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Abstract 
Present work reports the synthesis of RE3+ (La3+, and Ce3+) and Co2+ co-doped 

Zn0.75Cu0.25Fe2O4 samples powder using sol-gel auto combustion process. Rietveld refinement 

established the spinel matrix with the space group (F d -3 m) and suggests that the uniform 

distribution of cations at the tetrahedral and octahedral lattice sites. The comparative study of 

crystallite size (D) was found using the Scherrer’s relation, Scherrer’s plot, Williamson-Hall 

(W-H), and Size-Strain (SS) plot methods for the as-prepared ferrites. The absorption band 

analysis confirmed the characteristic band absorptions lie in the frequency range of (577.82 – 

418.84) 102 × m-1. Moreover, the electrical resistivity (ρ) measurements showed that the Co-

Ce doped ZCF sample is highly resistive as compared to the other samples. The dielectric 

measurements revealed a dispersion pattern at lower frequencies and an almost frequency-

independent pattern at higher frequencies. The field dependence of the dM/dH curve shows a 

magnetically well stable state and good crystallization cubic matrix of all the samples.  

Keywords: sol-gel auto combustion; Rietveld refinement; absorption band; field dependence; 

dielectric; crystallization. 

 

 



Highlights 

• Sol-gel auto-igniting process used to prepare RE3+ (La3+, and Ce3+) and Co2+ co-doped 
Zn0.75Cu0.25Fe2O4 samples powder. 

• Rietveld refinement confirmed the uniform distribution of cations. 
• The microwaves operating frequency (𝜔𝜔𝑚𝑚) lies within the range of 5.31 – 10.91 GHz. 
• Well, crystallization and magnetic stability of all the as-prepared samples. 

Graphical Abstract 

The field dependence of the dM/dH curve at 303 K suggests that the increasing peaks 

separation and height for the as-prepared ferrites are owing to the existence of good magnetic 

stability and crystallization. 
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1 Introduction 

Nano ferrite's structural, optical, vibrational, electrical, dielectric, and magnetic 

properties can be changed with the substitution of divalent and trivalent cations. They are used 

in many applications including the biomedical field [1], electronics technology [2], wastewater 

treatments [3], and energy storage devices [4]. The spinel structure nano ferrites are also used 

in microwave applications [5], in permanent magnet applications for simple DC motors [6], in 

antimicrobial applications [7], and even as a promising cathode material in Li-ion batteries [8]. 

The physical properties of the nano ferrites are highly affected by their chemical composition 

and their preparation technique [9]. Numerous preparation techniques have been established to 

prepare nano ferrites and their properties have been studied via different analytical techniques. 

For the synthesis of spinel matrix nano ferrites, the microemulsion process [10], the self-

igniting auto combustion route [11, 12], the hydrothermal method [13], co-precipitation [14-

17], and a lot more other techniques have been used. Sol-gel auto combustion route was 

observed to be better because of fine surface morphology, better homogeneity of particles, 

excellent properties, and low-temperature preparation [18]. Moreover, tuning the physical 

properties is possible through the substitution of appropriate divalent and trivalent cations at 

the lattice sites of nano ferrites. That is, partially doping of certain selected cations at the 

tetrahedral (A-) or octahedral (B-) sites or even at both sites will significantly change the 

properties of nanocrystalline ferrites. Such efforts have been reported previously and include 

Elayakumar et al. [19] reported a self-igniting method for the synthesis of Ce3+ doped cobalt 

nano ferrites. They also stated that there was a decrease in crystallite size with an increase in 

Ce3+ concentration, with the minimum value of 16.53 nm at x = 0.5. Bahar et al. studied the 

impact of La3+ on numerous properties of Zn2+ soft ferrites and described that the crystallite 

size obtained from XRD analysis decreased with La3+ content increase [20]. Kumar et al. 

developed 𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝑥𝑥𝐹𝐹𝐹𝐹2−𝑥𝑥𝑂𝑂4  nano ferrites using the co-precipitation technique. The impact of 

La3+ cations on the electrical and dielectric parameters of Co2+ ferrites was investigated. The 

dielectric loss decreased with La3+ concentration, and at x = 0.2 had a minimum value. The DC 

electrical resistivity of pure cobalt ferrites is 6.465×105 Ω cm and increased with the dopant 

content [21].  

In the present work, Zn0.75Cu0.25Fe2O4 (ZCF), Zn0.5Co0.25Cu0.25La0.125Fe1.875O4 (Co-La 

doped ZCF), and Zn0.5Co0.25Cu0.25Ce0.125Fe1.875O4 (Co-Ce doped ZCF) samples were prepared 

by the sol-gel auto-combustion route. Rietveld refinement analysis for cation distribution, 



comparative study crystallite size, the optoelectrical, dielectric, magnetic, morphological, and 

chemical composition analysis were reported. 

2. Experimental Part 
2.1 Method of Preparation 

To synthesize ZCF, Co-La doped ZCF, and Co-Ce doped ZCF sample powder, the sol-

gel auto igniting process was used. For this purpose, highly pure nitrates including [La 

(NO3)3.6H2O], [Cu (NO3)2.6H2O], [Ce (NO3)3.6H2O], [Zn (NO3)2.6H2O], [Fe (NO3)3.9H2O], 

[Co (NO3)2.6H2O] and citric acid (C6H8O7) as the fuel were mixed with deionized water in a 

beaker. Citric acid is inexpensive and is a more effective complexing agent than other organic 

fuels in producing fine ferrite powder with a smaller particle size. A homogenous solution of 

nitrates and citric acid was obtained after 30 mins continuous stirring with a molar ratio of 1:2 

and the pH of the solution was attained to 7 by adding ammonia dropwise. It was kept on a 

magnetic stirrer at 353 K and the solution changed into a gel by increasing the temperature of 

the hot plate up to 473 K. The auto-combustion was observed and the viscous gel was converted 

into a powder. Finally, the as-prepared powder was calcined at 1073 K for 8 h and then 

grounded to obtain a fine powder. The step-by-step process of synthesis is depicted in Fig. 1. 

 

Fig. 1 The step-by-step process of preparation of ferrites powder 

Zn {N03}i.6H20 

Cu {N03}i.6H20 

Co {N03}i.6H20 

Fe {N03)3.9H20 

La (N03)3.6H20 

Ce {N03)3.6H20 

Cdla0 1 

Mning and Continuous 

Stirring on Magnetic Stirrer 

Continuous Stirring and Heating 

353 Kon Hot Plate 

' Add Ammonia drop wise till the 

pH of solution maintained at 7 

and heat is ON 

Nitrate-Citrate Solution 



 2.2 Characterization techniques 

Bruker D8 Advanced X-ray diffractometer (XRD) with Copper Kα source (λ = 1.54 Ǻ) 

used for structural analysis and phase confirmation. Fourier transforms infrared (FTIR) 

spectroscopy was used to study the absorption bands. Keithley Electrometer Model 2401 was 

used for current-voltage (I-V) measurements to determined electrical resistivity. The energy 

bandgap (Eg) was determined through UV-visible spectroscopy. IM3533 series LCR Meter was 

used for dielectric measurements. Finally, a vibrating sample magnetometer (VSM) was used 

to study M-H loops at 303 K. The Nova NanoSEM series 450 is used to examine the surface 

morphology and particle size from SEM images were found using ImageJ application software. 

Energy Dispersive X-Ray Analysis (EDX) was used to measure the chemical composition of 

the as-prepared samples.  

3 Results and their discussions 
3.1 XRD analysis  

The XRD diffractograms of ZCF, Co-La doped ZCF, and Co-Ce doped ZCF samples 

were recorded within the range of 20° – 60° as shown in Fig.2. The diffracted peaks are labeled 

with (220), (311), (222), (400), (422), and (511) planes, respectively. The planes confirmed the 

cubic FCC (face-centered cubic) crystal structure belongs to the space group (F d -3 m) [9]. 

Excellent crystallinity was observed in all the samples, but additional peaks were also found in 

the Co-La doped ZCF sample [9, 22] and Co-Ce doped ZCF sample [23], which are denoted 

by (*) and (#), respectively.  
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Fig. 2 XRD diffractograms for all the samples 



3.1.1 Rietveld refinement 

The Rietveld refinement XRD patterns at 303 K are shown in Fig. 3(a-c). The 

polycrystalline cubic spinel structure with a space group (F d -3 m) is dominant in this figure, 

and it can be perfectly indexed to JCPDS#03-0864 [24]. Furthermore, the samples with the 

addition of Co2+ and rare earth (La3+ and Ce3+) cations, dual-phase nanostructures emerge, such 

as cubic spinel and orthorhombic LaFeO3 with space group (P b n m) for Co-La doped ZCF 

sample [9] and CeO2 for Co-Ce doped ZCF sample [25]. The existence of this phase is 

explained by the difference in ionic radii among Zn2+ (0.82 Å) [26], Cu2+ (0.70 Å) [27], Co2+ 

(0.82 Å) [26], La3+ (1.06 Å) [9], Ce3+ (1.02 Å) [25] and Fe3+ (0.67 Å) [9], with Fe3+ ions being 

replaced by La3+ and Ce3+ ions in Co-La doped ZCF and Co-Ce doped ZCF samples, 

respectively and reduced solubility in the Zn-Cu ferrites. After this point, rare earth ions start 

to accumulate around grain boundaries, forming a secondary phase [25].  

The lattice constant (a), unit cell volume (V), site occupancy (g), atomic position (x = 

y = z), different reliability R-factors including weight R-profile (Rwp) and R-expected (Rexp), 

to check the structural reliability goodness-of-fit (χ2) and cationic arrangements were obtained 

from Rietveld refinement and are given in Table 1 and Table 2. The lattice constant (a) and 

volume of the unit cell (V) was observed to decrease with the addition of dopant cations (Co2+, 

La3+, and Ce3+) as compared to the pure ZCF sample (Table 1). The lattice parameters are 

shown to decrease with the dopants, due to the greater radii of La3+ (1.06 Å) and Ce3+ (1.02 Å) 

cations as compared to the Fe3+ (0.67 Å) cations. The value of reliability factors in Rietveld 

refinement was used to determine the quality of profile fit. The low R-factors indicate that the 

profile fit is of high quality [25]. 

The uniform cations distribution was observed from Rietveld refinement and is given 

in Table 2. There are 8 tetrahedral and 16 octahedral sites occupied by the di- and trivalent 

cations in the spinel structure. The Zn2+ cations occupy the tetrahedral site [28]. Co2+ and Fe3+ 

occupy both tetrahedral and octahedral sites [29]. La3+ replaces Fe3+ ions from the octahedral 

site [28] and Ce3+ also replaces trivalent Fe3+ cations at the octahedral site in the spinel matrix 

[16].  

 

 

 

 

 



Table 1 Rietveld refinements parameters of all the samples 

Samples ZCF 
 Co-La doped 

ZCF 

Co-Ce doped 

ZCF 

Cell parameters 
a = b= c (Å) 

± 0.005 
8.4266 8.4111 8.4028 

V (Å)3 598.35 595.05 593.31 
R-Factors 𝑅𝑅𝑤𝑤𝑤𝑤 11.9 8.87 1.34 𝑅𝑅𝑒𝑒𝑥𝑥𝑤𝑤 10.6 9.55 1.10 
χ2 = 𝑅𝑅𝑤𝑤𝑤𝑤/𝑅𝑅𝑒𝑒𝑥𝑥𝑤𝑤 11.2 9.53 1.17 
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Fig. 3(a-c) Rietveld refinements XRD patterns for all the samples 
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Table 2 Atomic positions (x = y = z), site occupancy (g) and cationic distribution obtained from 
Rietveld refinement for as-prepared samples 

Ions 
ZCF Co-La doped ZCF Co-Ce doped ZCF 

x = y = z g x = y = z g x = y = z g 

Zn2+ 0.125 0.75 0.125 0.50 0.125 0.50 
Cu2+ 0.125 0.03 0.125 0.03 0.125 0.03 
Co2+ 0.125 0.00 0.125 0.03 0.125 0.03 
Fe3+ 0.125 0.22 0.125 0.44 0.125 0.44 
Co2+ 0.500 0.00 0.500 0.22 0.500 0.22 
Cu2+ 0.500 0.22 0.500 0.22 0.500 0.22 
Fe3+ 0.500 1.78 0.500 1.435 0.500 1.435 
La3+ 0.500 0.00 0.500 0.125 0.500 0.000 
Ce3+ 0.500 0.00 0.500 0.000 0.500 0.125 

Cationic distribution 

 
(Zn0.752+ Cu0.032+ Fe0.223+ )A 

[Cu0.222+ Fe1.783+ ]B 

(Zn0.52+Co0.032+ Cu0.032+ Fe0.443+ )A 

[Co0.222+ Cu0.222+ Fe1.4353+ La0.1253+ ]B 

(Zn0.52+Co0.032+ Cu0.032+ Fe0.443+ )A 

[Co0.222+ Cu0.222+ Fe1.4353+ 𝐶𝐶𝐹𝐹0.1253+ ]B 

 

3.1.2 Comparative Crystalline Size Analysis       

 The average crystalline sizes (D) were calculated using Scherrer’s relation [16]. A 

decreasing trend in crystalline size is observed with the addition of the dopant cations when 

compared to the pure Zn-Cu nano ferrites (Table 3). Due to lattice strain and crystallite size 

peak broadening occurred and caused the crystal deformation. Also, have an inverse relation 

with crystallite size. X-ray peak broadening is divided into two parts instrumental and physical 

broadening. The instrumental and physical broadening of as-prepared powder was measured 

using FWHM (Full width at half maxima). The following relation is used to correct 

instrumental broadening [30]: 

β = 𝛽𝛽𝑚𝑚2 − 𝛽𝛽𝑖𝑖2    (1) 

where β, βm, βi are corrected, measured, and instrumental broadening. By rearranging the 

Scherrer relation, we can write as: 

cos𝜃𝜃 =  
0.9𝜆𝜆𝐷𝐷 ×

1𝛽𝛽   (2) 

The average crystallite size (D) also finds out using the Scherrer plot (1/β vs cosθ plot) by 

taking the slope of linear fitting as shown in Fig.4(a-c), which is found as decreased from 76.15 

nm to 55.66 nm with the substitution of dopant cations in the spinel matrix (Table 3). Scherrer 

relation only describes the impact of crystallite size on the peak broadening and does not 

explain the strain produced during crystal growth due to grain boundary and point defect [30].  
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Fig. 4(a-c) Scherrer plots for all the ferrite samples 

Williamson-Hall (W-H) method was used to calculate crystallite size along with lattice 

strain, which can be explained the impact of induced strain on peak broadening [30].  

According to the W-H method, the total peak broadening is the sum of the size and strain of 

nano-ferrites. We can write as: 

β = βsize + βstrain    (3) 

Therefore,        𝛽𝛽 =  
0.9𝜆𝜆𝐷𝐷 ×

1cos𝜃𝜃 + 4𝜀𝜀tan𝜃𝜃   (4) 

On rearranging the equation (5) we get, 𝛽𝛽cos𝜃𝜃 = 𝜀𝜀 (4sin𝜃𝜃) +
0.9𝜆𝜆𝐷𝐷    (5) 

Fig.5(a-c) indicates the plotting of the equation (5), with 4sinθ along the x-axis and 

βcosθ along the y-axis attributed to XRD peak for the as-prepared ferrite samples. The intercept 

of the straight line used to determine the average crystallite size and slope provides the lattice 

strain produced during crystal growth. The origin of strain in the crystal matrix is due to lattice 

contraction, or extension mainly corresponds to size confinement as compared to bulk 

counterpart [31]. The average crystallite size calculated from the W-H plot is given in Table 3. 
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It can be seen from Table 3 that the average crystallite size decreased with the substitution of 

Co-La and Co-Ce cations. It was also observed that the lattice strain calculated from the W-H 

plot is also given in Table 3. 

 W-H method describes the peak broadening as a function of diffraction Bragg’s angle, 

which is considered as a combined impact of size and strain-induced broadening. Size-Strain 

(SS) plot method described the peak profile in combined Gaussian and Lorentz function. In 

this method, the lattice strain XRD peak profile is labeled by a Gaussian function, and the 

crystallite size peak profile is designated as a Lorentz function [32]. We can write a total peak 

broadening as: 

β = βL + βG    (7) 

where βL is peak broadening due to Lorentz function and βG
 is peak broadening due to Gaussian 

function. SS plot method provides good results for isotropic nature nano-crystals broadening 

and lower angle reflection as compared to higher angle reflection with greater accuracy and 

precision. The reason is that at higher diffracting angles, XRD peaks are overlapped and of low 

quality. The SS plot calculation is achieved via the following relation [32]: 

(d𝛽𝛽 cos𝜃𝜃)2 =  
𝑘𝑘𝜆𝜆𝐷𝐷  (d2𝛽𝛽 cos 𝜃𝜃) +  

𝜀𝜀24     (8) 

Fig.6(a-c) shows the plots of (d2𝛽𝛽 cos 𝜃𝜃) and (d𝛽𝛽 cos𝜃𝜃)2 for all the as-prepared ferrite 

samples. The slope of the SS plot is used to find out the crystallite size and intercept to calculate 

the lattice strain. The crystallite size calculated from the SS plot decreased from 72.94 nm to 

48.29 nm with the substitution of dopant cations and lattice strain obtained from the SS plot 

are also given in Table 3. The dislocation line density (𝛿𝛿) was enhanced with the reduction in 

the crystallite size (D) [33]. The dislocation line density (𝛿𝛿) of the as-prepared ferrites powder 

increased from 1.42 ×10-4 to 2.81×10-4 nm-2 with the addition of dopants and are listed in Table 

3. 
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Fig. 5(a-c) W-H plots for all the ferrite samples 

Table 3 Comparative crystalline size, strain, and dislocation line density 

Samples 

Average crystallite size D 

(nm) 

Strain ε 

 

Dislocation line density 

δ ×10-4 

(nm-2) 

Scherrer 

formula 

Scherrer 

plot 

Williamson-Hall 

plot 

Size-Strain 

plot 

Williamson-Hall 

plot 

Size-Strain 

plot 
From Scherrer formula 

ZCF 83.8 76.15 76.57 72.94 -1.696×10-4 1.164×10-5 1.42 
Co-La 

doped ZCF 
64.9 63.28 66.31 55.66 -1.946×10-4 9.809×10-6 2.36 

Co-Ce 

doped ZCF  
59.7 55.66 59.48 48.29 -1.989×10-4 1.115×10-5 2.81 

■ 
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Fig. 6(a-c) Size-strain plots for all the ferrite samples 

3.1.3 Different XRD parameters   

The X-ray density (𝜌𝜌𝑋𝑋) [34], theoretical density (𝜌𝜌𝐵𝐵) [34], relative density (𝜌𝜌𝑅𝑅) [35] and 

porosity (P) [9] of the samples are reported in Table 4. The porosity calculated is in the range 

that is most desirable and feasible for applications. The graphical variation of the X-ray (ρx), 

theoretical (𝜌𝜌𝐵𝐵), relative density (𝜌𝜌𝑅𝑅) and porosity percentage are shown in Fig. 7. The “ρx” 

and “ρB” were observed to reduce with the substitution of dopant cations as compared to the 

pure Zn-Cu ferrite. This reduction in densities may be due to the greater radii of the dopant 

cations [35].  

The determined values of specific surface area (S) and packing factor (p) of all the 

synthesized nano ferrite samples are listed in Table 4. It is clear from Table 4 that the packing 

factor (p) decreased with the substitution of the dopant cations. The specific surface area (S) 

was found to have an increasing trend with the substitution of dopant ions as compared to the 

pure ZCF sample. Due to the creation of polaron (electron-phonon interactions), the charge 

carriers are not free in the spinel structure nano ferrites but are highly localized in their d-shells. 

A slight polaron defect is produced as a result of the displacement of neighboring atoms or ions 

■ 

-



when a charge carrier is trapped at a given lattice site [36]. It was found from Table 4 that the 

determined polaron radius (γp) was reduced with the addition of dopant ions and has a minimum 

value of 0.7525 Å for the Co-Ce substituted ZCF sample. This suggests that the electric charge 

carriers required less energy from one cationic lattice site to another with the addition of dopant 

ions (Co2+, La3+, and Ce3+). Tetrahedral (A-) site hopping length HA and octahedral (B-) site 

hopping length HB were calculated [37] and are listed in Table 4. It was found from Table 4 

that the hopping length decreased with the dopant’s inclusion. This behavior of A- site hopping 

length “HA” and B- site hopping length “HB” is analogous with the behavior of lattice constant 

(a). It may be due to the difference in ionic radii of the constituent cations [38]. The plot of 

polaron radius (γp), hopping length HA, and HB
 versus ZCF, Co-La doped ZCF, and Co-Ce 

substituted ZCF samples is shown in Fig. 8. 

Table 4: X-ray (ρx), bulk (ρB) and relative (ρR) densities, porosity (P) percentage, packing factor (p), 
strain (ϵ), specific surface area (S), and polaron radius (γp) for nano ferrites samples 

Samples 
𝝆𝝆𝑿𝑿 

(g/cm3) 

𝝆𝝆𝑩𝑩 

(g/cm3) 

𝝆𝝆𝑹𝑹 

(%) 
P (%) p 

S 

(cm2/g) 
γp 

(Å) 
HA 

(Å) 
HB 

(Å) 

ZCF 5.31 3.29 161.33 38.02 329.88 0.0135 0.7546 3.6487 2.9788 
Co-La 

doped ZCF 5.56 4.71 118.24 15.43 256.24 0.0165 0.7532 3.6420 2.9733 

Co-Ce 

doped ZCF  5.59 4.98 112.23 10.89 235.58 0.0179 0.7525 3.6384 2.9704 
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Fig. 7 Graphical representation of X-ray density (𝜌𝜌𝑋𝑋), theoretical density (𝜌𝜌𝐵𝐵), theoretical 
density (𝜌𝜌𝑅𝑅) and porosity (P) as-prepared nano ferrites 
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Fig. 8 Graphical representation of hopping length and polaron radius of as-prepared samples 

3.2 Absorption band analysis 

The absorption bands are around (558.87 – 577.82) × 102 m-1 with slight differences 

among the prepared nano ferrites. They depend on the bond strength and length, which could 

be due to stretching vibrations of the tetrahedral groups Fe3+ – O2- and Me2+ (Zn2+ or Co2+ or 

Cu2+) – O2-; whereas the bands around (418.84 – 420.16) × 102 m-1 are due to the octahedral 

groups complex Fe3+ (La3+ or Ce3+) – O2- (Fig. 9). Such a difference in the frequency bands at 

the two sites is due to changes in bond lengths and the site preference of the constituent cations 

[35]. Thus, the bonding vibrations at the respective sites (i.e., at the tetrahedral and octahedral) 

at close proximities of the respective wavelengths confirm the formation of the spinel ferrites 

of the synthesized materials. By using absorption 𝜐𝜐𝑇𝑇 and 𝜐𝜐𝑂𝑂 bands, the force constant for both 

tetrahedral (𝑘𝑘𝑇𝑇) and octahedral (𝑘𝑘𝑂𝑂) sites are calculated using k = 4π2υ2c2m [39], where “c” is 

the speed of light, “υ” is the wavenumber and “m” is the reduced mass for Fe3+ ions and O2- 

ions (2.061x10-23 g). The values of absorption 𝜐𝜐𝑇𝑇 and 𝜐𝜐𝑂𝑂 bands and force constant for 

tetrahedral (𝑘𝑘𝑇𝑇) and octahedral (𝑘𝑘𝑂𝑂) sites are listed in Table 5. The difference between  𝜐𝜐𝑇𝑇 and 𝜐𝜐𝑂𝑂 band positions may be due to the difference in bond strength and distance of metal-oxygen 

ions at various sites of the crystal structure, which are modified when dopant cations are 

replaced with Fe3+ cations. This may be retained to the shorter bond length of metal-oxygen in 

the A site than that in the B site [39].  

The average force constant (𝑘𝑘𝑎𝑎𝑎𝑎) was determined via 𝑘𝑘𝑎𝑎𝑎𝑎 = (𝑘𝑘𝑇𝑇 + 𝑘𝑘𝑂𝑂)/2 and the stiffness 

constants were calculated using the following relations C11 = 𝑘𝑘𝑎𝑎𝑎𝑎/a, where “a” is a lattice 



constant and C12 = σC11/(1 – σ) [40], where “σ” is a Poisson ratio [σ = 0.324(1 – 1.04P)], where 

“P” is a porosity fraction [40]. The variation in the average force constant (𝑘𝑘𝑎𝑎𝑎𝑎), stiffness 

constants (C11 and C12) and Poisson ratio (σ) are reported in Table 5. The stiffness constants 

(C11 and C12) increased with the addition of the dopant cations in the ZCF sample as compared 

with the pure ZCF sample. This may be due to the lattice constant decreasing and the average 

force constant (𝑘𝑘𝑎𝑎𝑎𝑎) increasing [41]. The Poisson ratio (σ) of our as-prepared samples lies 

between 0.19 and 0.29, which conforms to isotropic elasticity theory where the Poisson ratio 

(σ) lies in the range of -1 to 0.5 [41]. 

The different elastic parameters measured are significant for homogeneous and 

isotropic spinel matrix nano ferrites. The bulk (B), Young’s (E), and rigidity (G) moduli were 

determined using the following relations B = 1/3[C11 + 2C12], E = 3(C11 - C12) B/(C11 + C12) 

and G = E/2(σ + 1) [40] and the values of elastic parameters are reported in Table 5.  

 

4000 3500 3000 2500 2000 1500 1000 500

577.82

564.92

558.87

420.16

419.36ZCF

Co-Ce doped ZCF

Co-La doped ZCF
 

 

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wave number (cm
-1)

418.84

 

Fig. 9 Absorption bands spectra for as-prepared ferrite samples 

 

Table 5: Absorption bands, force constant, and different mechanical parameters for as-prepared samples 

Samples 

𝝊𝝊𝑻𝑻 𝝊𝝊𝑶𝑶 𝒌𝒌𝑻𝑻 𝒌𝒌𝑶𝑶 𝒌𝒌𝒂𝒂𝒂𝒂 
σ 

𝑪𝑪𝟏𝟏𝟏𝟏 𝑪𝑪𝟏𝟏𝟏𝟏 B E G 

102 × (m-1) (N/m) (G Pa) 

ZCF 558.87 418.84 288.64 162.12 225.38 0.19 267.47 65.01 132.48 242.02 101.22 
Co-La 

doped ZCF 
564.92 419.36 294.92 162.52 228.72 0.27 271.93 101.53 158.31 216.71 85.19 

Co-Ce 

doped ZCF  
577.82 420.16 308.55 163.15 235.85 0.29 280.67 113.09 168.92 215.71 83.79 



3.3 Optical band gap analysis  

The optical band gap in spinel structure nano ferrites depends on the following factors: 

the structure parameters, lattice strains, particle size, dopant concentration, presence of an 

impurity, and surficial effects [42]. The absorption coefficient (𝛼𝛼) was calculated using the 

formula 𝛼𝛼 = 2.303 𝑙𝑙𝐶𝐶𝑙𝑙 (𝐴𝐴) [35], where “A” represents the absorbance. The optical band gap 

(Eg) was calculated via the following relation (𝛼𝛼ℎ𝜐𝜐)2 =  𝐵𝐵 (𝐸𝐸𝑙𝑙 –  ℎ𝜐𝜐) [35], where h𝜐𝜐 and B 

represent the energy of photons and transition probability dependence constant. Tauc plots [9] 

were employed for the as-prepared pure ZCF and dopant (Co2+, La3+, and Ce3+) cations doped 

ZCF samples as shown in Fig. 10(a-c).  The optical band gap (Eg) increased with the addition 

of dopant cations when compared to the pure ZCF sample. The maximum optical band gap 

(Eg) was 2.99 eV for the Co-Ce doped ZCF sample (depicted in Fig. 10(a-c)).   

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

2

4

6

8

10

12

Eg = 2.29 eV

ZCF

 

(α
h

υ
)2

 (
e

V
/c

m
)2

Eg (eV)

(a)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

5

10

15

20

25

(b) Eg = 2.50 eV

Co-La doped ZCF

Co-Ce doped ZCF

 
(α

h
υ

)2
 (

e
V

/c
m

)2

Eg (eV)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

20

40

60

80

100

120

(c)
Eg = 2.99 eV

 

 

(α
h

υ
)2

 (
e

V
/c

m
)2

Eg (eV)
 

Fig. 10(a-c) Tauc plots for pure and doped ZCF samples 

 

3.4 Current Voltage (I-V) measurement analysis  

Arrhenius plots for pure ZCF and cations (Co2+, La3+, and Ce3+) doped ZCF samples i.e., 

log of resistivity (log ρ) and the inverse of temperature (1000/T) are shown in Fig. 11. The 

change in the slope of the curve for the resistivity splits the curve into two regions correlating 



to the ferromagnetic region and paramagnetic region. The variation in resistivity is linear up to 

a temperature, where a kink appears called the transition temperature or the Curie temperature 

(TC). This leads to the conversion of magnetic ordering to paramagnetism from 

ferromagnetism. Hence the plots consist of two regions, below “TC” is called the ferromagnetic 

region while above “TC” is called the paramagnetic region [9]. It was found that the DC 

resistivity (𝜌𝜌) increased with addition of dopant cations (Co2+, La3+, and Ce3+) as compared to 

the pure ZCF sample. This may be because different types of conducting channels are present 

in the as-prepared spinel ferrites for electrons hopping such as Fe3+–Fe3+ and Fe3+–Metal ion 

(Zn2+, Cu2+, Co2+
, La3+, and Ce3+), which are responsible for the modification of electrical 

properties [9]. It can be observed from Fig. 12(a) that the electrical resistivity (𝜌𝜌) at different 

temperatures such as 303 K, 423 K, 473 K, 523 K, 573 K, 623 K has a maximum value for Co-

Ce substituted ZCF sample. The activation energy (∆E) is calculated by taking the slope of log 

ρ versus 1000/T using the following relation ∆𝐸𝐸 = 2.303 × 𝑘𝑘𝐵𝐵 × 1000 × 𝑠𝑠𝑙𝑙𝐶𝐶𝑠𝑠𝐹𝐹 (𝐹𝐹𝑒𝑒) [39], 

where 𝑘𝑘𝐵𝐵 is Boltzmann constant (8.602 × 10-5 eV/K). The calculated values and the behavior 

of activation energy (∆E) for as-synthesized samples are depicted in Fig. 12(b). The activation 

energy (∆E) increased with the addition of cations (Co2+, La3+, and Ce3+) in ZCF and has a 

maximum value for Co-Ce substituted ZCF sample. 

 

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

6

7

8

9

10

11

12

 

lo
g

 ρ
 (

Ω
-c

m
)

1000/T (K
-1
)

 ZCF
 Co-La doped ZCF

 Co-Ce doped ZCF

Curie Temperature

Para Nature

Ferro Nature

 

Fig. 11 Arrhenius plots for pure and cations (Co2+, La3+, and Ce3+) doped ZCF samples 
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Fig. 12 Samples versus (a) log of resistivity at various temperatures (b) activation energy 

3.5 Dielectric measurement analysis  

The dielectric parameters were measured within the frequency range of 8 Hz to 8 MHz 

at 303 K. The dependence of the dielectric constant with the frequency variation is shown in 

Fig. 13(a). It is revealed that the dielectric constant decreased with the increment of applied 

frequency and ultimately maintained a constant value for higher frequencies. The dielectric 

constant reduced very rapidly at small, applied frequencies, but it reduced very slowly for the 

higher frequencies. This may be due to the electrons hopping between different conducting 

channels ions [43].  

It is clear from Fig. 13(b) that the tangent loss (tan δ) has a high value when the 

frequency was in the lower range, on the other hand at high-frequencies, the polarization 

decreased and loss tangent became continuous. In the case of ferrites, the conduction 

mechanism can be correlated with changes in tangent loss with the change of frequency, similar 

to Koop’s model [43]. It was also observed from Fig. 14 that the tangent loss (tan δ) increased 

with the substitution of cations (Co2+, La3+, and Ce3+) and maximum tangent loss was found 

for the Co-Ce doped ZCF sample. 
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Fig. 13 Plots of (a) dielectric constant versus the log of frequency (b) tangent loss versus the 
log of frequency at 303 K 
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Fig. 14 Plots of tangent loss at different frequencies for as-prepared samples 

3.6 Magnetic properties analysis  

The M-H hysteresis loops for all the ferrite samples at 303 K are shown in Fig. 15(a-c). 

The S-shaped M-H loops denoted that the as-prepared spinel matrix nano ferrites have a soft 

magnetic nature. The observed values Coercivity (HC), Magnetization (Ms), Retentivity (Mr), 

squareness ratio (R = Mr/Ms) [44], magneto crystalline anisotropy constant (K) [44], and 

• 
• 
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microwave frequency (𝜔𝜔𝑚𝑚) are listed in Table 6. The Coercivity (HC) has the maximum value 

for the Co-Ce doped ZCF sample. The remnant magnetization (Mr) and saturation 

magnetization (MS) indicate the same behavior as coercivity (HC). It was found from the 

literature study that the magnetic parameters decreased with the substitution of rare earth 

cations, but in the current study of ferrites, it was observed that the Coercivity (HC), Saturation 

Magnetization (Ms), and Retentivity (Mr) increased with the substitution of dopant cations 

(Co2+, La3+, and Ce3+). It may be due to the insertion of Co2+ cation along with La3+ and Ce3+ 

cation in ZCF samples. Because Co2+ replaced Zn2+ in the as-prepared samples and this 

substitution is responsible for the increasing trend of magnetic parameters [45].  
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Fig. 15(a-b) Room temperature M-H loop for pure and cations (Co2+, La3+, and Ce3+) doped 
ZCF samples 

The squareness ratio (R) increased from 0.1295 to 0.6976 with the substitution of 

dopant cations (Co2+, La3+, and Ce3+) and the calculated squareness ratio (R) was less than 

unity, which indicates the superparamagnetic behavior of the as-prepared spinel ferrites [46]. 

The anisotropy constant (K = HC×MS/0.96) was calculated and is given in Table 6. The value 

of the anisotropy constant increased with the substitution of dopant cations as compared with 

the pure ZCF sample and has a maximum for the Co-Ce doped ZCF sample. The microwave 

frequency (𝜔𝜔𝑚𝑚) determined using relation 𝜔𝜔𝑚𝑚 = 8𝜋𝜋2𝑀𝑀𝑠𝑠𝛾𝛾, where “γ” is a gyromagnetic fraction 

with the significance of 2.8 MHz/Oe, and Ms saturation magnetization [47, 48]. The applied 
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field versus microwaves operating frequency (𝜔𝜔𝑚𝑚) of the as-prepared ferrites samples is 

plotted in Fig. 16(a-c). It can be found from Fig. 16(a-c) that the range of microwaves operating 

frequency (𝜔𝜔𝑚𝑚) is 5.31 – 10.91 GHz, which indicates that the as-prepared nano ferrites are 

applicable in longitudinal recording media and microwave absorbance purposes. 

 

Table 6 Magnetic parameters for all the as-prepared samples 

x 
HC (± 0.01) 

(Oe) 

Mr (± 0.01) 

(emu/g) 

Ms (± 0.01) 

(emu/g) 
R 

K 

(erg/cm3) 

ωm 

(GHz) 

Hm  

(Oe) 

χ = dM/dH  

(emu/g Oe)  

H  0 H  Hm 

ZCF 128.36 3.14 24.25 0.1295 3242.43 5.31 292.41 0.018 0.024 
Co-La 

doped ZCF 
157.31 6.98 41.43 0.1685 6788.91 9.21 341.99 0.035 0.043 

Co-Ce 

doped ZCF 
813.71 34.31 49.18 0.6976 41685.68 10.91 641.54 0.041 0.061 
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Fig. 16 Applied field versus microwaves operating frequency 

Fig. 17(a-c) showed filed dependence of dM/dH curve at 303 K used for study the 

impact of a single domain (SD)/pseudo-single domain (PSD) and multi-domain (MD) behavior 

- - -



of the grains in pure and cations (Co2+, La3+, and Ce3+) substituted ZCF samples [49]. The term 

dM/dH is known magnetic susceptibility (χ) of the ferrite samples. The magnetic susceptibility 

(χ = dM/dH) is technically significant (infinite) in the case of ideal domain nanoparticles with 

a square M–H curve at the coercive field (HC) and is zero as H  0. The finite values of χ = 

dM/dH at H  0 are reported in Table 6 confirms the SD/PSD and MD grains regimes in the 

as-prepared ferrites. The dM/dH versus H curves (Fig. 17(a-c)) indicate the peak at ~Hm. The 

observed peaks are separated by 2Hm and symmetric around H  0. The observed values of Hm 

and dM/dH at H  Hm are listed in Table 6. The greater values of Hm as compared to HC 

represent the switching field distribution (SFD) because of disordered shell contribution in PSD 

or MD grains [50]. The values of the peak height of magnetic susceptibility (χ = dM/dH) at Hm 

are given in Table 6. It was observed that the values of χ = dM/dH at H  Hm are greater than 

at H  0. The increasing peak separation, as well as peak height of χ = dM/dH at Hm, shows a 

magnetically well stable state and good crystallization cubic matrix of all the samples. On the 

other hand, the narrow peak separations and small peak height for the nano ferrites are owing 

to the existence of huge unstable superparamagnetic domains [51].  
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Fig. 17(a-c) Field dependence for all the as-synthesized ferrite samples 
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3.7 Morphological Analysis 

SEM was used for the morphological analysis of the as-prepared ZCF and Co-La doped 

ZCF samples. Fig. 18(a-b) indicated that the micrographs of the as-synthesized ferrites at the 

scale of 500 nm (and at 100000 × magnifications). The micrographs of the ZCF and Co-La 

doped ZCF sample powder revealed an irregular particle shape and size. Fig. 18(a) showed that 

the average particle size of the ZCF sample is 479.1 nm and Fig. 18(b) indicated that the 

average particle size for Co-La doped ZCF sample is 391.2 nm. It was found that the particle 

size decreased as we doped the ZCF sample with the Co-La cations. High calcination 

temperatures induce particle agglomeration due to various emerging forces including weak 

Van der Waals, electrostatic, and capillary forces, all of which create magnetic interactions 

between the particles [9]. Therefore, it was observed the particle agglomeration in the as-

prepared ZCF and Co-La doped ZCF samples. 

 

Fig. 18(a-b) SEM images of the as-prepared samples 

3.8 Chemical Composition Analysis 

The chemical composition of the as-prepared samples was confirmed by EDX analysis 

and is depicted in Fig. 19(a-b). The analysis confirmed that the existence of Zn, Cu, Fe, and O 

elements in the ZCF sample (Fig. 19(a)) and Zn, Cu, Fe, Co, La, and O elements in the Co-La 

doped ZCF sample (Fig. 19(b)). The presence of oxygen is a necessary element in the 

composition of as-prepared ferrite samples. The results revealed that the as-prepared samples 

did not contain any raw element and the experimental values of composition close to the 

theoretical values of chemical composition.  
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Fig. 19(a-b) Composition pattern for ZCF and Co-La substituted ZCF samples 

4 Conclusions 

Sol-gel auto-igniting route used for the synthesis of ZCF, Co-La substituted ZCF, and Co-

Ce doped ZCF samples powder. Rietveld refinement confirmed the formation of spinel cubic 

matrix and the lattice constant (a) was reduced with the insertion of dopant cations. Moreover, 

the crystallite size (D) was also reduced determined via different methods. The variation in the 

low-frequency absorption bands confirmed the substitution of dopant cations at the octahedral 

site. The energy bandgap (Eg), activation energy, and resistivity (ρ) had the maximum value 

for the Co-Ce doped ZCF sample. The dielectric constant was reduced with the increase of 

applied frequency and for higher values of the frequency ultimately dielectric constant remains 

constant. The minimum tangent loss was observed for the ZCF sample. The maximum 

Coercivity (HC) was 813.71 Oe for the Co-Ce doped ZCF sample. The remnant magnetization 

(Mr) and saturation magnetization (MS) have also maximum values for the Co-Ce doped ZCF 

sample. The squareness ratio (R) increased from 0.1295 to 0.6976 with the substitution of 

dopant cations. Overall, the magnetic stability of the samples was confirmed by the increased 

peak height of dM/dH at Hm and the separation between the peaks. Micrographs indicate that 

the irregularity in size and shape of the particles. The chemical composition analysis revealed 

that the experimental values are close to the theoretical values. 
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