples and may be attributable to oxygen vacancies or space charge relaxation of immobile charges [70–72]. 

Impedance spectroscopy is a well-recognized technique used for the assessment of the impact of grain and grain boundary effects on 
polycrystalline materials. The Nyquist plots are well-suited for materials that exhibit one or more distinct relaxation processes of 
comparable amplitude and follow the Cole-Cole functional approaches. The plot may have two semi-circles depending on the electrical 
characteristics of the material. The semicircular arc seen in the lower frequency range corresponds to the resistance associated with the 
grain boundary. Conversely, the subsequent semicircular arc observed in the higher frequency area indicates the resistance associated 
with the grain itself [73]. The prominent grain boundary effect arises from the parallel alignment of the resistance and capacitance of 
the grains in the material. Instead, grain impact is caused by parallel grain resistance and capacitance within the sample [74]. Fig. 14 
shows the Nyquist plots of the studied samples fitted by using ZSimpWin software. The plotted complex impedance is related to the 
following relation, 

Z∗ = Z’ + iZ’’ (5)  

in equation (5), Z* is the complex impedance of the samples. From Fig. 14(c) it is evident that the x = 0.20 and x = 0.40 samples exhibit 
two partly semi-circles, indicating the significant effect of both grain and grain boundary on the conduction process of these samples. 
Less than two orders of magnitude separate the relaxation periods of the relaxation processes associated with the conduction of grains 
and grain borders. For these samples the Nyquist plots are well matched with the suitable equivalent circuit configuration (Rg//Cg +

Rgb//Cgb) showed in Fig. 14(a), where, Rg, Cg, Rgb, and Cgb are the grain resistance, grain capacitance, grain boundary resistance, and 
grain boundary capacitance respectively [75–78]. It is also observed that samples with x = 0.00, 0.10, 0.30, and 0.50 exhibit only a 

Fig. 12. Variation of tanδE as a function of frequency for various LNZCFO ferrites.  

Fig. 13. Variation of (a) Z′, and (b) Z″ with frequency for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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single semicircular arc in the low-frequency areas, indicating that only the grain boundary is prominent for the conduction mechanism 
[79]. The Randles circuit configuration for the above-mentioned ferrites is (Rg + Rgb//Qgb) shown in Fig. 14(b), here the term Qgb 
represents the phase element of the grain boundary. The values of Rgb are more influential than the Rg because the grain boundary 
contributes to the conduction mechanism at the lower frequency region. The constant phase element (Qgb) can be given as, ZQgb = 1/Q 
(jω)α, where Q and α do not depend on frequency indicating the constant phase element parameter [80–82]. It also observed that the 
non-Debye relaxation mechanism of dielectric material is dominant for the samples since the center of the semicircle is located above 
or below the Zʹ axis [83–86]. 

3.9. Electric modulus 

Electric modulus spectroscopy is used to characterize the electrical relaxation of spinel ferrite and determine the function of the 
grain and the grain boundaries in the conduction process [87]. Fig. 15 represents the frequency-dependent behavior of (a) the real part 
(M′) and (b) the imaginary part (M″) of the electric modulus for the investigated samples. In Fig. 15(a), the magnitude of M′ exhibits a 
sharp rise as frequency increases, while remaining relatively constant at lower frequencies with values approaching zero. This behavior 

Fig. 14. (a&b) Circuit diagrams, and (c) Nyquist fitting plot for different Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  

Fig. 15. Variation of (a) M′, and (b) M″ with frequency for various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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indicates the negligible contribution of electronic polarization at higher frequencies. When the frequency is increased to a high 
magnitude, the value of M′ exhibits a rapid increase, suggesting that charge carriers are undergoing conduction across short distances 
[88,89]. The variation of M″ with frequency is shown in Fig. 15(b). At lower frequencies, the value of M″ is very low. However, when 
the frequency range of 106–107 Hz is reached, strong peaks are noticed. These peaks are associated with the relaxation process and may 
be credited to the contribution of grains. The contribution of these grains is connected to the relaxation peak located at the 
high-frequency region [71,72]. The relaxation frequency is denoted by the frequency at which the value of M″ is maximal (at peak 
point). Charge carriers in the high-frequency zone do not follow AC fields because they are restricted within potential wells, travel 
small distances, and decline to lower values of M″ as frequency increases [90]. The peak specifies a shift from long-distance to 
short-distance mobility of charge charier. Asymmetrical peak broadening at both maxima supports the concept that relaxation times 
are diverse time constants [91]. 

3.10. The ac conductivity 

Fig. 16(a) displays the frequency-dependent variations of σac. Each composition demonstrates a frequency-independent charac
teristic until it reaches a frequency of 104 Hz, where it behaves similarly to a direct current (DC) conductive material. However, the σac 
increases sharply as the frequency rises. According to Austin and Mott’s polaron hopping methods, a rising trend of ac indicates small 
polaron hopping, whereas a decreasing trend indicates large polaron hopping [92]. Thereby, small polaron hopping is observed in the 
present study. The increase in σac is caused by electron exchange between ions of the same element with different valence states. The 
Maxwell-Wagner double-layer model may also be used to describe this phenomenon [93,94]. According to this model, when frequency 
increases, grain activity increases, promoting electron hopping between two adjacent octahedral sites, facilitating the Fe3+ to Fe2+ ion 
transition, and eventually contributing to the σac mechanism. 

Fig. 16(b) shows the variation of logσac vs. logω. The logσac grows literally linearly with frequency, indicating that the conduction 
process is caused by the small polaron hopping mechanism in all samples. According to Jonscher’s power law, the relationship between 
logσac vs. logω should be linear. However, a little deviation is found due to the existence of mixed (small/large) polarons [86,95,96]. 

4. Conclusions 

The solid-state reaction method is used for the synthesis of various Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites. The XRD patterns confirm 
the existence of a singular-phase cubic spinel structure of the studied samples. The densities and D values of the ferrites show a sig
nificant increase as the Zn concentration rises, whereas the porosity exhibits a contrary behavior. The substitution of Zn content results 
in the formation of a high magnetic phase, hence improving the homogeneity and interaction between magnetic grains. This 
enhancement leads to an increase in μiʹ and a decrease in magnetic loss. The highest values of μiʹ and RQF (μiʹ = 276 and RQF=3000) are 
found for the x = 0.4 sample. The magnetization also increases with Zn concentration and the highest value of Ms (∼ 77.49 emu/g) is 
found for x = 0.40 composition. The optimum ε′ (∼ 2.85 × 103) is found for the x = 0.10 sample. The inconsistent behavior of tanδE 
with relaxation peaks in the compositions may be attributed to the resonance effect and varying mobility of the charge carriers. The 
values of Z′ and Z″ exhibit a decreasing trend as the frequency increases, indicating that the applied AC field facilitates the conduction 
of the material. The semi-circles in the Nyquist plot prove the existence of non-Debye-type dielectric relaxation. The modulus and σac 

Fig. 16. (a) Frequency dependence σac, and (b) logσac vs. logω for different for Li0.15Ni0.6-xZnxCu0.1Fe2.15O4 ferrites.  
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for the investigated compositions result from the polaron hopping process. Small polaron hopping and lattice strain caused by free 
charges both contribute to the linear increase in logσac with logω. The novelty of the present study is that composition 
Li0.15Ni0.2Zn0.4Cu0.1Fe2.15O4 has a high Ms (∼ 77.49 emu/g), making them a viable alternative to Pb-based materials for the appli
cation of modern multifunctional devices. 
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