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The main purpose of this work was to study the electrical, structural and optical properties 
of Cd-doped Zn based soft ferrites. A series of nano-particles with composition Zn0.5Mn0.5-

xCdxFe2O4 (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.09) prepared by the Co-precipitation route. 
After preparing, the samples sintered at temperature 900⁰C for 6 hours. Different 
characterization techniques like XRD (X-Ray-Diffraction), FTIR (Fourier-Transform-
Infrared-spectroscopy), UV-vis. and IV-characteristics were used to explore the effect of 
doping element (Cd) on the electrical, structural and optical properties of Nano-particles. 
XRD data confirmed the single phase of material with second phase of Fe2O3 and average 
crystalline size in range from 38.09-45.15 nm. The value of average lattice constant for the 
prepared material found in range from 8.4471 Å to 8.4763 Å. In FTIR data one prominent 
band is found in all sample and in some sample second band was found in range from 400-
4000cm-1. IV-observation revealed the dependence of DC-resistivity on temperature and 
the value for activation energy (∆𝐸𝐸) found in range from 0.1365 to 0.4332 eV/1000K. The 
UV-vis. analysis confirm the absorption peak for all samples at average wavelength 286 nm. 
At this wavelength absorption for all samples was in range from 2.8722-3.2956 (a.u). Cd 
concentration is responsible for the decrease of saturation magnetizations and losses. Due 
to suitable properties, these materials are useful in different fields like Recording-Media, 
high-frequency applications and many branches of electronic engineering etc. 
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1. Introduction 
 
Spinel ferrites are a class of magnetic materials with the general formula AB2O4, where A 

and B represent different metal cations and O is oxygen. They have a cubic crystal structure known 
as the spinel structure, named after the mineral spinel. Spinel ferrites exhibit a combination of 
magnetic, electrical, and structural properties that make them useful in a wide range of applications, 
including magnetic storage, transformers, inductors, and biomedical devices [1]. 

The spinel structure can be viewed as a cubic close-packed arrangement of oxygen ions, 
with metal cations occupying two types of interstitial sites: tetrahedral sites (A-sites), coordinated 
by four oxygen atoms, and octahedral sites (B-sites), coordinated by six oxygen atoms. In spinel 
ferrites, the cations A and B are typically divalent (e.g., Fe2+, Mn2+, Zn2+ and trivalent (e.g., Fe3+, 
Al3+, Cr3+ metal ions. For instance, in the common ferrite Fe3O4 (magnetite), A-sites are occupied 
by Fe3+, and B-sites are occupied by a mix of Fe2+ and Fe3+ ions. Spinel ferrites are categorized into 
normal spinel structures, where A-sites have divalent cations and B-sites have trivalent cations, and 
inverse spinel structures, where A-sites hold trivalent cations while B-sites contain both divalent and 
trivalent cations [2]. 
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Spinel ferrites are ferromagnetic, meaning they exhibit spontaneous magnetization due to 
the alignment of magnetic moments of ions in opposite directions. In ferrites, the magnetic moments 
of ions on the tetrahedral and octahedral sites align anti-parallel, but due to unequal magnetic 
moments, a net magnetic moment exists. The magnetism is primarily attributed to iron ions (Fe3+) 
with unpaired electrons. Substituting other divalent cations such as Mn2+, Ni2+, Zn2+, Co2+ in the 
lattice can modify magnetic behavior. Key magnetic properties include high Curie temperature, low 
coercivity (resistance to demagnetization), and high permeability, which make them ideal for soft 
ferrites used in transformers and inductors [3-5]. 

Spinel ferrites are semiconductors, meaning they have relatively low electrical conductivity 
compared to metals. Conductivity in ferrites is mainly due to the hopping of electrons between ions 
of the same element in different oxidation states, such as Fe2+ and Fe3+. This hopping is thermally 
activated, leading to an increase in conductivity with temperature. Their high electrical resistivity 
makes them ideal for applications where minimizing eddy current losses is important, such as in 
transformer cores and electromagnetic interference suppression [6-8]. 

Spinel ferrites find diverse applications. In magnetic storage devices, ferrites like NiFe2O4  
and CoFe2O4 are used in magnetic tapes, recording heads, and permanent magnets. Soft ferrites, 
such as MnFe2O4, with low coercivity and high permeability, are used in transformers and inductors. 
Biomedical applications leverage superparamagnetic nanoparticles of ferrites (e.g., Fe3O4) for drug 
delivery, MRI contrast agents, and hyperthermia treatments for cancer. Additionally, spinel ferrites 
are useful in catalysis due to their surface properties and active sites for chemical reactions [9]. 

Spinel ferrites can be synthesized through various methods, each influencing the particle 
size, morphology, and properties of the material. The solid-state reaction method involves heating a 
mixture of oxides or carbonates of metals to form ferrites at high temperatures. In the chemical co-
precipitation method, metal salts are precipitated together to form a precursor, followed by thermal 
treatment. The sol-gel method forms gel-like materials from metal alkoxides or salts, which are 
heated to form ferrites. Hydrothermal synthesis involves using high-pressure and temperature 
conditions to crystallize ferrite particles from aqueous solutions. Each synthesis method allows 
control over particle size and shape, affecting the ferrite’s magnetic and electrical properties [10, 
11]. 

Spinel ferrites offer a versatile platform for developing materials with tailored magnetic and 
electrical properties, making them essential in both traditional and advanced technological 
applications. According to the best of my knowledge a very less work is done in which the cadmium 
is doped in Manganese-Zinc ferrites. The cadmium in manganese-zinc ferrites and studied the effect 
of Cd2+ ions on structural and electrical properties of the prepared material having composition 
Zn0.5Mn0.5-xCdxFe2O4 (x = 0.00, 0.01, 0.03, 0.05, 0.07, 0.09). 

 
 
2. Materials and methods 
 
A series of soft ferrites having chemical formula Zn0.5Mn0.5-xCdxFe2O4 (x = 0.00, 0.01, 0.03, 

0.05, 0.07, 0.09) prepared by the chemical route called as co-precipitate route. The materials used 
in process are CdCl2.2H2O, MnCl2.4H2O, ZnCl2, FeCl3 and NaOH. 

There are several methods by which we can prepare the ferrites such as hydrothermal 
process, Sol-Gel method, Auto-Combustion route and Co-precipitate method [19-24]. The co-
precipitate method has some advantages over other methods due to which we used co-precipitate 
method to prepare the sample.  

First, the chemicals weighted according to their mole ratio and dissolved the chemicals into 
beaker and stirred for 30 minutes. During the stirring process the solution of Sodium-Hydroxide 
added into the beaker to keep the pH about 12. During the stirring process the precipitates of the 
solution were seen. After stirring process, the solution which had precipitates located into the water 
bath for two hours at temperature about 80 oC. Then the solution of precipitate filtered by filter paper 
and washed by De-ionized water, ethanol and methanol to reduce the impurity. After filtration 
process the prepared precipitates dried in oven for overnight at temperature 80oC. When the 
prepared sample dried completely then the sample grinded for half hour to get fine powder of sample 
and then placed the sample in furnace for six hours at 900oC to sinter the sample. After sintering the 
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sample, the sample again grinded for half hour in mortar and pestle to make fine powder. Finally, 
the sample prepared and ready for characterization. The mention process in above discussion 
explained by flow chart of co-precipitation method. 

 
 

  
 

Fig. 1. Step by step preparation method.  
 
 
The prepared sample having chemical composition Zn0.5Mn0.5-xCdxFe2O4 (x = 0.00, 0.01, 

0.03, 0.05, 0.07, 0.09) prepared by the soft-chemical route called co-precipitation route characterized 
by different characterization techniques. We characterized the sample by four techniques in which 
XRD (X-Ray-Diffraction), IV-Characteristics, FT-IR (Fourier-Transform-Infrared-Spectroscopy 
and UV-Visible. The details of results which we got by these characterization techniques are 
explained as follows. 

 
 
3. Result and discussion 
 
3.1. X-ray diffraction analysis 
In this portion, we explained the structural information of the prepared sample. The sample 

of cadmium doped zinc-manganese-ferrite characterized by the XRD (X-ray-diffraction) and 
calculated different parameters like interplanar-distance (d), Full-Width-Half-Maxima (𝛽𝛽), Lattice-
Constant (a), volume (V), size of crystalline (D) and the density of x-ray (𝜌𝜌). We used following 
expressions to calculate the required parameters. By using plane-spacing relation, 

 
𝑎𝑎 = 𝑑𝑑�ℎ2 + 𝑘𝑘2 + 𝑙𝑙2                                    (1) 

 
According to Bragg’s-law,  
 

2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑛𝑛                                (2)  
 
Comparing equation (1) and (2) we can write as, 
 

𝑎𝑎 = 𝜆𝜆
2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�ℎ2 + 𝑘𝑘2 + 𝑙𝑙2                                                       (3) 
 

The unit-cell volume is given by, 
 

Vcell = 𝑎𝑎3                            (4) 
 

The crystalline-size can be calculated with help of Scherrer-formula, 
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D =  k λ

β(hkl)cosθ𝐵𝐵
                                                                          (5) 

 
where ‘k’ is shape-factor having value 0.89-0.90, ‘𝑛𝑛’ denote wavelength of x-rays, ‘𝛽𝛽’ denote the 
value of full-width-half-maxima and D be the size of crystalline. 

And the density of x-rays can be obtained by following relation, 
 
                                                           ρX−ray = 8 M

NA  V 
                (6) 

 

where ‘V’ be the unit-cell volume, ‘M’ be the molecular-weight of the sample and ‘NA’ be the 
Avogadro’s-number (6.0221 x 1023 per mol). The figure shows the X-Ray-Diffraction of 
Zn(0.5)Mn(0.5-x)Cd(x)Fe2O4. From XRD results we seen that sample exhibit simple cubic 
structure having major phase the second phase was also observed which is of Fe2O3. The secondary 
phase of Fe2O3 was obtained at the boundaries due to the high reactivity between the ferric and 
cadmium ions. The prepared ferrites are spinel ferrites. The spinel structure of the prepared sample 
was confirmed by the peaks which comparable to planes (220), (311), (400) and (333/511). It had 
been found different parameters like lattice-constant, crystalline-size and density of x-rays with help 
of XRD data. It had been observed the value of lattice constant found in range from 8.4471 Å to 
8.4763 Å. The value for crystalline size observed in range from 45.15 nm to 38.09 nm. The value 
for density of x-rays found in range from 5.1572 g/cm3 to 5.2846 g/cm3. A minor variation in the 
lattice parameters of spinel ferrites occur due to several factors, with cation substitution being a key 
reason. When metal cations of different ionic radii replace each other in the tetrahedral (A-site) or 
octahedral (B-site) positions, the lattice expands or contracts to accommodate the size difference 
[12, 13].  
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Fig. 2. XRD pattern of Zn(0.5)Mn(0.5-x)Cd(x)Fe2O4 (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.09). 
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Cation distribution also plays a role, as spinels can exhibit normal or inverse structures, 
where the rearrangement of cations between sites affects the unit cell dimensions [14]. Temperature 
influences lattice parameters through thermal expansion, with the lattice expanding as temperature 
rises, especially around the Curie temperature. External pressure compresses the lattice, reducing 
interatomic distances, while oxygen vacancies introduce local distortions that alter the lattice. Strain 
effects in thin films or nanoparticles due to surface tension or lattice mismatch can further modify 
the lattice structure, leading to variations compared to bulk materials. All these factors contribute to 
the overall change in the lattice parameters of spinel ferrites [15, 16]. 

 
3.2. UV–visible spectroscopy 
In this section, we discussed the optical properties of the prepared samples of chemical 

formula Zn(0.5)Mn(0.5-x)Cd(x)Fe2O4 (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.09). it had been observed 
the prominent band for absorption in ultraviolet region at wavelength 286 nm. The absorption bands 
are shown in figure 2. 

The values for absorption found in all samples placed in table 1 corresponding to their 
concentration. It is seen that the absorption lies in range from 2.8722 to 3.2956.  

 
 

Table 2. Absorption of samples for x = 0.00, 0.01, 0.03, 0.05, 0.07, 0.09. 
 

Concentration    0.00    0.01    0.03    0.05    0.07    0.09 
Absorption   2.9089   3.2584   3.2956   2.9331   2.8722   3.1847 

Frequency (nm)  286.3810  286.4903  286.2644  286.2544  286.4950  286.4903 
 
 

 
Fig. 3. UV-vis. absorption spectrum of Zn(0.5)Mn(0.5-x)Cd(x)Fe2O4 (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.09). 

 
 
3.3. FTIR analysis 
The FTIR (Fourier-Transform-Infrared-Spectroscopy) observation done in range from 450 

cm-1 to 4000 cm-1 and range of transmittance percentage was in range from 70 to 100 as shown in 
figure 3. One prominent band is observed at wavenumber range from 539.14 cm-1 to 540.35 cm-1 in 
all samples by which we confirmed the band-formation at octahedral-sites between metal-ions and 
oxygen-ions. The second band was observed in between of 1100 cm-1 to 1600 cm-1.in some samples 
which confirmed the presence of tetrahedral-sites. The formation of these bands is due to the 
vibration of atoms at octahedral and tetrahedral sites. 
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Fig. 4. FTIR spectrum of Zn(0.5)Mn(0.5-x)Cd(x)Fe2O4 (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.09). 
 
 
3.4. Raman spectroscopy 
Raman spectroscopy is a valuable technique for analyzing spinel ferrites, offering insights 

into their vibrational properties, cation distribution, and structural integrity [17]. Spinel ferrites have 
a cubic structure with the space group Fd3ˉm, which gives rise to five characteristic Raman-active 
modes: A1g, Eg and three T2g modes [18, 19]. These modes correspond to various vibrational motions, 
such as the symmetric stretching of metal-oxygen bonds (primarily tetrahedral cations for A1g and 
asymmetric bending or stretching of bonds in octahedral and tetrahedral sites for T2g . Shifts in these 
vibrational peaks can reveal critical information about cation distribution in the structure [20]. For 
instance, cation substitution (e.g., Zn2+, Ni2+) alters bond lengths and angles, leading to changes in 
Raman peak positions, especially for A1g  and T2g modes. Raman spectra can also detect lattice 
distortions or defects like oxygen vacancies, which affect bond lengths and contribute to peak 
broadening or shifting. This makes Raman spectroscopy a key method for identifying non-
stoichiometry and structural defects in ferrites. Additionally, in nanostructured spinel ferrites, size-
dependent effects become evident in the Raman spectra, with nanoparticle samples often showing 
broadened peaks due to surface disorder and strain. Such variations in Raman signatures can provide 
insights into the crystallinity and particle size of spinel ferrites, making it a crucial tool for 
understanding their structural, magnetic, and electrical behavior. 
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Fig. 5. Raman spectrum of Zn(0.5)Mn(0.5-x)Cd(x)Fe2O4 (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.09). 
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3.5. Current voltage analysis 
In this section, we described the electrical properties of the prepared sample. The prepared 

samples were examined by the Keithley-Electrometer 2401 model and collected results at different 
temperatures. In this type of characterization first we prepared the pellets of the materials under 
discussion with help of hydraulic press and kept the pressure about 15 ton for time about half an 
hour. After making pellets the prepared pellets were placed to found the electrical properties of 
samples. Each sample was examined at different values of temperatures like 250 oC, 300 oC, 350 oC, 
400 oC, 450 oC, 500 oC, 550 oC and 600 oC. The value of DC-resistivity was calculated by using the 
relation of equation 7.  

 
     ρ = 𝑅𝑅𝑅𝑅

𝑑𝑑
                      (7) 

 
In the above equation, the “A” denotes the area of pellet, “d” denotes the pellet’s thickness, 

“R” is the resistance of sample and ρ denotes the resistivity of sample. First, we found the resistance 
of sample with help of IV-Graph because slope of IV-Graph is equal to inverse of resistance of 
sample. 

 
     Slope = ∆𝐼𝐼

∆𝑉𝑉
                          (8) 

 
And according to Ohm’s law, 

     R = ∆𝑉𝑉
∆𝐼𝐼

                       (9) 
 
On comparison equation 8 and 9, 
 

     R = 1/Slope                        (10) 
 
The values of resistance of every sample at all temperatures were calculated with help of 

relation 10 and then using expression 7 the resistivity of sample at all temperatures were calculated. 
The graph between temperature and resistivity as shown in figure 6. 

 
 

 
 

Fig. 6. Relation between the temperature and resistivity. 
 
 
It was described from the relation between temperature and resistivity that the resistivity of 

all samples decreased by increasing the temperature. When the temperature increased the resistivity 
decreased. 
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In order to calculate the activation energy for each sample, we described the relation 
between the resistivity and the temperature. T Arrhenius-equation described the relation between 
temperature and the resistivity as given in equation 4.11, 

 
    𝜌𝜌 =  𝜌𝜌oe-Δ𝐸𝐸/𝐾𝐾𝐾𝐾                             (11) 
 
In the above expression Δ𝐸𝐸 represents the activation-energy of the material and ‘T’ is the 

absolute temperature and K represents the Boltzmann-Constant. It is clear from the figure that the 
DC-resistivity varies with temperature. By solving equation 11 we can find the expression for the 
activation energy of material. 

After taking natural log of equation 11, the equation becomes, 
 

    ln 𝜌𝜌 = - Δ𝐸𝐸/𝑘𝑘(1/T) + ln 𝜌𝜌o                                  (12) 
 
As we know that, 
 

    y = mx + c         (13) 
comparing equation 12 and 13, 
 

 m = Δ𝐸𝐸/𝑘𝑘,     Δ𝐸𝐸 = mk   (14) 
 
where m is the slope and k is the Boltzmann-constant. If we have values of Boltzmann-Constant and 
slope then we can find out the activation energy of material. The slope in equation 14 found with 
help of graph between ln𝜌𝜌 and 1000/T as shown in figure 7. 

 
 

Table 2. Activation energy of Cd doped Zn Mn ferrites for x = 0.00, 0.01, 0.03, 0.05, 0.07, 0.09. 
 

Value of x 0.00 0.01 0.03 0.05 0.07 0.09 
Activation Energy 

(eV/1000K) 0.1458 0.1527 0.1365 0.1553 0.4332 0.1880 

 
 

 
 

Fig. 7. Variation of Ln (Resistivity) with 1000/T for x = 0.00, 0.01, 0.03, 0.05, 0.07, 0.09. 
 
 
With help of the above graph we calculated the slope and then by using equation (14) we 

calculated the activation energy for each sample. Which is found in range of 0.1365 eV/1000K to 
0.1880 eV/1000K. The value of activation energy for all samples given below in table 2. 
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3.6. Dielectric analysis 
The figure 8 illustrates the conductance vs. frequency behavior for spinel ferrites with 

different substitution levels (x). At low frequencies, conductance remains nearly constant across all 
samples, indicating that DC conductivity dominates, with minimal impact from substitution. This 
suggests that charge carrier hopping between Fe2+ and Fe3+ ions can keep pace with the low-
frequency AC field. As the frequency increases, conductance rises, reflecting the frequency-
dependent nature of charge carrier hopping. The undoped sample (x = 0.0) exhibits a more 
pronounced increase in conductance compared to the substituted samples, suggesting that 
substitution impedes carrier mobility. At higher frequencies, the conductance diverges, with the 
undoped sample showing the highest values, while the substituted samples, particularly those with 
higher x, demonstrate reduced conductance. This reduction can be attributed to structural distortions, 
alterations in the Fe-O-Fe bond angles, or increased grain boundary scattering introduced by 
substitution, which limits the hopping conduction. Additionally, the lower conductance in 
substituted samples at high frequencies may be due to the Maxwell-Wagner polarization effect, 
where charge carriers accumulate at interfaces or grain boundaries. As x increases, this polarization 
and interfacial charge accumulation are less pronounced, reducing the overall conductance. Thus, 
substitution in spinel ferrites effectively suppresses high-frequency conductance while having a 
smaller effect at lower frequencies. 
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Fig. 8. Conductance with frequency for x = 0.00, 0.01, 0.03, 0.05, 0.07, 0.09. 
 

 
3.7. Magnetic analysis 
The as-prepared samples have soft magnetic nature. The addition of Cd reduced all 

parameters of magnetizations determined by the hysteresis loops. The decrease in coercivity 
indicates that losses are small with soft magnetization. The saturation magnetization (Ms) exhibits 
a variable trend with increasing Cd2⁺ concentration. This variability is attributed to the presence of 
anomalous factors and secondary phases [21]. Similarly, coercivity (Hc) also shows variability with 
increasing Cd2⁺ ions, as detailed in Table 3. The maximum values of saturation magnetization and 
remanence magnetization are observed at x = 0.00, with values of 37.83 emu/g and 30.96 emu/g, 
respectively. As the Cd is nonmagnetic addition of Cd reduced the saturation magnetizations, and 
the minimum value is observed for x=0.09.  The magnetic properties of soft ferrites are influenced 
by factors such as grain size, synthesis technique, and cation distribution [21]. As the losses are 
small these materials may be used for the magnetic applications operational by low energy losses 
[22]. 
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Fig. 9. Magnetic parameters vs Cd concentrations in ZnMn ferrites. 
 
 
The table 3 presents the magnetic parameters including saturation magnetization (Ms), 

coercivity (HC), and remanence (Mr) of as-prepared ferrites with varying substitution levels (x). For 
x = 0.00 (no substitution), Ms is 37.83 emu/g, Hc is 293.25 Oe, and Mr is 30.96 emu/g, indicating 
strong magnetization and high coercivity. As substitution increases to x = 0.03, Ms decreases to 
33.94 emu/g and Hc drops significantly to 121.72 Oe, suggesting a reduction in the overall magnetic 
strength and easier magnetization reversal. For x=0.07, Ms rises slightly to 36.35 emu/g, and Hc 
increases to 242.96 Oe, reflecting an intermediate behavior with improved saturation magnetization 
but still lower than the undoped sample. At x=0.09, both Ms and Hc reach their lowest values of 
31.31 emu/g and 114.45 Oe, respectively, indicating a significant decrease in magnetic strength and 
coercivity. The remanence (Mr) shows a similar trend, decreasing overall with substitution, with the 
lowest value at x = 0.07. This behavior suggests that cation substitution in ferrites disrupts the 
magnetic structure, reducing the magnetization and making magnetization reversal easier, especially 
at higher x values [23]. 

 
Table 3. Magnetic parameters of LMMC ferrites. 

 
x Ms Hc Mr 
0.00 37.83 293.25 30.96 
0.03 33.94 121.72 28.87 
0.07 36.35 242.96 19.53 
0.09 31.31 114.45 23.51 

 
 
4. Conclusion 
 
The Cd doped Zn-Mn ferrites were prepared with co-precipitation method. The prepared 

ferrites exhibited the structure of spinel ferrites. The prepared sample had not single-phase sample 
but was secondary phase which was of Cd2O3. It had been confirmed the formation of spinel-phase. 
The lattice constant found in range from 8.4471 Å to 8.4763 Å and crystalline size found in range 
38.09 nm to 45.15 nm. The x-rays density value found in range from 5.1572 g/cm3 to 5.2846 g/cm3. 
The FT-IR data revealed the vibration of atoms at octahedral and tetrahedral sites. In FTIR data one 
band is found in all sample and in some sample two bands were found in range from 400-4000cm-
1. IV-observation revealed the dependence of DC-resistivity on temperature and the value for 
activation energy (∆𝐸𝐸) found in range from 0.1365 to 0.4332 eV/1000K. The UV-vis. analysis 
confirm the absorption peak for all samples in ultraviolet region at average wavelength 286 nm. At 
this wavelength absorption for all samples was in range from 2.8722-3.2956. Due to the properties 
mentioned above these materials are useful in field of Telecommunication, industry and electronic-
field.  
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