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Abstract
A series of Mg doped ZCFAO  (Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 (0.05 ≤ x ≤ 0.25) spinel samples were synthesized by solid state 
reaction method. XRD, was utilized to investigate the structure phase, microstructural characteristics, The optical properties 
were analyzed; Biological instruments Sp-150 potentiostate is employed to investigate the dielectric measurements in the 
frequency range of 10 Hz to 1 MHz at various temperatures from 300 to 650 K. Vibrating sample magnetometer VSM was 
employed to examine the magnetic characteristics in the applied magnetic field ranging from − 20 to 20 kG. The creation 
of a single-phase cubic spinel was validated by X-ray analysis. The leverage of replacing Zn by Mg leads to enhancement 
in the lattice parameters, reducing both of the degree of inversion, crystal distortion and compelled these samples to be 
normal spinel. It turned out that as the degree of inversion sank, the crystallite size declined. The values of dislocations 
density was found in the order of  10−5 which reveal improving and completing the crystallization of the ferrite samples. The 
samples have an optical energy gap in the range 3.1–3.38 eV, according to the inferred optical characteristics. The dielectric 
constant revealed the normal behavior of spinel ferrite it decreases with increasing frequency and enhanced with increasing 
temperature. It seems that the microstructure of the compound consists of both high-conductive grains and low-conductive 
grain boundaries, which has been confirmed by the complex impedance. Additionally, the presence of the Maxwell–Wag-
ner relaxation process is also detected. This information can provide valuable insights into the properties and behavior of 
the compound. Using Nyquist plot, the sample impedance characteristics were interpreted while taking grain and grain 
boundary contributions into account. The magnetic properties proved that doping ZCFAO with diamagnetic cations (Mg) 
increases both of saturation magnetization from 16.416 up to 29.983 emu/g and the magnetocrystalline anisotropic constant 
from 1319.24 to 1612.804 because the two main factors that influence the magnetic properties are the distribution of cations 
between the octahedral and tetrahedral sites and the magnetic moment of each of its cations. Novelty of our work replacing 
Zn by Mg (both of them diamagnetic materials) enhance the magnetic properties. Synthesized materials may reexamine the 
mechanisms underlying  Mg2+ induced cationic exchange in ZCFAO and have prospective uses as soft-magnetic materials.
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1 Introduction

Commercial electronics applications have increased tremen-
dously over the past few decades as a result of the discovery 
of several particularly important ferrite materials. There is 

a demand for electronic devices that are more compact, eco-
nomical, and effective due to the rapid growth and develop-
ment of telecommunications and information technology. 
Numerous functionalities are offered by electronic devices 
to simplify our lives [1].

Due to its fascinating electrical, optical, magnetic, and 
dielectric properties, spinel ferrites play a crucial role in 
the development of electronic devices. Additionally, ferrites 
are utilized in a wide range of innovative uses, including 
gas sensors, optoelectronics, transformer cores, transduc-
ers, magnetic hyperthermia, smart grids, magnetic resonance 
imaging, pigments, motors, inductors, radar, telecommunica-
tions [2] and microwave absorbers as well as energy storage. 
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Spinel ferrites have been used in isolators, phase shifters, 
circulators, supercapacitors, and solar cells, among other 
energy storage and high-frequency devices [3–7].These spi-
nels typically contain divalent metal and trivalent cations 
at the A-site and B-site of the unit cells, respectively [8, 9]. 
The cubic unit cell has 64 tetrahedral [A-site] and 32 octa-
hedral [B-site] interstices. The material under consideration 
has 16 cations and 32 [B-site] octahedral interstices. The 
unit cell, which contains eight formula units  (M8Fe16O32), is 
characterized by the distribution of cations across the avail-
able interstices. Specifically, half of the 32 octahedral inter-
stices are occupied by 16 cations, while the remaining eight 
cations occupy one-eighth of the 64 tetrahedral interstices. 
Moreover, the structure contains 32 oxygen atoms arranged 
in a densely packed face-centered cubic configuration. Cati-
ons will be able to freely move across the sites in a unit cell 
because to the 72 open interstices [9]. It’s interesting to note 
that the properties and applications of ferrites are influenced 
by various factors, such as microstructure, grain size, cation 
distribution in lattices, and synthesis method. It's important 
to take these factors into consideration when studying or 
working with ferrites.

The mixed valence cations, on the other hand, are for-
mulated in two distinct crystallographic sub-lattices and 
are, respectively, represented by  A[B]2O4 and  B[AB]O4. 
When it comes to oxygen ions, the cations allocate inside 
the bracket have octahedral coordination, whereas those 
assigned outside the bracket have tetrahedral coordination 
[10]. For spinels to be used effectively in applications for 
electronic devices, their electrical and electrochemical prop-
erties are significantly influenced by these crystallographic 
sub-lattice compositions. [11, 12]. Spinel ferrites have a 
wide range of possible applications and a well-established 
market. Researchers, scientists, and engineers have been fas-
cinated by various bulk and nanoscale ferrite materials for 
more than 50 years. The characteristics of ferrites can be 
changed by manipulating various factors such as exchanging 
or adding 2+ (divalent) or 3+ (trivalent) ions, modifying the 
synthesis procedure, and regulating both the duration and 
the temperature of sintering. This information comes from 
Ref. [13]. Among the important spinel ferrites  MFe2O4, cop-
per ferrite  (CuFe2O4) is notable for its intriguing magnetic 
and electrical properties with chemical and thermal stabili-
ties, as well as its phase transitions, electrical switching, 
phase changes, and variation in tetragonality under various 
conditions [14]. Magneto-optic recording devices with high 
density, gas sensing [15], catalytic applications [16–18], Li-
ion batteries [19], color imaging, bioprocessing, magnetic 
refrigeration, and ferrofluids [13, 20] are only a few of the 
many uses for it.

Furthermore,  CuFe2O4 assumes significant importance 
due to its high thermal stability, high electric conductiv-
ity, and elevated catalytic activity for  O2 evolution from the 

alumina-cryolite system utilized to produce aluminum [21]. 
The versatility of  CuFe2O4’s structural morphologies has 
also made it a significant ferrite. It is known that tetrago-
nal and cubic forms of  CuFe2O4 occur. The cubic structure 
has more  Cu2+ ions in the tetrahedral interstitial locations 
than in the octahedral ones, while  Fe3+ fills the remain-
ing interstitial places to form a mixed spinel ferrite. The 
tetragonal structure with a lattice parameter ratio of roughly 
1.06 when subjected to gradual cooling.  Cu2+ ions nearly 
exclusively occupy the octahedral sublattice in the tetragonal 
phase of Cu–ferrite, whereas  Fe3+ ions are evenly distrib-
uted throughout the tetrahedral and octahedral sublattices 
[22]. The tetragonal structure is stable at room temperature 
because of Jahn–Teller distortion, and it changed to the 
cubic phase at temperatures of 360 °C and higher. The mag-
netic characteristics have a direct impact on the distortion. 
The cubic structure has a bigger surface area.

Although nanocrystalline copper ferrite exhibits unique 
photocatalytic characteristics, its narrow bandgap causes 
a high rate of photogenerated electron  (e−) and hole  (h+) 
recombination. The study of Abuilaiwia et al [23] demon-
strates that doping  CuFe2−xAlxO4 (0 ≤ x ≤ 1) nanoparticles 
produced by a solid-state, mechanochemical process with 
 Al3+ reduces the  (e−/h+) recombination rate and increases 
the availability of charge carriers through.  Al3+ doping low-
ers the lattice parameter because the smaller ionic radius 
of  Al3+ ions replace the larger ionic radius of  Fe3+ ions. 
On the other hand,  Al3+ doped samples show more sinter-
ing and larger crystallite sizes. A reduction in the photolu-
minescence signal, ascribed to the reduced rate of  (e−/h+) 
recombination, demonstrates the impact of  Al3+ doping on 
the optical characteristics of  CuFe2−xAlxO4 (0 ≤ x ≤ 1) nan-
oparticles.  Al3+ doping hence lengthens the transition time 
and enhances the availability of charge carriers for possible 
photocatalytic uses.

Cu–Mg ferrites, of a series of  Cu1−xMgxFe2O4 with (x 
= 0.2, 0.4, 0.6, 0.8, and 1.0) synthesized by double sin-
tering ceramic method at 1150 °C, were examined struc-
turally, magnetically, and electrically by Shahida Akhter 
et al. [24]. The creation of a single-phase cubic spinel was 
validated by X-ray analysis, and it was discovered that 
the grain size and lattice parameters decreased as the Mg 
concentration increased. With an increase in Mg concen-
tration, the real part of initial permeability (μ′) decreases, 
possibly due to smaller grains. Additionally, they discov-
ered that AC resistivity decreased with frequency, showing 
typical ferrimagnetic behavior. Shahida Akhter et al. [25] 
studied the Zn substituted Cu–Zn ferrites have been cre-
ated using the conventional double sintering ceramic tech-
nique at 950 °C for 4 h. The single phase of a pure cubic 
spinel structure is indicated via structural analysis. The 
lattice constant increases linearly as the Zn concentration 
increases and follows Vegard’s law because  Zn2+ and  Cu2+ 
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have different ionic radii. Zinc appears to be aiding in the 
densification of the materials because the X-ray and bulk 
densities of the Cu–Zn ferrite are dramatically reduced 
while porosity increases and SEM micrographs show a 
diminution in grain size with an increase in Zn content,. 
When Zn content increases up to x = 0.5, the real part of 
initial permeability, μ′, increases; and beyond that point, 
it decreases.

Sumi Akter et  al. [26] prepared a series of single 
phase  Cu0.5Mg0.5CrxFe2−xO4 (0.0 ≤ x ≤ 0.16) using the 
sol–gel technique at 700  °C for 4 h. Images obtained 
with a FESEM show non-spherical particles and a sur-
face shape that is almost uniform. It was discovered that 
the average grain size decreased as the Cr content rose. 
EDS spectroscopic analysis of the original composition 
and the instance doping sample (x = 0.08) showed that 
the sample contained doped Cr in addition to Fe, Mg, Cu, 
and O. The magnetic properties are significantly affected 
by Cr doping fluctuations. As the Cr level rises until x = 
0.08, the saturation magnetization (Ms) decreases and then 
increases once more as the Cr concentration rises, this may 
be related to the rapid antiferromagnetic Cr departure from 
B sites. Permeability measurements also show a similar 
pattern. Considering that μ′ is correlated with both grain 
size and Ms squared, this is to be expected. As frequency 
increases, the imaginary component of the permeability 
drops and stays almost constant in the high frequency 
range. As frequency is increased, the dielectric constant 
falls and, at higher frequencies, practically stays constant. 
The dielectric permittivity increases with increasing Cr 
content up to x = 0.08.; however, as Cr concentrations 
rise, it falls. Lower hopping probabilities across grain 
boundaries may account for the descending trend of the 
dielectric measurement and growing resistivity with Cr 
doping beyond the x = 0.08 concentration. These samples 
have a low dielectric loss, making them ideal for use in 
high-frequency systems.

The current work's goals and objectives are to improve 
or (enhance) the magnetic properties via Mg doping to 
reduce the crystal distortion and redistribution of cati-
ons, in addition to investigating the optical and dielectric 
properties.

2  Experimental

The spinel series ZCFAO with the chemical formula 
 Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 (0.05 ≤ x ≤ 0.25) produced 
over a 6-h period at 1000 °C via a solid state process. A 
prior publication [27–29] contains a full process of the 
preparation process. Diffuse reflection measurements were 
performed with a Jasco (V-570) spectrophotometer in the 
600–1200 nm wavelength range. Measurements of the mag-
netic characteristics were conducted using a vibrating sam-
ple magnetometer, model 9600-1-VSM. Measurements of 
the dielectric were carried out on Biological instruments 
Sp-150 potentiostate.

3  Results and Discussion

3.1  X‑ray Diffraction

Figure 1 depict the X-ray diffraction pattern of a series 
of Magnesium doped (ZCAFO) ferrite with the chemical 
formula  Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 (0.05 ≤ x ≤ 0.25) 
prepared by the solid state reaction. By matching the 
samples with ICSD card number 98-003-7429, the peak 
indexing was completed. The produced materials’ cubic 
single phase is confirmed by the elimination of oxide 
diffraction signals. Also from this figure it is clear that, 
the peaks width had narrowed and intensified, point-
ing to the removal of prevalent sources of strain such as 
point defects, grain boundaries, chemical heterogeneities, 

Fig. 1  Collected X-ray dif-
fractogram for the Compounds 
 Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 
(0.05 ≤ x ≤ 0.25)
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dislocations, stacking faults, and long-range internal 
stresses [30, 31]. Reference [32] contains a thorough 
explanation of the Rietveld refinement performed on the 
samples. For every prepared sample, the Rietveld refine-
ment reveals the centrosymmetric structure of space group 
Fd-3m. With increasing Mg content the lattice parame-
ters were found to decrease from 8.3494 to 8.3399 Å as a 
results of the (inequality or difference) between the ionic 
radius of Zn (0.74 Å) and magnesium (0.71 Å). Abuilaiwi 
et al. obtained the same behavior of decreasing the lattice 
parameters due to doping of copper ferrite by aluminum 
[23] The maximum degree of inversion was 0.5670 for 
Mg = 0.05 where the minimum was 0.1826 for Mg = 0.25 
i.e. the increase in the magnesium content forced the struc-
ture of these samples to be normal spinel.

The crystallite size was found to decline as the degree 
of inversion decrease (Mg content increases), this result 
agrees with the results of decreasing the lattice parameters. 
The decrease in the crystallite size also may be due to the 
latent heat that had been trapped at the surface released, 
raising the local temperature and delaying development. 
The values of the dislocation density (δ) tabulated at 
Table 1 calculated from the equation:

Values of dislocations density in the order of  10−5 
which reveal improving and completing the crystallization 
of the ferrite samples [33–35]. The specific surface area 
(S) was calculated using the relation [36, 37]:

where D is the particle’s diameter and ρm is the measured 
density. It is also clear from Table 1 that specific surface area 
(S) increases with decreasing the degree of inversion. The 
increment of S is a consequence of the declining crystallite 
size.

(1)� = 1∕D

(2)S = 6000
/

D�marea
(

m2 g−1
)

3.2  Optical Properties

Diffuse reflectance (DR) behavior of curves was found to be 
the same for five samples of ZCFAO; as shown in Fig. 2. The 
figure represents the relation between DR and wavelengths of 
the samples. It depicts the rise of DR with increasing wave-
lengths. The Kubelka–Munk equation is used to convert the 
reflectance spectra to the equivalent of absorption spectra [38]:

F(R) and R are the equivalent of the absorption coeffi-
cient and the reflectivity, respectively. The most important 

(3)F(R) =
(1 − R)2

2R

Table 1  The crystallite size, dislocation density, bulk density and 
specific surface area for the samples  Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 
(0.05 ≤ x ≤ 0.25)

Degree of 
inversion

Crystallite 
size (nm)

disloca-
tion density 
 (nm−2)

Bulk density Specific 
surface area 
 (m2/g)

0.5670 157.3 4.0415E−05 3.9462 9.6659
0.4951 177.2 3.18473E−05 3.8936 8.6963
0.45 165.3 3.65977E−05 3.8163 9.5112
0.301 154.8 4.17309E−05 3.7632 10.2997
0.1826 134.5 5.52784E−05 3.7195 11.9935
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Fig. 2  The relation between the diffuse reflectance and wavelength
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material property appropriate for optoelectronic applications 
is the optical band gap  (Eg) [39]. The UV–Vis reflectance 
spectral data were used to calculate the optical energy band 
gaps of the samples based on Tauc's plots (Fig. 3) [40]. where α is the absorption coefficient (α = (R)/d) and d is the 

thickness of the sample), hν is the incident photon energy 
(hv = 1240/wavelength), B is a constant which is related to 
the effective masses associated with the bands and  Eg is the 

(4)F(R) =
B
(

h� − Eg

)n

h�
= �

Fig. 4  a–e (αhν)2 against hν
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electronic energy of the optical band gap. The optical band 
gap  Eg of all samples was determined from the intercept 
of the linear portion of the curve (αhν)2 to y = 0 as shown 
in Fig. 4a–e. The optical band gap increases from 3.21 to 
3.38 eV for the doped ZCFAO. The decrease in the crystal-
lite size may be the cause of this increase in the optical band 
gap of the samples. Because MgO has a lower electron affin-
ity than ZnO, it contributes more electrons, which can be 
found at a higher Fermi level in Mg-doped ZCFAO samples. 
As a result, the radiative recombination of these excitons 
may result in a blue shift. The result is also similar to the 
reported results [41]. The rise in optical band with the Mg 
content indicates that the  Zn0.3-xMgxCu0.7Al0.3Fe1.7O4 sam-
ples are a suitable material for possibility optoelectronics 
devices having a large band gap. The extinction coefficient 
(k) depends on the density of free electrons and the structural 
defects in the sample; k can be expressed as [42]:

Figure 5 shows the relation between k and the wavelength 
(λ) where k declines with increasing Mg but rises with increas-
ing λ. The alternation in the extinction coefficient may be due 
to the changes in the absorption process because of the pres-
ence of free carriers or not [43]. The characteristic property 
of the material, which determines the speed of light in that 
medium, is known as refractive index (n). The refractive index 
(n) of a material is a property that determines the light speed 
in that medium. The value of n was calculated using the fol-
lowing equations:

(5)k = ��∕4�

(6)R =
(n − 1)2 + k2

(n + 1)2 + k2

The variation of n with (λ) is seen in Fig. 6. The varia-
tions in refractive index increase and decrease can be attrib-
uted to changes in the polarizability of constituent ions in 
the doped ZCFAO [43].

3.3  Dielectric Properties

3.3.1  Dielectric Constant

A non-destructive technique for determining the relation-
ships between dielectric properties, structure, and micro-
structure is complex impedance spectroscopy. During the 
measurement procedure utilizing this technique, four varia-
bles were kept as a function of frequency: the dielectric loss, 
the phase angle, and the real and imaginary components of 
the impedance. The dielectric constant vaslues calculated 
using the following formula:

where d is the thickness, is the surface area of the pellet, and 
ε0 is the dielectric permittivity of free space.

Figure 7 depicts an example of the examined compounds 
 Zn0.25Mg0.05Cu0.7Al0.3Fe1.7O4 dielectric constant depend-
ence on applied frequency at a few selected temperatures. 
It is evident that ε′ is extremely large at lower frequencies, 
dramatically decreases with increasing frequency in the 
frequency range of 10 Hz to  103 kHz, diminishes slowly 
with raising frequency in the frequency region of  103 kHz to 

(7)n =
(1 + R)

(1 − R)
+

√

4R

(1 − R)2
− k2

(8)�� = Cd∕A�0
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 104 Hz, and essentially remains constant after  104 Hz [44]. 
Four types of polarizations-atomic, electronic, ionic, and 
interfacial—can be used to explain variations in dielectric 
permittivity with frequency [45]. All types of polarization 
contribute to the high dielectric constant at low frequen-
cies, but interfacial polarization is more pronounced. Hoping 
electrons cannot cross highly resistant grain borders in the 
low frequency range, thus they cluster there and displace 
nearby charges, resulting in polarization at grain boundaries. 
At the grain-to-grain interface, Charges build up and create 
a thin layer. This layer's thickness is inversely correlated 
with capacitance (C = 1/d). As a result, a thin layer has a 
high dielectric constant. This is a common behavior of fer-
romagnetic materials, which Maxwell–Wagner model and 
Koop’s hypothesis [46] indicate may be caused by interfacial 
polarization. The Maxwell–Wagner model states that fer-
rites have a two-layer dielectric structure. Large conducting 
grains make up the first layer, whereas poorly conducting 
grain boundaries make up the second layer (highly resistive). 
Grain boundaries contribute more significantly to dielectric 
polarization in low frequency regions. At grain boundaries, 
charges accumulate to form a thin layer of charges. At lower 
frequencies, the polarization of space charges caused by this 
thin layer of charges results in a high dielectric constant. 
Charges acquire enough energy to cross resistive grain 
boundaries as frequency rises. Charges conduct via bulk 
conducting grain and transcend grain boundaries. Low die-
lectric constant values are the result of a decrease in space 
charge polarization [47, 48]. This frequency dependence 
behavior can be explained by polarization process results 
from the random distribution of electrons across crystallo-
graphically equivalent locations among the ions of the same 
element, each of which has various valence states. In this 
instance, the electron exchange between  Fe2+ and  Fe3+ at 
the octahedral location is the main cause of the polarization 

process. In the low-frequency region, the electron hopping 
frequency between  Fe2+ and  Fe3+ is larger than the applied 
AC field. This makes the dipole more likely to interact with 
the applied field, increasing the dielectric constant. Due to 
electronic polarization, the dielectric constant stays constant 
as frequencies rise. The exchange of electrons between  Fe2+ 
and  Fe3+ ions during electronic polarization does not adhere 
to the variant high frequency alternating field. As a result, 
the dielectric constant gradually decreases and eventually 
becomes constant at higher frequencies [49].

3.3.2  Effect of Temperature on Dielectric Constant

Figure 8a and b depicts the variation of dielectric proper-
ties with temperature at two chosen frequencies. It is clearly 
that ε′ rises with increasing temperature. Due to the con-
nection between orientational polarization and molecular 
thermal motion, dipoles cannot orient themselves under 
a changing electric field at low temperatures. It is nearly 
always found constant at low temperatures. With rising tem-
peratures, dipoles become easier to orient, which raises the 
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orientational polarization value and ultimately causes the 
dielectric constant to rise with temperature [50].

3.3.3  Dielectric Loss

The phase difference between the applied alternating field 
and the induced current is represented by the angle δ in the 
dielectric loss tangent (tan δ). It is the ratio of energy loss to 
total stored energy in dielectric material. It is the energy loss 
in ferrite materials. Figure 9a–c makes it evident that as fre-
quencies increase, tangent loss diminishes. Low-frequency 
tangent loss values are caused by highly resistive intergrain 
borders or grain–grain contact. High resistance had seen 
at grain–grain interfaces and intergrain borders limits the 
electrical exchange of  Fe3+ and  Fe2+. As a result, electron 
hopping requires more energy, which raises tangent losses 
in the low frequency band. Conducting grain becomes more 
important at higher frequencies, and the amount of energy 
required for electronic hopping between  Fe3+ and  Fe2+ at the 
octahedral B site decreases. Therefore, in a high frequency 
range, energy losses are small. Also from this figure it is 
clear that tan δ increases with increasing temperature and 
this can be ascribed to the dissipation of the thermal energy 
due to thermal agitation.

3.3.4  Modulus and Impedance Spectroscopy

Figure 10 indicates the behaviors of real part of modulus 
(M) for  Zn0.25Mg0.05Cu0.7Al0.3Fe1.7O4 vs. frequency and 
different temperatures. It is worth noting that in the low-
frequency range, the real part of modulus (M′) exhibits very 
small values, which confirms that electrode polarization has 
a negligible impact on the materials [49–51]. However, as 
frequency increases, M′ values show a continuous rise and 
eventually tend to saturate at a maximum asymptotic value 
in the high-frequency range. This behavior might be due to 
the short-range mobility of charge carriers [45–48].

At all temperatures, the imaginary component of modulus 
exhibits a peak maxima centered at the M′ (ω) dispersion 
area (Fig. 11); as temperature increases, these maxima shift 
towards higher frequencies, as seen in Fig. Moreover, the 
range where the charge carriers were movable over extended 
distances is linked to the extent to the left of the peak max-
ima. On the other hand, the range where the charge carriers 
were limited to their potential barriers is connected to the 
area to the right of the maxima. They thereby demonstrated 
short-range mobility when an applied AC field was present.

The frequency of the peak maxima indicates the change 
in mobility from long-range to short-range. Additionally, 
the peak broadens with frequency at all temperatures, sug-
gesting the presence of thermal activation of charge car-
riers with a relaxation time distribution and the contribu-
tion of both the bulk and temperature-dependent material 
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Fig. 9  a–c Variation of dielectric loss tangent (tan δ) with fre-
quencies for the samples a  Zn0.25Mg0.05Cu0.7Fe1.7Al0.3O4, b 
 Zn0.15Mg0.15Cu0.7Fe1.7Al0.3O4, c  Zn0.05Mg0.25Cu0.7Fe1.7Al0.3O4
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interface to conductivity. In the electrical conduction of 
 Zn0.25Mg0.05Cu0.7Al0.3Fe1.7O4, the overall behavior of fre-
quency-dependent M″ clearly indicates the presence of a 
temperature-dependent hopping mechanism of charge trans-
port phenomena [52].

The contribution to several relaxation processes, includ-
ing electrode conduction, grain boundary, and grain, will be 
investigated by the examination of Nyquist plots of imped-
ance. Nyquist plots between the Z″ and Z″ as a function 
of frequency at various temperatures are shown in Fig. 12. 
Semicircles with deviations in the low- and high-frequency 
zones have been the outcome of every plot. The semicir-
cle's intercept at a lower Z value indicates both the grain 
boundary and the total resistance of the grain, whereas the 
intercept at a higher frequency indicates solely the resist-
ance of the grain. This semicircle's diameter and grain resist-
ance are correlated [53]. Semicircle diameters typically vary 

with doping, signifying a shift in the internal resistance of 
the grain. The resistance of the grain and grain boundaries 
are represented, respectively, by the diameter of semicir-
cular arcs. High densities of imperfection seen in resistive 
intergrain boundaries prevent charge carriers from jumping 
along with the quickly changing AC field. Consequently, at 
lower frequencies, when resistive grain boundaries predomi-
nate, charge carriers relax. Resistive intergrain boundaries 
equate to a semicircle at low frequencies. The conducting 
grains are represented by a semicircle or semicircular arc 
at a high frequency with a low resistance value. Figure 12 
clarifies that the produced doped compositions only show 
single semicircular arcs. This demonstrates the intergrain 
boundaries' predominant role in impedance. Nyquist graphs 
at fixed frequencies that are dependent on temperature are 
shown in Fig. 11. As temperature rises, the radius of semi-
circles and semicircular arcs decreases, indicating a drop in 
resistance and an increase in conduction at higher tempera-
tures [54–56].

3.4  Magnetic Properties

For different ZCFAO samples recorded at ambient tempera-
ture, the magnetic hysteresis curves that trace the variation 
of the magnetization M as a function of the applied mag-
netic fields H are displayed in Fig. 13, where the applied 
fields extend to 2 ×  103 G. The narrow hysteresis loops are 
observed, indicating that these ferrites have a soft magnetic 
nature. The coercive field  Hc, remanent magnetization  (Mr), 
and saturation magnetization  (Ms) were determined using 
these curves; all of the data are reported in Table 2. From 
the extrapolation of the  Ms vs. 1/H curves to 1/H−0, val-
ues of the saturation magnetization  Ms for the samples were 
determined.
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The samples under investigation had low coercivity val-
ues, suggesting that they are members of the soft ferrite fam-
ily. Up to 50 G, the samples' magnetization grows linearly 
with increasing applied magnetic field; above this field, 
the magnetization reaches maximum values before reach-
ing saturation. It is observed that saturation magnetization 
increases linearly with increase in Mg content Fig. 14; this 
behavior can be understood as follow, through the interme-
diate  O2−anions and the superexchange mechanism, Three 
types of magnetic interactions between metallic ions have 
been identified: A–A, B–B, and A–B interactions exists, 
with the strongest exchange interaction being AB [57]. Con-
sequently, the difference between the magnetic moments of 
the A (tetrahedral) and B (octahedral) sub-lattices yields the 
net magnetic moment and as we see from the cation distribu-
tion published before that [32]
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Fig. 13  Magnetic hysteresis loop of  Zn0.3−xMgxCu0.7Al0.3F
e1.7O4(0.05 ≤ x ≤ 0.25)

Table 2  Saturation 
magnetization, coericivity, 
remanent magnetization, 
anisotropic constant and 
Squarness for the samples 
 Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 
(0.05 ≤ x ≤ 0.25)

Mg content, x Saturation 
magnetization
(emu/g)

Coericitivity (G) Remanent 
magnetization 
(emu/g)

Anisotrpic constant Squarness

0.05 16.416 77.149 1.2601 1319.2479 0.076
0.1 19.143 54.816 1.0112 1093.0653 0.052
0.15 23.103 57.721 1.2786 1389.0919 0.055
0.2 25.107 47.283 1.1022 1236.5982 0.043
0.25 29.983 51.639 1.4335 1612.8043 0.047

Fig. 14  Coercivity and satura-
tion magnetization versus Mg 
content for  Zn0.3−xMgxCu0.7A
l0.3Fe1.7O4 (0.05 ≤ x ≤ 0.25)
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as the Mg content increases from 0.05 up to 0.25 the degree 
of inversion decreases which indicates that more  Fe3+ cati-
ons with larger magnetic moment 5 Bohr magneton occupy-
ing the B sites and the A sites occupied by the diamagnetic 
cations Mg, Zn as well as the paramagnetic cations  Cu1+ 
with 1 Bohr magneton so that AB exchange interaction 
(magnetic moment of B-A sublattices) with larger magnetic 
moment predominates and increases as the Mg content 
increases. The values of the anisotropic constant calculated 
using the next [58] relation and tabulated in Table 2

where  Ms is the saturation magnetization and  Hc is the coer-
cive force, from these values it is clear that the anisotropic 
constant enhanced with increasing both of the Mg content 
and saturation magnetization which reflects the anisotropy 
of the samples. From Table 2 it is also clear that the square-
ness ratio  Mr/Ms decreases with increasing Mg content and it 
was found to be less than 0.5 for all samples indicate that the 
samples display single domain particles. Inspecting Fig. 14 
when Mg cations enhanced, magnetic coercivity generally 
tends to decrease. The temperature, size, shape, microstrain, 
magnetocrystalline anisotropy, and inter-particle interac-
tion of the particles all have a major impact on their mag-
netic coercivity [36]. Finally, these solid-state synthesized 
materials may reexamine the mechanisms underlying  Mg2+ 
induced cationic exchange in ZCFAO and have prospective 
uses as soft-magnetic materials.

4  Conclusion

We have doped Mg ZCFAO  (Zn0.3−xMgxCu0.7Al0.3Fe1.7O4 
(0.05 ≤ x ≤ 0.25)) spinel samples papered by solid State 
reaction at 1000 °C. X-ray diffraction studies proved the sin-
gle phase cubic spinel structure related to the space group 
Fd-3m. Replacing Zn by Mg leads to an increase in the unit 
cell dimension due to the difference in the ionic radii. The 
degree of inversion as well as the crystallite size and lattice 

x = 0.05 ∶
[

Zn0.25Mg0.05Cu0.133Fe0.567
]

A
[

Cu0.567Fe1.33Al0.3
]

B2O4

x = 0.10 ∶
[

Zn0.20Mg0.1Cu0.2049Fe0.4951
]

A
[

Cu0.4951Fe1.2049Al0.3
]

B2O4

x = 0.15 ∶
[

Zn0.15Mg0.15Cu0.25Fe0.45
]

A[Cu0.44Fe1.25Al0.3]B2O4

x = 0.20 ∶
[

Zn0.1Mg0.2Cu0.399Fe0.301
]

A
[

Cu0.301Fe1.399Al0.3
]

B2O4

x = 0.25 ∶
[

Zn0.05Mg0.25Cu0.5174Fe0.1826
]

A
[

Cu0.1826Fe1.574Al0.3
]

B2O4

(9)K1 =
(

MsxHc
)/

0.98

defects (dislocation density) was found to dominate with 
increasing the Mg content. The diminution in the crystal-

lite size also may be due to the latent heat that had been 
trapped at the surface released, raising the local tempera-
ture and delaying development. The specific surface area 
was found to enhance due to a decrease in crystallite size 

and dislocations density in the order of  10−5 which reveal 
improving and completing the crystallization of the ferrite 
samples. The optical properties revealed that the band gap 
increases from 3.21 to 3.38 eV for the doped ZCFAO. The 
dielectric properties indicated that the dielectric constant ε′ 
was found to diminish with raising applied frequency. This 
is a common behavior of ferromagnetic materials, which 
Maxwell–Wagner model and Koop's hypothesis indicate 
may be caused by interfacial polarization. The dielectric 
constant increases with increasing temperature because 
with increasing temperature the dipoles become easier to 
orient, which raises the orientational polarization value 
and ultimately causes the dielectric constant to rise with 
temperature. Dielectric loss tangent (tan δ) was found to 
decline with raising frequency and boost with increasing 
temperature, this increase with temperature can be ascribed 
to the dissipation of the thermal energy due to thermal agita-
tion. Using Nyquist diagram modeling, the sample imped-
ance characteristics were interpreted while taking grain and 
grain boundary contributions into account. The magnetic 
characteristics demonstrated that the  Mg2+ doped ZCFAO 
exhibit typical ferromagnetic behavior. The saturation mag-
netization increases with increasing Mg content as a result 
of cationic redistribution due to doping. The samples under 
investigation had low coercivity values, suggesting that they 
are members of the soft ferrite family. The magnetic coer-
civity tends to decrease with increasing Mg content. The 
squareness ratio  Mr/Ms indicates that the samples display 
single domain particles.

Due to the main problem facing the world now being 
climate change, and this will push us to try to find a solution 
for this problem in our future work, by preparing a copper 
ferrite doped with different element in nanoparticle form 
using either sol–gel or autocombsion methods to be used in 
the applications for wastewater treatment and photocatalyst.
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