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Abstract: Cu1-xNixFe2O4 (0 ≤ x ≤ 1) nanoferrites were organized by means of co-precipitation technique. The 
influence of Ni2+ substitutions on the structure, morphological, optical, magnetic properties of Cu1-xNixFe2O4 
nanoferrites were studied. XRD patterns of synthesized samples exhibit the single-phase formation of spinel 
crystalline structure besides any trace of impurity. The substitution of Ni2+ in Cu1-xNixFe2O4 outcomes in a 
minimize of particle size from 20 to 11 nm. In addition, the lattice constant always decreased from 8.362 to 8.345 8 
Å by increasing the concentration of Ni2 ions. Particle sizes obtained from TEM micrographs correspond to 
crystallite size calculated in the XRD results. The FTIR spectra of Cu1-xNixFe2O4 display two primary extensive 
metal-oxygen bands. The band gap energy of nanoferrites will increase from 3.32 to 3.62 eV with an increase the 
content of  Ni2+ ions. The magnetic properties of the samples were measured using a superconductive quantum 
interferometer (SQUID) system at room temperature. The findings showcase that the magnetic properties of 
copper ferrite are noticeably impacted by the amount of Ni2 ions doping. When the quantity of nickel ions increases, 
the saturation magnetization increases as seen from the M-H loops. 
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1 Introduction 
 

Magnetic nanoparticles have been extensively studied in recent years, and these ferrites form an integral class of 
materials due to their peculiar magnetic and electrical properties [1]. Because of their large surface to volume ratio, 
ferrite nanoparticles exhibit fascinating and significantly different magnetic properties than those of bulk materials. 
These magnetic particles have been commonly used in specific fields such as magnetic media, electronic devices, gas 
sensors, drug delivery, microwave absorbent, catalyst, hyperthermia, magnetic resonance imaging, ferrofluids, 
lithium-ion batteries, magnetic diagnostics, etc.[2-6]. MFe2O4 (where M(II) = Fe(II), Mn(II), Co(II), Ni(II)) spinel 
ferrite nanoparticles are often used for contrast improvements in magnetic storage systems, photomagnetic 
materials and magnetic resonance imaging (MRI), especially drug delivery and hyperthermia[7-10]. The composition 
of the ferrites is based on the chemical classification of the divalent metal (MII) and the size and distribution of the 
metal ions at the tetrahedral and octahedral sites of the spinal structure [11, 12]. For spinel ferrites, MFe2O4 is a 
general formula where M is a divalent metal ion and Fe is present in the state of +3 oxidation 
 
[13-16]. There are usually two types of structures of spinel ferrite: the normal and the inverse [17,18]. The occupied 
tetrahedral sites include the M2+ ions in the usual spinel, while the Fe3+ ions are located in the octahedral sites 
occupied [19,20].  
 
Nevertheless, in the occupied octahedral sites, all M2+ ions and half of the Fe3+ ions are found, with the other half 
of the Fe3+ ions in the inverse spinel occupied at the tetrahedral sites. The substitution of various magnetic ions at 
sites A and B has a powerful effect on the properties of the ferrites. The great variations in physical characteristics 
were due to the ability to deal with metal ions and their distribution at the available sites. The basic class of spinel 
structure ferrites [21] is nickel copper ferrite. The magnetic interaction and ion distribution of tetrahedral lattice sites 
and octahedral lattice sites influence the structural and magnetic properties of spinel ferrites [22]. Nickel copper 
ferrites are soft spinel ferrites which are used in multilayer chip inductor applications due to their high electrical 
resistivity, chemical stability and exceptional magnetic properties at high frequencies [23]. This composition is 
represented by the (Fe+3) (Ni+2Fe+3)O4, half of the iron atoms occupy the tetrahedral sites (A) and half of the 
magnetic atoms occupy the octahedral sites (B). In this structure, the tetrahedral site (A site) is entirely occupied by 
Fe3+, even as the octahedral site (B site) is occupied by Fe3+ and Ni2+ions. This illustrates ferrimagnetism at the 
octahedral level as a consequence of antiparallel spins on the tetrahedral site between Fe3+ and Ni2+. This illustrates 
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ferrimagnetism at the octahedral level as a consequence of antiparallel spins on the tetrahedral site between Fe3+ and 
Ni2+. It is well known that the physical properties of the spinel ferrites are very sensitive to the preparation process. 
A key to obtaining good quality ferrite nanoparticles [24] is the selection of an effective synthesis process. For the 
synthesis of nickel copper mixed ferrite nanoparticle, various processes such as chemical co-precipitation, sol-gel, 
ball milling, citrate precursor, mechanochemical, glycine nitrate, adjusted oxidation, hydrothermal, solid state, etc. 
are mentioned in the literature [25-28]. 

Among both of these processes, co-precipitation was favored. This includes the simultaneous precipitation of two 
or more metal salts in a solution, the use of a precipitating agent (or ligand) and the subsequent thermal 
decomposition of the precipitate [29]. Compared to other methods, it provides many advantages, such as better 
distribution of contributors in the generated ferrites, low cost and good control of stoichiometry [30,31]. Several 
studies [32-34] have recorded high replacement rates, with an increase in the Ni content of CuFe2O4 contributing to 
an increase in magnetization. For example, Saleem et al. [33], by co-precipitation technique, prepared Cu1-xNixFe2O4 
nanoparticles to test the absorption properties of electromagnetic (EM) waves. 
 
He confirmed the formation of a single-phase cubic structure and disclosed that the saturation magnetization 
increases with the addition of Ni material. Doha et al. [34] prepared Cu1-xNixFe2O4 nanopowders using the co-
precipitation ultrasonic irradiation technique. CuxNi1-xFe2O4 single-phase nanopowders with grain sizes ranging 
from 20 to 30 nm have been obtained. At x= 0.5, the maximum magnetization saturation value obtained was 73.5 
emu / g. By using the sol-gel auto-combustion process, Azadmanjiri et al. [35] synthesized CuxNi1-xFe2O4 
nanoferrites. 
 
The Cu material has been reported to have a major influence on electromagnetic properties. Roumaih [36] 
synthesized CuxNi1-xFe2O4 using the standard ceramic process. The section pureness of the samples was studied by 
XRD and IR spectroscopy. To study the magnetic properties of CuxNi1-xFe2O4, prepared using the standard ceramic 
process, Msomi and Moyo [37] used Mössbauer spectroscopy and VSM techniques. XRD has confirmed the 
compound's single-phase formation. The coercive area (Hc) was found to increase with the decrease in grain size. 
XRD has reported single-phase formation of the compound. With the reduction in grain size the coercive area (Hc) 
has been found to increase. In our previous studies, we have documented [38] the role of zinc substituted on the 
physical properties of copper ferrites nanoparticles prepared by co-precipitation chemical method. Although a lot of 
work has been done on of CuxNi1-xFe2O4, however, a little work done on in the optical and magnetic properties of 
Cu1-xNixFe2O4 nanoferrites is reported in previous literature.  
 
The present work identifies the preparation of Ni doped copper ferrite nanoparticles with composition Cu1-

xNixFe2O4 (x= 0.2, 0.4, 0.6, 0.8 and 1.0) by using precipitation method. The effect of the replacement of nickel ions 
on the structural, magnetic, and optical properties of nanoparticles of copper ferrite has been studied. 
 
2. Experimental 

 
2.1 Materials and methods  
 
Therefore, Cu1-xNixFe2O4 (0 ≤ x ≤ 1) nanoferrites have been prepared using the precipitation method [38], as 
previously described. Nickel sulfate hexahydrate, NiSO4.6H2O, copper sulfate pentahydrate, CuSO4.5H2O and 
ferrous ammonium sulfate hexahydrate, , (NH4)2Fe(SO4)2.6H2O were sooner or later dissolved in 25 mL of 
deionized water as preferred stoichiometric element amounts. The reaction mixtures were vigorously and 
continuously agitated for 60 min using magnetic stirring. 20 mmol of oxalic acid dissolved in an equal volume of 
deionized water and delivered dropwise for 60 min to metallic salts below magnetic stirring. A precipitate of 
(Cu, Ni, Fe) oxalate is removed, washed with water several times, and dried at 100oC for 24 hours. The yield of the 
pattern was then poured into a mortar and pestle gate using fine powder. The powder was annealed at 500oC for 3 
hours in the muffle furnace to form Cu1-xNixFe2O4.     
 
2.2 Characterization 
 
The X-ray diffractometer (XRD) powder was used to confirm the crystal structure reported at room temperature on 
the X-ray diffractometer XDS 2000, Scintac Inc., USA, fitted with CuK wavelength (λ=1.5Å) radiation. For 
chemical analysis, the Fourier-transform infrared spectroscopy (Frontier Perkin Elmer) spectrophotometer in the 
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400-200 cm-1 frequency range was used to validate the chemical bonds present in the sample. For the determination 
of optical absorption properties and band gap energy, UV-Vis absorption spectroscopy (Hewlett Packard 8453) was 
used. For luminescence tests, a fluorescence spectrophotometer (Perkin- Elmer LS 50B) was used. A Tecnai F300 
transmission electron microscopy (TEM) was used to investigate the morphological studies of prepared 
nanoparticles. Via comprehensive field-dependent magnetization measurements in fields up to 40 KOe on 
(SQUID) Quantum Design MPMS XL-7 magnetometer in RSO mode, magnetisms of synthesized nanoferrites 
were investigated. 
 
3 Results and Discussion 
 
3.1 Structural analysis 
 
XRD patterns of Cu1-xNixFe2O4 are displayed in Fig. 1. The XRD spectra of the samples display diffraction peaks 
(2θ) at angles of 29.8o, 35.46o, 43.74o, 53.86o, 56.78o, and 62.32o may be assigned to the reflections of (220), (311), 
(400), (422), (511) and (440)  planes, respectively. All the XRD peaks located might be traced to cubic spinel lattice 
indicating their single-phase structure without the presence of other impurity phases (e.g. Fe2O3, NiO, CuO etc.). 
Enhancing the Ni content causes the intensity of peaks to decrease as seen more clearly for (311) signals. The 
narrow sharp peaks propose that the Cu1-xNixFe2O4 products are crystalline, suggesting that this method of 
synthesize is used to gain the excessive purity of synthesized nanoferrites 
 
[39–41].  It is found that the peaks of diffraction widened with increased concentration of Ni2+ ions. The Lattice 
constant are calculated according to the subsequent equation: 
 

a
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2
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2

1 
  

 
Where d is the interplanar spacing, (hkl) is the miler indices, and a is the lattice constant. The lattice constant 
decreases from 8.362 to 8.345 Å with increasing Ni concentration as shown in Table 1. The crystallite size is 
likewise calculated from XRD spectra employing the Debye-Scherrer’s Formula. Thus, the sample crystallite sizes 
were determined using the dominant peak (311) to have an average sizes in the range of 20 – 11 nm. The obtained 
values of lattice constant and particle size for the synthesized ferrites are listed in table 1. As can be seen from the 
table both particle size and the lattice decrease with an increase in Ni2+. It is observed that the unit cell parameters 
of the Ni substituted Cu ferrite decrease linearly with increasing concentration of Ni2+ ions in the composition, in 
accordance with the law of Vegard [42]. Fig. 2 displays the variation of the mean crystallite size and lattice parameter 
with nickel content. The average crystallite size is reduced by increasing the Ni ions in the copper nanoferrites. This 
lower in Lattice parameter is due to the smaller ionic radii of the Ni2+ ion (0.69 Å) as compared to the Cu2+ ion 
(0.73 Å) [43]. This result is trust the ones stated previously [44].  

3.2 FT-IR analysis 
 
Two sub-lattices consist of the ideal spinel structure, namely tetrahedral sites (A) and octahedral sites (A) (B). In A 
and B positions, different charge combinations of metal cations are spread. The magnetic properties of spinel ferrite 
are, therefore, largely determined by the class of metal ions and the distribution of cations between the A and B 
sites. In Cu1-xNixFe2O4 nanofibers, the magnetic properties of samples will be influenced by the substitution of Cu2+ 
ions with Ni2+ ions at B sites. FT-IR spectra are typically assigned to crystal lattice ion vibration, which can be used 
to validate the spinel structure positions of Ni2+, Cu2+, and Fe3+ ions.       
  
Fig. 3 displays the FTIR spectra of Cu1-xNixFe2O4 (x= 0.0, 0.2, 0.6 and 1.0) within the range 400-3000 cm-1. The 
infrared transmittance spectra of the prepared samples have been investigated to draw information about the 
structure and types of bonds present in the sample. In mixed ferrites, two essential broad metal-oxygen bands are 
found in the FTIR spectra and are called as tetrahedral (A-site) and octahedral (B-site). The highest band v1 refers to 
the intrinsic stretching vibrations of the metal and oxygen atoms at the tetrahedral site (Mtetra- O) and is usually 
observed in the range of 542 to 555 cm-1. While the lowest band v2 corresponds to the stretching vibrations of the 
metal at the octahedral site (Mocta - O) [45] and is normally located in the range 454 - 470 cm-1. It is observed that 
ν1 and ν2 band shifts towards the higher frequencies with in Ni2+ ion concentration. Then the octahedral sites are 
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fully occupied by nickel ions and with increasing content of Ni2+ ions, the Fe3+ are forced at tetrahedral sites to 
replace copper ions.  
 
Our FTIR spectra is in a good agreement with those obtained in previous literatures [23,50]. The difference in the 
location of the ν1 and ν2 bands can be related to the difference in Fe3+- O2 bond lengths at A sites and B sites. It was 
found that the Fe-O distance at the A sites (1.89 Å) was found to be lower than that at the B sites (2.03 Å) [24,46]. 
As Cu2+  ions are replaced by Ni2+ ions, some Fe3+ ions move from A sites to B sites due to charge imbalance, 
increasing the Fe3+- O2 stretching vibration.  
 
3.3 Transmission electron microscopy (TEM) studies 
 
Fig. 4 and Fig. 5 shows the morphology and histrograms of the Cu1-xNixFe2O4 system (x= 0.2, 0.4, 0.6, 0.8 and 1.0). 
TEM images of Cu-Ni samples (Fig. 4(a – f)) show that all samples in agglomeration display as spherical shaped 
particles.  Fig. 5A shows that CuFe2O4 nanoparticles are pure, and Fig. 4(b – f) shows the images of the 
homogeneous and agglomerated Cu-Ni.nanoferrires. Due to the magnetic interactions among the particles, 
nanoparticles are agglomerated [47]. Fig. 5(a-f) display the histograms of the samples and their average particle size 
ranging from 24 to 11.5 nm for Ni-doped CuFe2O4 samples. Fig. 5 shows that the size of nanoparticles of Cu1-

xNixFe2O4 decreases when the concentration of nickel is increased. The sizes correspond well with crystallite sizes 
obtained from XRD data.         
 
3.4 Energy dispersive X-ray spectroscopy (EDX) analysis 
 
EDX analysis is employed for the chemical analysis of (x= 0.2, 0.4, 0.6, 0.8 and 1.0) nanoparticles and is viewed in 
Fig. 6(a-e). Fig. 6a shows the peaks of the elements Fe, Cu and O in pure CuFe2O4.  Fig. 6(b–e), displays the peaks 
of Fe, Cu, Ni and O elements for Ni-doped CuFe2O4 samples. EDX results match perfectly with XRD data. The 
experimental conditions completely favor the formation of mixed ferrite. The findings support the formation of 
CuFe2O4 and Ni-doped CuFe2O4 impurities. 
 
3.5 UV-Vis absorption studies

 

The UV-Vis optical spectrums of Cu1-xNixFe2O4 nanoferrites recorded in the wavelength range 240 nm -700 nm are 
shown in Fig. 7. The absorption band is moved to shorter wavelength when Ni is substituted in copper ferrites, 
suggesting an increase in band gap energy as shown in Fig. 7. In order to determine the value of  the optical band 
gap of  the synthesized Cu1-xNixFe2O4 ferrite nanoparticles, fundamental absorption, which corresponds to electron 
excitation from the valance band to conduction band, may be used. The optical band gap energy (Eg) for prepared 
samples was calculated from the extrapolation of  linear part of  Tauc's relation is given [48] as: 
 

        )(
g

EhAh                                        (2) 

where α, h, ν, Eg, and A are the absorption coefficient, Plank's constant, light frequency, band gap, and 
proportionality constant, respectively. For the estimation of Eg for direct electronic transition in Cu1-xNixFe2O4 
nanoferrites, (αhν)2 is plotted as a function of energy (hν) in Fig. 8. The determined values of Cu1-xNixFe2O4 band 
gap ranged from 3.32 to 3.62 eV. Copper ferrite has a band gap value of 3.32 eV, and nickel ferrite is 3.62 eV. This 
can be demonstrated using the effective mass model of the Bras [49], which allows the measured band gap to 
express an inverse function of particle size. The band gap energy in these samples increases with increased 
concentration of Ni2+. Raji et al. [50], Wang et al. [51], Chen et al. [52] and Hossain et al. [53] observed the same 
effect. Multiple parameters such as impurities, carrier concentrations, crystallite thickness, and lattice strain can lead 
to an increase in the optical band gap by injecting Ni2+ ions into CuFe2O4 ferrites. In this case, variations in the 
optical band gap are caused by the sp-d interaction between the CuFe2O4 and the band electrons and the located d 
electrons of divalent nickel ions [54–58]. 
 
3.6 Magnetic Measurements 
 
The replacement of Cu2+ by Ni2+ was chosen because magnetic nickel ions inside the spinel structure tend to 
occupy the octahedral B site [59]. The mentioned nickel-copper ferrite studies have proven that Ni2+ ions are placed 
only in the octahedral region, while Cu2+ ions that occupy both A and B sites. It is well-known that magnetic 
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interactions and distribution of cations in the tetrahedral and octahedral sites affect the structural and magnetic 
properties of spinel ferrites [60]. In the present study, the hysteresis loops of Cu1-xNixFe2O4 (x= 0.0, 0.2, 0.4, 0.6, 
0.8, and 1.0) are measured using SQUID at room temperature. The magnetic hysteresis loops of the nanoferrites are 
displayed in Fig. 9. The hysteresis loops show the features of soft magnetic materials. The various parameters such 
as saturation magnetization (Ms), remanent (Mr), coercivity (Hc), (Mr / Ms) and magnetic moment (μB) were 
tabulated in Table 2. It referred to that the rise in Ni2+ concentration results in a rise in Ms and a decrease in Hc, 
which is due to the ferrite cation distribution (see Fig. 10). It is noted that with an increase in nickel substitution, Ms 
and Mr are increasing. As seen in Table 2, the Ms increases from 20.35 to 54.3 emug-1 as x rises from 0 to 1.0 (see 
Figure 10). The rise in saturation magnetization has been due to Ni2+ ions having a greater magnetic content (2.3 
μB) than Cu2+ ions (1 μB) [61]. Therefore, the magnetic moment in the B-sub lattice was sequentially increased with 
an increase in nickel doping resulting in an overall increasing in the magnetic moment of the Ni2+ ion doping 
samples. The increase in Ms with Ni2+ content can be clarified by the possible replacement of Cu2+ by Ni2+ at the 
tetrahedral sites. These found trends in the variant of Ms can be justified by means of Neel's two sub-lattice 
magnetization model [62,63]. This model is based on, magnetization (in µB) is given by means of M(µB) = MB - MA, 
where MA and MB are the net magnetic moments of A (tetrahedral) and B (octahedral) sites, respectively. The 
introduction of Ni2+ ions at A-site causes Fe3+ ions to move from A to B site, thereby increasing the concentration 
of Fe3+ ions at B-sites, which in turn increases the magnetic moment of B site. This results in an increase in the 
number of spins on B site, resulting in an increase in net magnetization [64]. However, the super-exchange 
interaction between A and B sites increases with increasing Ni2+ content. The heavy interaction of exchange 
between sites A and B can be due to an increase in saturation magnetization [63]. Therefore, the increase trend in 
saturation magnetization and magnetic moment is agreed with that of a predicted increase in Cu1-xNixFe2O4 

nanoferrites [33]. In order to calculate the magnetic moment (μB) in Bohr, the following relationship is calculated 
[65] and represented in Table 2. 
 

5585

s

B

MM 
                                                  (4) 

 
Where 'M' denotes molecular weight and 'Ms' denotes saturation magnetization. The rise in values arising from the 
strong super-exchange interactions between the various sites contributed to an increase in the values. In our case, 

B
  was observed to increase with increasing Ni2 content, as well as the saturation magnetization (see Fig. 11). 

Moreover, with an increase in Ni content, the ratio between Mr and Ms (Mr / Ms) decreased too. Table 2 displays 
the values of 
 Mr / Ms for ferrites Cu1-xNixFe2O4 ranging from 0.36 to 0.024. Such values are less than the predicted standard 
value of "1.0" for ferromagnetic samples of single domain. The observed deviation from unity (1) could be due to 
interactions between the grains caused by the distribution of grain size in the material [66-68]. 
 
4 CONCLUSIONS  

Cu1-xNixFe2O4 nanoferrites were prepared by using a co-precipitation method to investigate the role of nickel 
substitution in sterilization the physical properties of copper ferrites. Variability of nickel substitution has a valuable 
effect on the optical properties, grain size, and magnetics. X-ray diffraction and the Fourier transform infrared 
(FTIR) analysis confirmed a single-phase cubic spinel structure. However, lattice constant decreases with increasing 
in nickel concentration due to the substitution of Ni2+ of smaller cation radius, though particle size varies in 
significantly. When the concentration of Ni increased, the size of the nanoparticles decreased from around 20 to 
around 11 nm. The band gap energy of nanoferrites increases from 3.32 to 3.62 eV with the increase of Ni2+ ion. 
Saturation magnetization and remanent magnetization are gradually increases when Ni2+ substitutes Cu2+. The 
results obtained for the modification and the tunable magnetic properties of synthesized nanoparticles can be 
suggested for future applications. 
 
Figure Captions: 
 
Fig. 1. XRD analysis of  Cu1-xNixFe2O4 nanoferrites. 
Fig. 2. Variation of average particle size and Lattice parameter as a function of Ni content. 
Fig. 3. FT-IR spectra of Cu1-xNixFe2O4 (a) x = 0.0, (b) x = 0.2, (c) x=0.6 and (d) x=1.0 
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Fig. 4. TEM micrographs of Cu1-xNixFe2O4 (a) x= 0.0, (b) x= 0.2, (c) x= 0.6 and (d) x= 0.8 and (e) x= 1.0.  
Fig.5. Histograms of Cu1-xNixFe2O4 (a) x= 0.0, (b) x= 0.2, (c) x= 0.6 and (d) x= 0.8 and (e) x= 1.0.  
Fig. 6.  EDX spectrum of  Cu1-xNixFe2O4 (a) x = 0.0, (b) x = 0.2, (c) x = 0.4, (d) x= 0.6 and (e) x =  0.8. 
Fig. 7. UV-vis. spectra of Cu1-xNixFe2O4 (x= 0.0, 0.2, 0.4, 0.6, 0.8 and 1) system. 
Fig. 8. Energy gap spectra of  Cu1-xNixFe2O4 nanoferrite. 
Fig. 9 Magnetic hysteresis loops of  Cu1-xNixFe2O4 (x = 0.0, 0.2, 0.4, 0.6 and 0.8) system. 
Fig. 10. Saturation magnetization Ms and coercivity Hc versus copper content x in 
           Cu1-xNixFe2O4. 
Fig. 11. Mr versus copper content x in Cu1-xNixFe2O4. 
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Table 1. Lattice constant and particle size of Cu1-xNixFe2O4 . 

 

 
Composition                      0.0                0.2               0.4            0.6              0.8                  1.0 

 

Lattice constant (Ǻ)        8.362 8.359 8.357 3.352 8.349             8.342 

Particle size (nm) 20 18.4 16.7 14.5 13.2                11 

 

Table 2. The values of magnetic parameters, Ms, Mr, Hc, Mr/Ms and ηB of  Cu1-xNixFe2O4 

nanoparticles at x= 0, 0.2, 0.4, 0.6, 0.8, and 1.0 

X Saturation magnetization 

Ms  (emu/g) 

Remanent magnetization 

Mr (emu/g) 

Coercivity 

Hc (Oe) 
Mr/Ms Magnetic moment ηB 

(μB) 

0 20.35 7.26 1330 0.36 0.872 

0.2 26.6 8.8 1136 0.48 1.14 

0.4 34.8 12.5 730 0.45 1.5 

0.6 40.2 13.3 700 0.25 1.72 

0.8 45.7 14.8 576 0.18 1.96 

1.0 54.3 17.05 456 0.024 2.11 
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Fig. 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 
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            Fig.4 (a-f) 
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  Fig. 5 (a-f) 
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  Fig. 6 (a-e) 
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      Fig. 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 
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Fig. 9 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 
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Fig. 11 
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