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Abstract 

We report here the production of novel Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 nanofibers (NFs) (0.00 ≤ x ≤ 

0.25) via electrospinning method with using polyvinylpyrrolidone (PVP) as a polymer agent.  The 

investigation of the partial substitution effect of Co by Cd ions in Co0.5Ni0.5Fe1.78Nd0.02O4 NFs on 
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their morphological, structural and magnetic properties was performed. The XRD confirmed the 

successful formation of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (0.00 ≤ x ≤ 0.25) NFs with cubic structure. 

The hyperfine parameters were determined from the analysis of Mössbauer results. The hyperfine 

magnetic field of both sites was not much affected by the substitution. Mössbauer analysis 

indicated that the Cd2+ ions strongly occupy A site and the Fe3+ ions emigrated from A site to B 

site, and hence the content of Co2+ ions diminished at B site. Room temperature (RT; T = 300K) 

and 10 K magnetization curves were investigated via vibrating sample magnetometer (VSM). All 

prepared samples displayed ferrimagnetic behavior at both measured temperatures. The saturation 

magnetization (Ms) enhances from x = 0.00 to 0.05 and thereafter reduces with the further increase 

in Cd2+ ion contents. All the Cd-substituted samples displayed higher Ms values than that of the 

non-substituted sample. The improvement in Ms values with Cd substitution is largely ascribed to 

the surface spins effects and cations distribution on Td and Oh sites. Magnetic moments, remanence 

(Mr) and coercivity (Hc) were determined and investigated.  

 

Keywords: Spinel ferrite nanofiber; electrospinning technique; structure; magnetic properties; 

hyperfine interactions. 

 

1. Introduction  

Spinel ferrite nanoparticles (SFNPs) are one of the most significant nanomaterials. They are being 

used in most modern life applications such as in electronics [1], telecommunications [2], magnetic 

recordings [3], catalytic and wastewater treatment applications [4-6]. The general composition of 

the spinel ferrites is AB2O4 where A represents the M2+ cations and B represents the M3+ cations 

occupying tetrahedral (Td) and octahedral (Oh) sites, respectively, in normal spinal structures [7]. 
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It is proven that the characteristics of spinel ferrites including  the structure, magnetic and electrical 

features are extremely altered by the chemical composition, types and distribution of cations on Td 

and Oh crystallographic sites, the disparity in their ionic radii and doping ratio along with other 

important parameters such as the synthesis method and conditions, microstructure, grains size and 

morphology [8]. Altering the electromagnetic features of these nanomaterials is a key factor for 

electronics growth industry. Thus, SFNPs have been considered as ideal candidates for such 

advance field due to their capability to engineer their properties [9].  

Cobalt ferrites (CoFe2O4), as renowned hard magnetic materials, are widely investigated 

owing to their desirable magnetic traits including high Ms, large magnetocrystalline anisotropy, 

great coercivity (Hc), and outstanding physical and chemical stabilities [10,11]. The nickel ferrite 

(NiFe2O4) is s soft ferrite, which possess large electrical resistivity but very weak magneto-

crystalline anisotropy [12]. Because the magnetic moment of the smaller size Co2+ ions is greater 

than that of Ni2+ ions, the substitution between these cations increases the total magnetic moment 

among the unit cell and lead to outstanding magnetic, electric and dielectric features [13]. Thus, 

the improved electrical and magnetic features nominate the Ni-Co ferrite NPs as an optimum 

choice for telecommunication and high-frequency electronics applications [14]. 

There are many studies reporting that transition metals substituted Co–Ni ferrites, mainly 

focused on Zn, Mn, Cu influenced greatly their structure, magnetic and electrical behaviors. Many 

experiments have been performed by substituting Cd ions in other spinel structure of ferrite. Cd 

ions substituted NiMg spinel ferrites were prepared via sol-gel approach [15]. It was found that 

the Ms value increases with Cd2+ content, whereas, the Mr and Hc values decrease with Cd 

substitution. M. Rahimi et al. [16] investigated the structural and magnetic properties of Cd 

substituted Ni ferrite nanoparticles, Ni1-xCdxFe2O4 (x = 0.0, 0.1, 0.3, 0.5, and 0.7), prepared via 



4 
 

sol–gel auto-combustion approach. The Ms value at RT was found to increase with Cd2+ ions 

content up to x = 0.3 and then decrease for x > 0.3. 

 Although Cd-substituted Co–Ni ferrites are less investigated, it is confirmed that Cd 

substitution on spinel ferrites resulted in increasing their dielectric constants [8,17,18]. Moreover, 

the insertion of rare earth ions into spinal ferrites is expected to initiate 3d-4f interactions coupling, 

which usually provide further adjustment mainly for the magnetic properties. Many studies 

reported the effect of Lanthanide element (Ln3+) ions (e.g. Ce, Gd, Dy and La) substitution on the 

magnetic features of Co-Ni ferrites [19, 20]. Among other Ln3+ ions, Nd3+ doping has a reduction 

influence on the saturation magnetization and coercivity on ferrite NPs [21]. Only few reports are 

available to evaluate the role-played by Nd as a dopant on the properties of Co-Ni ferrite NPs [22, 

23]. Nowadays, substantial progress has been carried out for producing nanosized one-dimensional 

(1D) magnetic materials, including nanofiber, nanoribbon and nanotube structures. The driving 

force for such great efforts is to investigate their magnetization and the configurations of their 

magnetic domains in order to develop new nanoscale devices for electromagnetic applications 

[24]. The electrospinning technique is certified to be an economic, simple and adaptable method 

to produce various 1D nanosized structures. Nanofibers exhibit large shape anisotropy, high 

surface/volume ratio, and high facet ratio in comparison with bulks or even nanoparticle materials 

[25]. 

To the best of our knowledge, there is no report available detailed the impact of different 

proportion of Cd2+ on the structural, morphological and magnetic properties of Co-Ni spinel ferrite 

nanofibers prepared through the electrospinning technique. The current study presents the 

electrospinning synthesis, structure, morphology and magnetic properties of nanofiber samples of 
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Cadmium substituted Ni-Co ferrites wherein low Cd content as substituting element in Co sites 

was considered. 

 

2. Experimental 

2.1. Synthesis 

High purity metal nitrates (nickel, cobalt, cadmium, iron and neodymium nitrates) and 

polyvinylpyrrolidone (PVP, average Mw ~1,300,000) were obtained from Merck. For the synthesis 

of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (0.00 ≤ x ≤ 0.25) NFs, metal precursor solution was prepared by 

dissolving stoichiometric amounts of Co(NO3)2•6H2O, Ni(NO3)2•6H2O, Nd(NO3)3, 

Fe(NO3)3•9H2O, and Cd(NO3)2•4H2O, in a mixture of 10 ml absolute ethyl alcohol and 7 ml 

deionized water. The mixture was magnetically stirred until the salts were completely dissolved 

before adding 1.4 g of the PVP polymer and kept stirring for 2 h until getting a clear viscid gel. 

The prepared gel was loaded into 20 ml plastic syringe, which was fixed on a syringe pump with 

stainless-steel needle tip. The electrospinning system was occupied with an adjustable voltage (up 

to 30 kV) to generate the required voltage difference between the needle tip and the collector to 

induce the electrospun fibers to diffuse. The collector plate was covered by aluminum foil 

uniformly and the needle tip was located in 12 cm away from the collector. The flowing rate of 

the electrospinning solution was 1.5 ml/h at applied voltage of 25 kV. The collected samples of 

Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 NFs (0.00 ≤ x ≤ 0.25) were dried in air at 75 °C for overnight before 

the calcination process at 650 °C for 2h. 

 

2.2. Characterization 
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The structure of NFs was identified by a (XRD; Rigaku Benchtop Miniflex, Tokyo, Japan) X-ray 

powder diffractometer (XRD). The morphology of obtained products before and after calcination 

were performed via (SEM/TEM; FEI Titan 80 – 300kV FEGS/TEM, Hillsboro, OR, USA). The 

presence of various incorporated elements and their ratios were confirmed by EDX analysis. The 

Mössbauer spectra were performed at room temperature using a conventional Mössbauer 

spectrometer (Fast Com Tec PC-moss II, Oberhaching, Germany) under constant accelerations 

mode using 57Fe in Rh matrix with an approximate activity of 10 m Ci. The recorded spectra were 

analyzed and fitted to inbuilt Win-Normos fitting software (WISSEL company, Germany).A 

vibrating sample magnetometer (VSM) Quantum Design SQUID-PPMS vibrating sample 

magnetometer (PPMS DynaCool, Quantum Design, San Diego, CA, USA)was utilized for 

magnetization measurements.  

 

3. Result and discussion  

3.1. Crystal structure 

The successful preparation of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (0.00 ≤ x ≤ 0.25) NFs was verified 

through XRD patterns as exposed in Figure 1. The main XRD peaks are characteristics of the 

inverse spinel ferrite phase. A minor phase of Fe2O3 has been detected at and above x = 0.15. The 

XRD experimental data was analyzed via Rietveld refinement by using Full-proof software to 

deduce the structural parameters (Table 1). The lattice parameter “ao” is raised with growing the 

quantity of Cd. The crystallites size (DXRD) was estimated by using Scherrer formula [26]. DXRD 

values are within 18 to 10 nm range. Compared to unsubstituted sample, the DXRD value enlarged 

for x = 0.05 and afterward reduced with further increasing the ratio of Cd ions [27].  
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Bertaut method [28] is utilized to estimate the cations distribution in Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 

NFs. The distribution of mixed valance cations through the available Td and Oh sites was assessed from 

the ratio of I220/I440 and I422/I400 XRD lines that are most likely sensitive to the distribution of cations 

[29]. The cations showed nearly linear dependencies of substitution and composition (Table 2). 

The majority of Ni2+ and Co2+ cations accommodated by the Oh site (B). However, very small 

percentage of these ions occupy Td site (A) as well. Depending on the single-ion model, Co2+ 

cations in the exact inverse spinel structure should occupy the Oh site (B) [28, 30] which are the 

case for all presented samples while Cd2+ cations occupied the Td site only. It is noticed that the 

Fe3+ cations migrated from Td to Oh sites with increasing Cd2+ substitution ratio. At the same time, 

the % of the Co2+ cations at the A and B site decreased with increasing Cd2+ substitution ratio. 

Secondary phases such as α-Fe2O3 (hematite) have been clearly observed at higher substitution 

level of Cd2+ ions mainly because of the off-stoichiometry composition of the prepared samples 

and the inclusion of rare earth Nd ions in the composition.  

 

3.2. Morphology 

The microstructural analyses of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (x = 0.00, 0.015 and 0.25) NFs 

obtained before and after calcination stepsare displayed in Figures 2(a) and 2(b), respectively. 

Figure 2(a), referred to the samples obtained before calcination, showed the nanofiber shapes 

wherein the diameter is decreasing with increasing the content of Cd. However, the Figure 2(b) 

illustrated the assemblage of multi-particles in polygon forms wherein the grains size is decreasing 

with increasing x content. Figure 3 revealed the TEM images of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 NFs 

(0.00 ≤ x ≤ 0.25) obtained after calcination step. These images demonstrated a homogeneous 

nanofiber structure consisting of dispersed nano-grains with lengths in ranges of hundred 
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nanometers, but the diameters are decreased with increasing the amount of substitution ions. EDX 

spectra and elemental mapping of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 NFs (x = 0.00, 0.15 and 0.20) are 

presented in Figure 4. They illustrated the presence of different Ni, Co, Cd, Nd, Fe and O elements, 

and confirmed the construction of the desired compositions. 

   

3.3. Magnetic investigations 

3.3.1. Mössbauer analysis 

Mössbauer spectra of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (0.00 ≤ x ≤ 0.25) NFs measured at RT have 

been depicted in Figure 5. The spectra were fitted using three sextets, which one sextet for the 

tetrahedral A site and other two for octahedral B positions.  The largest hyperfine with greater 

isomer shift is distinguished for Fe3+ cations at two different environments in Oh sites, while the 

lower values of both parameters are associated with the Fe3+ cations in Td site [31]. The -Fe2O3 

phase detected sample for x  0.15 and added to spectra.  The isomer shift is originated from the 

nuclear radius deference. The electronic interaction between nucleus and s electron density leads 

to isomer shift. The isomer shift was correlated to the oxidation state of Fe at Td and Oh sites [32]. 

The isomer shift (I.S) of B site is larger than that of A site because of bond length among Fe3+-O. 

It is found that the I.S values of A and B magnetic patterns are varying between 0.274 and 0.388 

mm/s. Such isomer shifts values are associated to the characteristics Fe3+ in high spin charge state 

[33]. As seen in Figure 5, the isomer shift of A site raised with the inclusion of Cd ions (x = 0.05) 

and then become unchanged. The isomer shift of B1 site increased with the addition of Cd ions up 

to x=0.15 then decreased, while that of B2 site hardly even changed. These show that the electron 

density of A site was not influenced by the substitution. The existence of non-zero quadrupole 

splitting (Q.S) reveals that there are chemical disorders in the crystal structure. Hence, the values 
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of Q.S are providing information about the crystal lattice symmetry and its local distortions. The 

chemical disorder could produce a distribution of EFG of varying magnitude, asymmetry, sign and 

direction. Consequently, the sign of Q.S could be changed [34]. The Q.S values of obtained 

components with respect to substitution are negligible. This proves that the cubic symmetry of O2- 

ions around Fe3+ ions is unaffected by the substitution of Cd ions in the cubic ferrite structure. 

The change of hyperfine magnetic field of all sites with respect to x content is shown in 

Figure 6. The hyperfine magnetic field value of all sites decreases with rising Cd2+ ions. The reason 

of this decreasing maybe the nonmagnetic Cd2+ ions increased by replacing Fe3+ ions of higher 

magnetic moment, 5µB, and reduce the average number of magnetic bond of 𝐹𝑒𝐴
3+ − 𝑂 − 𝐹𝑒𝐵

3+ 

and consequently Fe3+ nuclei experience a decrease in the magnetic field at both the sub lattices. 

The hyperfine magnetic field of A site decreases from 48.875 to 48.176 T, whereas that of B site 

decreases from 51.746 to 51.282 T with increasing of Cd2+ content from x = 0.0 to x = 0.25. On 

most Cd doped ferrite systems, nonmagnetic Cd2+ ions are preferably occupying A site [35, 36]. 

In our Cd2+ doped ferrite systems, the hyperfine magnetic field of both sites was not much affected 

by the substitution. According to Figure 4, the relative area of B site increases, whereas that of A 

site decreases continuously with increasing of Cd+2 content. This shows that Fe3+ ions emigrated 

from A site to B site. The Cd2+ ions strongly occupy A site. Therefore, the content of Co2+ ions 

diminished at B site.   

 

3.3.2. Magnetization against magnetic field 

Magnetization M-H hysteresis loops at both 300 and 10 K for various Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 

(0.00 ≤ x ≤ 0.25) compounds are shown in Figure 7. The different prepared compounds show S-

type shape in M–H curves with opened hysteresis loops at both measured temperatures, indicating 
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ferrimagnetic behavior. The deduced magnetic parameters for all the compounds are presented in 

the Figure 8. As obvious in Figure 7, the magnetization of all produced compounds is not well 

saturated even up to a field of 70 kOe. The law of approach to saturation at high-field parts by 

linear fits of M vs. 1/H2 plots was used to obtain Ms values, as shown in the Figure 9. The 

experimental values of magnetic moment (𝑛𝐵_𝑒𝑥𝑝) in Bohr magneton were determined via the 

following formula [37]: 

𝑛𝐵_𝑒𝑥𝑝 =
𝑀𝑤 × 𝑀𝑠

5585
   (1) 

Where 𝑀𝑤 is the molecular weight and 𝑀𝑠 is the saturation magnetization. The measurements at 

very low temperature (T = 10 K) showed Ms values superior than those at high temperature (T = 

300 K). This is predominantly resulted from the reduction in the thermal fluctuations and magneto-

crystalline anisotropy effects at very low temperatures [38,39]. Moreover, the Ms magnitudes 

attained in the current study (in the range of 42.8 – 48.9 emu/g at RT) are smaller than those of 

bulk NiCo ferrites. This reduction in Ms values could be elucidated on the basis of cations 

distribution. Additionally, several other influences described in previous reports could explain the 

decrease of Ms in NPs. The lower Ms values in NPs can be ascribed to the occurrence of arbitrary 

spins canting on surface of particles produced by competing antiferromagnetic exchange 

interactions because of asymmetries in the spins’ environment [40, 41]. Besides, the smaller Ms 

magnitudes are resulted from the non-saturation effects due to the arbitrary distribution of the tiny 

nanoparticles with improved magnitudes of magnetocrystalline anisotropy as reported by Q.A. 

Pankhurst et al. [42]. The influence of size in NPs could provoke a decrease in the Ms values 

compared to the bulk counterpart. Greater surface to volume ratio characterized tinier grains [43]. 

Particularly, if surface to volume become large, the surface spins disorder of the NPs will rise. 

Consistent with the morphology of core–shell NPs, ferrimagnetic aligned spins characterize the 
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core and disordered spins are perceived at the surface. The application of a magnetic field tends to 

align the magnetic moments in the core, and then these magnetic moments become saturated at 

specific higher magnetic field amplitudes. The additional intensification of magnetic field will 

have an influence only on the surface, which cause a slow-down of magnetization. This is the 

purpose that the various products in the present study do not attain the saturation under applied 

fields of 70 kOe. 

The non-substituted compound showed Ms values of about 42.8 and 53.2 emu/g at 300 and 

10 K, respectively. It is noticed that the Ms values at both measured temperatures increase from x 

= 0.00 to 0.05 and then decrease with further increase x. The highest Ms values at x = 0.05 level is 

equal to 48.9 and 60.2 emu/g at 300 and 10 K, respectively. Nevertheless, all the Cd-substituted 

products displayed higher Ms values than in unsubstituted product. P.P. Hankare et al. [44] reported 

analogous kind of variation. The obtained Ms magnitudes in these compounds are larger than in 

Ni0.5Co0.5Fe2O4 nanosized ceramics produced mechanochemically via high energy ball milling 

technique [45], in NiCo ferrite NPs prepared through sol–gel auto-combustion method [46], Gd3+ 

substituted NiCo ferrite NPs formed through sol-gel auto-combustion approach [47]. Comparable 

magnitudes were found in NiCo ferrite NPs prepared via a one-pot modified-solvothermal 

approach followed by annealing stage [48]. The improvement in Ms values with Cd substitution is 

largely ascribed to the surface spins effects and cations distribution on A and B sites [49]. In the 

spinel ferrite lattice, the theoretical magnetic moment (𝑛𝐵_𝑡ℎ) is provided by the vector sum of 

magnetic moments of A and B sublattices: 

 

𝑛𝑡ℎ(𝑥) = 𝑛𝑡ℎ(𝐵) − 𝑛𝑡ℎ(𝐴)   (2) 
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Where 𝑛𝐵_𝑡ℎ(𝐴) and 𝑛𝐵_𝑡ℎ(𝐵) are the magnetic moments at Td and Oh sites, respectively. The 

different magnetic moments for various Co2+, Ni2+, Cd2+, Nd3+ and Fe3+ ions are about 3.87, 2.83, 

0, 2.5 and 5 B, respectively. The theoretical and experimental values of magnetic moments were 

plotted in Figure 8(d). The theoretical value of magnetic moment (𝑛𝐵_𝑡ℎ) is increasing with 

increasing Cd2+ ions content, Whereas, the experimental value of magnetic moment (𝑛𝐵_𝑒𝑥𝑝) 

increases initially from x = 0.00 to 0.05 and thereafter decreases with further rising Cd2+ ions 

content. The decrease in 𝑛𝑒𝑥𝑝 value at higher content is principally owing to the formation of 

secondary phases (impurities) for x ≥ 0.15. The enhancement in magnetization with Cd substitution 

is mainly resulted from the tendency of the nonmagnetic Cd2+ ions to occupy the Td site [50]. 

Whereas, Ni2+, Co2+ and Fe3+ ions occupy both Td and Oh sites [49,51]. The inclusion of 

nonmagnetic divalent Cd2+ ions (which prefer to occupy Td site) in ferrite systems diminishes the 

content of Co2+ ions in Oh site. This pushes same content of Fe3+ ions to move from Td to Oh sites. 

As a result, the concentration of Fe3+ ions increases in B site. Consequently, the magnetic moment 

at the B site increases while that on Td site decreases. This results in a global increase in 

magnetization of the product, which is in line with the evolution in the theoretical values of 

magnetic moment (𝑛𝐵_𝑡ℎ). Interestingly, 𝑛𝐵_𝑒𝑥𝑝 values increase initially for x = 0.05 and thereafter 

decrease with further rising Cd2+ content. Nevertheless, all the Cd-substituted products displayed 

higher 𝑛𝐵_𝑒𝑥𝑝 values than in the non-substituted product. It is obvious that the 𝑛𝐵_𝑒𝑥𝑝 and Ms values 

presented analogous trend regarding Cd2+ content at both 300 and 10 K. The evolution in Ms and 

𝑛𝐵_𝑒𝑥𝑝 values with Cd2+ ions substitution could be elucidated based on Neel's model [49]. 

Consistent with this model, there exist three exchange interactions, namely A–A, B–B and A–B. 

Among them, the A–B super-exchange interaction is the strongest and most effective. The A–B 

interactions are strengthened with the occupation of Cd2+ ions on A site followed by a transfer of 
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Fe3+ ions from A to B site. This is responsible for the improvement in Ms and 𝑛𝐵_𝑒𝑥𝑝 values. We 

note that all the Cd-substituted products displayed higher Ms and 𝑛𝐵_𝑒𝑥𝑝 values than in 

unsubstituted product. The lower Ms and 𝑛𝐵_𝑒𝑥𝑝 values in x ≥ 0.15 compared to those in x = 0.05, 

is greatly affected by formation of secondary phases (impurities) for x ≥ 0.15.  

The non-substituted sample displayed Hc values of about 366.1 and 5389.7 Oe at 300 and 

10 K, respectively. Compared to x = 0.00 product, Hc magnitudes decreased at both measured 

temperatures for x = 0.05 and thereafter increased for much higher Cd content. The variation in Hc 

in nanocrystalline products is greatly inversely linked to their sizes. In the present study, an 

increase in crystallites size was discerned at lower Cd2+ ion content and then a reduction in 

crystallites size was perceived with further rising Cd2+ ions content. 

 

4. Conclusion 

The presented Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (0.00 ≤ x ≤ 0.25) NFs were synthesized by 

electrospinning technique using PVP as a polymer. The microstructure of the prepared NFs was 

revealed via XRD, SEM and TEM. Mössbauer results showed that the Cd2+ ions strongly occupy 

A site, leading the Fe3+ cations to emigrate from A site to B site with increasing the nonmagnetic 

Cd2+ content. RT and 10 K magnetization curves recorded at RT and 10 K, revealed the 

ferrimagnetic behavior for all prepared NF samples. It is observed that the Ms and 𝑛𝐵_𝑒𝑥𝑝 values 

increase from x = 0.00 to 0.05 and thereafter decrease with the further increase in Cd2+ ion contents. 

All the Cd-substituted samples displayed higher Ms values than the non-substituted sample. The 

highest Ms and 𝑛𝐵_𝑒𝑥𝑝 values belong to Ni0.5Co0.45Cd0.05Fe1.78Nd0.02O4 NPs with values of 48.9 

emu/g and 1.59 μB at T = 300 K and 60.2 emu/g and 2.39 μB at T = 10 K, respectively. The 

improvement in the magnetization (Ms and Mr) values with Cd substitution is largely ascribed to 
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the surface spins effects, cations distribution on A and B sites, and strength of A-B super-exchange 

interactions. The nonmagnetic Cd2+ cations are preferably occupying the tetrahedral sites (A), 

whereas, Ni2+ and Co2+ ions are occupying the octahedral B site and Fe3+ ions are occupying both 

A and B sites. As a result, the concentration of Fe3+ ions increases in B sites due to their transfer 

from A to B site, resulting in an increase in the magnetic moment at the B sites which is responsible 

for the enhancement of the total magnetization of the NFs.  
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Figure 1. XRD patterns of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 NFs (0.00 ≤ x ≤ 0.25). 
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Figure 2. SEM images of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (x = 0.00, 0.15 and 0.25) NFs. (a) before 

calcination, and (b) after calcination. 



 

Figure 3. TEM images of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 (0.00 ≤ x ≤ 0.25) NFs. 



 

Figure 4. EDX spectra and elemental mapping for Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 NFs (x = 0.00, 

0.15 and 0.20). 
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Figure 5. Mössbauer spectra of Ni0.5Co0.5-xCdxNd0.02Fe1.78O4 NFs (0.00 ≤ x ≤ 0.25). 

 

 

 

 

 

 



 

Figure 6. Variations of Mössbauer parameters with respect to Cd concentration. 

 

 

 

 



 

Figure 7. M-H hysteresis curves of different Ni0.5Co0.5-xCdxFe1.78Nd0.02O4 (0.00 ≤ x ≤ 0.25) NFs 

at (a,b) T = 300 K and (c,d) T = 10 K. 
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Figure 8. Variations in the various magnetic parameters as a function of Cd content: (a) Ms, (b) 

Mr, (c) Hc, and (d) experimental (𝑛𝑒𝑥𝑝) and theoretical (𝑛𝑡ℎ)  magnetic moment at RT 

and 10 K. 
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Figure 9. Example of M vs. 1/H2 plot at both RT and 10 K for x = 0.00 composition. The solid 

line shows the fitting according to law of approach to saturation (LAS) approximation. 
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