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Abstract  

In this work, the impact of nonstoichiometric substitution of Fe3+ cations by Ni2+ ones on the structural 

and magnetic properties of Co0.5Ni0.5+xFe2xO4 (0.0 ≤ x ≤ 0.4) nanoferrites synthesized by citric 

autocombustion method. The cubic phase purity for sintered samples were verified by XRD patterns and 

FTIR spectra. The crystallite size and microstrain were deduced using Williamson-Hall method. The 

estimated crystallite size ranges from 55 to 89 nm in agreement with TEM microimages. Hysteresis loops 

traced using VSM prevailed a regular reduction of saturation magnetization with Ni substitution. Relied 

on the experimental data of XRD, FTIR, and VSM, cation distribution has been suggested, according to 

which the nonstoichiometric substitution was compensated by the appearance of higher valance states of 

Fe, Ni, and Co cations. The suggested cation distribution successfully explained the recorded data of lattice 

parameter, crystallite size, IR frequencies, magnetization and coercivity. 

Keywords:  nanoferrites; nonstoichiometry; autocombustion; IR; magnetic properties; cation distribution. 

 

 

  

.  

mailto:a_m_wahba@yahoo.co.uk
mailto:adel.mousa@f-eng.tanta.edu.eg


1. Introduction        

For decades, nanoferrites have been the subject of great interest due to their distinct optical, structural, 

mechanical and magnetic properties in addition to high chemical and thermal stabilities. Such unique 

characteristics have launched those materials as a superior choice in many applications including 

hyperthermia [1], sensors [2], catalysis [3], magnetic resonance imaging [4], high density data-storage 

[5], rechargeable battery [6] and drug delivery [7]. The preparation method has its significant effect on 

the structural and magnetic properties of nanoferrites [8]. Several methods have been reported for 

synthesizing nanosized materials such as sol–gel autocombustion [9], chemical co-precipitation [10], 

hydrothermal [11] and microwave combustion [12]. Among those, citrate autocombustion method is 

considered as a superior choice for its atomic-scale composition control and capability to produce nano-

particles at low sintering temperatures. In many cases, further heat treatment is not necessary [13]. 

Spinel nanoferrites are denoted by the chemical formula MB2O4 where M represents a divalent 

cation or a combination of more, such as Co, Ni, Zn …etc. For ferrites, the trivalent element B is Fe with 

(or without) one of the substituents Cr, Al, … etc. [13].  When the ionic radii of the constituting cations 

are comparable, cubic spinel ferrites is formed; if not, less symmetric ferrites are encountered, such as 

hexagonal SrFe2O4 [14] and orthorhombic BaFe2O4 [15]. The unit cell of cubic spinels consists of eight 

formula units (octants) with 32 oxygen atoms residing at the vertices of a face-centered lattice. The 

metallic cations occupy the tetrahedral (A) and the octahedral (B) sites. Among the 64 available tetrahedral 

sites, only 8 occupy by the metallic cations, while the other cations reside at half of the 32 octahedral sites. 

For normal spinels, such as ZnFe2O4, B sites are occupied only by trivalent cations and divalent ones 

occupy A sites. For inverse spinels, as NiFe2O4, trivalent cations divided equally between A and B sites 

and the divalent ones reside at the remaining B sites. Such perfect normal or inverse spinels are usually 



reported for bulk ferrites. Upon merging into the nanoscale regime, significant deviations are encountered 

concerning the preferred occupancy of cations such as Zn and Ni [16]. 

Structural and magnetic properties of spinel ferrites are strongly dependent on the cations’ 

occupancy along the A and B sites [17], which is affected by the method of preparation, sintering 

conditions, chemical composition and types of substitutions. As an illustration, the magnetic behavior of 

a spinel ferrite is correlated with the AB superexchange interactions between the spins of magnetic 

cations and their distribution in the octahedral and tetrahedral sites [18]. Superexchange interactions are 

responsible for the ferrimagnetic behavior of spinel ferrites according to the two sub-lattice model [19], 

where the magnetic spins of the cations at the tetrahedral sites align antiparallelly to those at the octahedral 

ones. For a stoichiometric ferrite, the positive charge of cations balances with that of oxygen anions, while 

nonstoichiometry has been intendedly introduced aiming to both analyze and improve their magnetic [20, 

21], electrical [22] and optical properties [23]. 

Nickel ferrite is distinguished by its moderate magnetization, low coercivity, high resistivity, and is 

thus classified as soft magnetic and low electrical-loss material [24, 25] and thus used as gas sensors, 

catalysts, and ferrofluid. On the other hand, hard ferrimagnetic cobalt ferrite is characterized by its 

relatively high magnetization, lower resistivity, excellent chemical stability, mechanical hardness, and 

high coercivity, and thus suitable for high-density magnetic recording applications [26]. In fact, the 

presence of Co2+ ions in the octahedral sites is the origin of the distinct magnetocrystalline anisotropy for 

CoFe2O4 [27]. Other cations such as Fe2+ and Ni3+ play the same role as Co2+ when reside at B site [27]. 

Beside possessing low magnetocrystalline anisotropy, Ni+2 prefers B-site occupancy more than Co2+. 

Consequently, when content of Ni2+ increases in a nanoferrite, some of Co2+ ions are forced to migrate 

from B to A sites providing an effective way to moderate the anisotropy of CoFe2O4. Thus, nickel cobalt 



ferrites exhibit high saturation magnetization combined with moderate coercivity [2832], which is really 

beneficial in many potential applications.  

In this work, we have investigated the effect of the nonstoichiometric substitution of Fe3+ by Ni2+ 

on the structural and magnetic properties of Co0.5Ni0.5+xFe2xO4 (0.0 ≤ x ≤ 0.4) nanoferrites synthesized by 

autocombustion method. Structural characteristics from X-ray, FTIR spectra and TEM imaging, and 

magnetic properties from VSM hysteresis loops have been analyzed. Although the ionic radius of Ni+2 

cation is relatively large compared to that of Fe3+, the lattice parameter did not show a regular increase 

with x. In addition, both coercivity and crystallite size behaved nonmonotonically with Ni substitution. To 

explain such anomalous behaviors, the cation distribution of each single-phase sintered sample has been 

proposed on the basis of the experimental parameters of lattice parameter, vibrational IR frequencies and 

magnetization. The matching of such cation distribution with the behavior of the structural and magnetic 

properties has been analyzed in detail.  

2. Experimental    

Nano-sized Co0.5Ni0.5+xFe2xO4 (0.0 ≤ x ≤ 0.4) were prepared by citrate autocombustion method using citric 

acid as a fuel. Estimated amounts of cobalt nitrate Co(NO3)2.6H2O, nickel nitrate Ni(NO3)2.6H2O and iron 

nitrate Fe(NO3)3.9H2O ( purchased from Merck), in additional to anhydrous citric acid C6H8O7 were used 

as starting materials. Citric to metal ratio was chosen to be 1:1 for the whole samples. The metal nitrates 

act as oxidants, while citric acid acts as a fuel. Appropriate amounts of the metal salts were dissolved in 

minimum amounts of deionized water and metal solutions were mixed together using a magnetic stirrer. 

Citric-acid solution was then added, and ammonium hydroxide solution was added drop by drop to adjust 

the pH number from 1 to 7, followed by further stirring for one hour. The mixture temperature was then 

raised to 90 C to evaporate water, after which autocombustion started and spread along the whole 



brownish viscous gel converting it to a fluffy ashlike powder. After grinding in a mortar agate, a part of 

the powder for each sample was calcined at 600 C for 2 h in a muffle furnace with a heating rate of 5 

C/min, and then left to cool down to room temperature. The Phase purity of both as prepared (Ap) and 

sintered samples was examined by X-ray diffraction at room temperature using Philips diffractometer 

(X’pert MPD) with a goniometer using Cu-Kα radiation (λ = 1.54056 nm). The range of the angle 2𝜃 

was chosen along 15 – 80 with a step of 0.03 and step time 1.5 s. In terms of the plane-spacing (d) and 

Miller indices (h, k, l), the lattice parameter (a) has been estimated for each diffraction peak using 𝑎 =𝑑√ℎ2 + 𝑘2 + 𝑙2. The XRD density (𝜌XRD) was estimated for each sample using the relation [33] 𝜌XRD =8𝑀w/(𝑁A𝑎3), where the factor 8 denotes the number of chemical formulas per unit cell, 𝑀w is the 

molecular weight, 𝑁A is Avogadro’s number and 𝑎3 is the unit-cell volume. The crystallite size of each 

sintered sample was obtained using Williamson–Hall method that assumes a uniform and isotropic strain. 

In that method, plots were drawn according to the equation [34]: 𝛽ℎ𝑘𝑙 cos 𝜃ℎ𝑘𝑙 = 4ɛ sin 𝜃ℎ𝑘𝑙 + 𝐾λ/𝐷, 

where 2𝜃 is the Bragg diffraction angle at the diffraction plane (hkl) with 𝑑ℎ𝑘𝑙 spacing, 𝛽ℎ𝑘𝑙 is the full-

width half-maximum (FWHM) of the corresponding XRD peak, and the value of the constant 𝐾 is taken 

as 0.9 frequently used for ferrites particles. The crystallite size is deduced from the y-intercept of the 

straight line that fits the data of 𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙 versus 4ɛ sin 𝜃ℎ𝑘𝑙 , while the slope is used to determine the 

microstrain (ɛ). 

Fourier-transform infrared (FTIR) spectra (Bruker Tensor 27 FTIR Spectrometer) were recorded at 

room temperature in the range of 200 1000 cm1 to confirm the standard vibrational bands corresponding 

to the spinel structure and to analyze variations in the vibrational frequency with nickel substitution. Such 

variations are usually quite helpful when suggesting the cation distribution. The morphology, size and 

shape of the studied samples were investigated through images recorded by transmission electron 

microscopy (TEM, JEOL JEM-1200EXII) with an accelerating voltage up to 120 kV. The magnetic 



characteristics of each sample including saturation magnetization, coercivity, and remanent field were 

acquired using M-H hysteresis loops traced via vibrating sample magnetometry (VSM model 9600) with 

an applied magnetic field that extends up to 20 kOe.  

3. Results and discussion  

3.1. Structural Properties 

The XRD pattern of Ap Co0.5Ni0.9Fe1.6O4 sample (0.4Ap) and those of Co0.5Ni0.5+xFe2xO4 (x = 0.0 – 0.4, 

step 0.1) ones sintered at 600 C for 2 h are illustrated in Fig. 1. Cubic phase formation has been confirmed 

for all samples as indicated by peaks corresponding to the diffraction planes (111), (220), (311), (222), 

(400), (422), (511), (440), (620), (533) and (622) indexed for the cubic phase of spinel ferrites [JCPDS 

cards: 22-1086 for CoFe2O4 and 03-0875 for NiFe2O4]. Meanwhile, minute traces of impurity phases were 

observed for Ap samples; definitely hexagonal hematite [35, 36] and cubic Ni-element phases [37, 38]. 

Such phases and their relative concentrations are clarified in Fig. 1 for 0.4Ap sample with highest degree 

of nonstoichiometry. In addition, the presence of NiO cubic phase in Ap samples should not be excluded 

as its XRD peaks are quite coincident with those of cubic spinel ferrites [39]. Actually, NiO and Fe2O3 

could be regarded as intermediate phases before the formation of the cubic nanoferrites. Upon sintering 

process, the impurity phases almost disappeared in all sintered samples [40] as exhibited in Fig. 1. The 

recorded XRD data have been used to get the lattice parameter (a) along with XRD density (XRD). Values 

of a and are listed in Table 1 for sintered Co0.5Ni0.5+xFe2xO4 samples. As expected, XRD increases 

monotonically with the nickel substitution as the effect of molecular weight dominates.  

The lattice parameter is expected to have a monotonic increase with nickel substitution because the 

ionic radius of Ni2+ cation for either A or B site (0.55 and 0.69 Å, respectively) is larger than that of Fe3+ 

(0.49 and 0.645 Å). However, the lattice parameter generally decreased with the doped nickel substitution 

(x) as shown in Fig. 2. Worth to mention is that the 2 positions of the (311) diffraction planes (see right 



part of Fig. 1) agree with the variation of a with x. Such variation can be explained as follows. The 

nonstoichiometric substitution of Fe3+ by Ni2+ is most likely to be compensated by the oxidation of the 

involved cations (Co2+, Ni2+, and Fe3+) to higher valance states to recover charge neutrality [41]. 

Concentration of such higher-valence cations further increased after the sintering process that provides 

extra oxidation energy. Higher valence cation has smaller ionic radii and reduction of lattice parameter is 

thereby expected. In Fig. 1, comparing the 2  position of (311) plane for 0.4 and 0.4Ap samples confirms 

lattice parameter reduction with sintering process.  

The plots corresponding to Williamson-Hall method used to obtain crystallite size and microstrain 

are shown in Fig. 3 along with the corresponding R2 values. Values of the crystallite size and the 

microstrain estimated from Williamson-Hall method for sintered sample are listed in Table 1. The 

estimated microstrain of the sintered samples almost behaves in the same manner as that of the crystallite 

size, which indicates the dominating effect of grain boundaries density over that of the crystallite growth. 

Besides removing the secondary phases observed in Ap samples, the sintering process improves samples 

crystallinity, enhances nanocrystals growth, and reduces structural defects. As indicated in Fig. 2 and 

Table 1, the crystallite size of the sintered samples mostly reduced with increasing Ni2+ substitution. As 

will be discussed later, the crystallite growth is affected by the relative distribution of Fe3+ cations along 

the octahedral and tetrahedral sublattices. Since Ni2+ has a stronger preference to occupy B site than Co2+, 

cobalt-nickel ferrites often decrease in size with increasing Ni/Co ratio [36] that reduces Fe3+ occupation 

in B site. In addition, the accumulation of Ni2+ ions on the grain boundary during the sintering process 

could hinder the grain growth [31]. This will be discussed in detail when considering cation distribution 

of the investigated sintered samples.  

FTIR spectra of Co0.5Ni0.5+xFe2xO4 sintered samples are shown in Fig. 4a. Generally, IR spectra are 

usually used to confirm the cubic spinel structure of the investigated samples through the two main 



vibrational bands corresponding to tetrahedral and octahedral sublattices. In addition, tracing the variation 

in the vibrational frequencies of those bands provide reasonable visualization when suggesting the cation 

distribution. As illustrated in Table 1, the higher-absorption band ν1 appeared in the frequency range from 

576.9 to 580.3 cm1 and corresponds to the stretching vibrations of the Fe3+O bonds at the tetrahedral 

site. The lower-frequency band ν2 with the range of 378.2 to 392.2 cm1 is attributed to the bending Fe3+O 

vibrations in the octahedral site. The open circle elucidated in Fig. 4a at around 470 cm1 for sample with 

x  0 indicates the presence of Fe2+ cation [13, 42]. To explain the effect of the sintering process, Fig. 4b 

shows the IR spectra for both Ap and sintered samples with x  0.2, which shows the sharpening of Fe3+O 

bands in both sublattice sites as a result of the significant improvement of crystallization upon sintering. 

Remarkably, the tetrahedral absorption band ν1 remarkably shifts from 538 to 577 cm1 upon sintering, 

while the octahedral band is slightly decreased (dashed lines in Fig. 4b). This shift in ν1 reflects a 

noticeable shrinkage of the tetrahedral sublattice size. Sintering process facilitates Ni2+ and Fe3+ cations 

(from impurity phases) to be inserted in the cubic structure. Preference of Ni cations to occupy the B site 

enforces Fe3+ cations to migrate to A site, which explains the recorded remarkable shift of ν1.   

Interestingly, the octahedral absorption band ν2 shifts toward higher frequencies with increasing the 

nickel content as indicated in Table 1. In fact, ν2 is expected to decrease with Ni2+ due to its larger ionic 

radius (relative to Fe3+) beside its high tendency to occupy B site. As mentioned before, the 

nonstoichiometric Fe3+Ni2+ substitution enhanced the formation of higher valence states of the involved 

cations, which is more confirmed by the weak absorption bands (3  6) observed in Fig. 4 at relatively 

high frequencies [43]. Such high-frequency bands were even observed for the stoichiometric sample (x  

0) due to the presence of Fe2+ cations. Besides the induced nonstoichiometry, the sintering process 

enhanced the formation of such higher valance states [4446], which is more confirmed by comparing the 

two insets of Figs. 4a and b. The insets illustrate the high-frequency bands for Ap and sintered samples 



with x  0.2, respectively. Indeed, the sharpness of such bands increased upon the sintering process 

excluding the role of any organic residuals [47]. In fact, the characteristics bands corresponding to organic 

groups are observed at higher frequencies [48], while vibrations assigned to the IR absorption bands in 

the crystal lattice are typically located in the range of 100 1000 cm−1 [49, 50]. The four weak bands have 

been explained as follows. Bands ν3 and ν4 at ~820 cm−1
 and 865 cm−1 correspond to Fe4+ [51, 52] and Ni3+ 

[53, 44] bonds, respectively. The absorption bands ν5 and ν6 at 950 and 980 cm1 probably originate from 

Ni4+ and Co4+oxygen bonds. Such two cations have been reported in several nonstoichiometric ferrites 

[54, 55]. Regarding the insets of Figs. 5a and b, the two bands corresponding to Ni4+ and Co4+ cations are 

distinguished for AP sample, while overlapping for the sintered one due to the increase in concentration. 

Similar high-frequency bands were recorded with no explanation for Ni-Co ferrites [31, 56]. The cation 

Co4+ occupy tetrahedral site, while Fe4+, Ni3+, and Ni4+ occupy octahedral states. This explains the slight 

reduction in the octahedral sublattice size with x despite the increase of larger Ni2+ content. It further 

explains the general reduction of the lattice parameter with Fe3+Ni2+ substitution.  

TEM images have been used to assess the average particle size and size distribution of the investigated 

nanoferrites, and also to give a better view of the particles’ morphology and shape. The nanosized scale 

of the investigated sample was confirmed using the TEM microimage taken for the highly 

nonstoichiometric sintered sample with x = 0.4, as shown at Fig. 5. The average crystallite size obtained 

from TEM image matches well with that estimated from XRD data (Table 1).  The nano-particles generally 

exhibit an almost deformed cubic shape, as indicated by the arrows in Fig. 5. In addition, the strong 

tendency for agglomeration is attributed to the magnetic interactions and/ or their small size. The relatively 

wide range of the particles size in the sample is considered as a drawback of the autocombustion 

preparation method. 



3.2. Magnetic properties  

The magnetic characterization for Co0.5Ni0.5+xFe2xO4 (0 ≤ x ≤ 0.4) samples sintered at 600 C has been 

investigated by tracing M–H hysteresis loops at room temperature, as shown in Fig. 6, with an applied 

field extending to 2 T. Figure 6 also shows the hysteresis loop for Ap sample with x  0.2 (0.2Ap) for 

comparison. Hysteresis loops were used to deduce the magnetic parameters for the investigated samples 

including the magnetization at an applied magnetic field of 20 kOe (𝑀20), the saturation magnetization 

(𝑀s), remanence (𝑀r) the coercive field (𝐻c), and squareness ratio (𝑆𝑄 = 𝑀r/ 𝑀s). The saturation 

magnetization (𝑀s) was obtained using the interpolation of M vs. 1/H curves as H approaches infinity 

[57]. Values of the above magnetic parameters are listed in Table 2. The comparatively small deviations 

of 𝑀20 from 𝑀s values suggest that the investigated samples were quite close to saturation within the 

range of the applied field.  Moreover, SQ values for all sintered samples are close to the 0.5-value 

corresponding to the single-domain ferrimagnetic particles [58].  

Considering the sintered samples,  𝑀s decreases almost linearly with increasing nickel substitution, 

as indicated in Fig .7, which is quite expected due to the substitution of Fe3+ with higher magnetic moment 

(5𝜇B) by Ni2+ (2𝜇B). Moreover, both the appearance of higher-valence less-magnetic cations and the 

partial migration of the remaining Fe3+ cations to A site also suppress 𝑀s values. The coercivity of sintered 

samples varies inversely with the crystallite size for x ≥ 0.2 (see Figs. 2 and 7). For x ≤ 0.1, a different 

parameter, the cation distribution, dominates the coercivity behavior. In fact, the crystallite size and the 

cation distribution both affect the coercivity behaviour as will be discussed in detail when considering the 

cation distribution of the sintered samples. 

The effect of the sintering process could be inferred by comparing the values of 𝑀s, 𝐻c, and SQ for 

Ap and sintered samples with x  0.2 (Table 2 and Fig. 6). Sintering process suppressed the whole 

magnetic parameters of the samples, which could be attributed to three possible reasons: (1) the formation 



of higher-valence less-magnetic cations to recover the stoichiometry; (2) cation redistribution, which 

could be correlated with the IR spectra (insets of Fig. 4); and (3) the increase in the crystallite size above 

the critical size, which is reflected in the significant reduction in coercivity. Despite the increase of the 

crystallite size upon sintering, reasons 1 and 2 explain the recorded reduction of 𝑀s. 

3.3. Proposed Cation Distribution 

The cation distribution has been proposed for the sintered samples according to the experimental data 

including the lattice parameter estimated from XRD data, vibrational frequencies obtained from IR 

spectra, and the saturation magnetization from M–H loops. The experimental values of the magnetic 

moment per formula unit for each sintered sample, 𝑛exp (listed in Table 2) were estimated from the values 

of 𝑀s according to the relation [33]: 𝑛exp =  𝑀w × 𝑀s/ 5585  where 𝑀w is the molecular weight of each 

composition and 𝑀s is the saturation magnetization (Table 2). Generally, the magnetic moments for the 

cations at A and B sites in spinel ferrites are antiparallel to each other and according to Néel model, the 

overall magnetization is estimated as 𝑛Néel = 𝑀B − 𝑀A [28], where 𝑀A and 𝑀B are the sum of the 

magnetic moments of the involved cations at tetrahedral and octahedral sublattices, respectively. For 

nanosized ferrites, sample magnetization is properly assumed to follow the Yafet–Kittel model, for which 

the octahedral magnetic spins are divided into two components canted at an angle ± 𝜃𝑐. For such a case, 

the theoretical magnetic moment per formula unit is estimated as 𝑛𝑌−𝐾 = 𝑀B cos 𝜃c − 𝑀A  [28]. For the 

Néel model, the canting angle is zero. The sublattice magnetic moments  𝑀A and 𝑀B are obtained from 

the suggested cation distribution as follow: 𝑀𝑖 = ∑ 𝑐⍺ 𝜇⍺ , where 𝑐⍺  is the concentration of the cation α 

which has magnetic moment 𝜇⍺ in the site 𝑖. In this work, the magnetic moment for the involved cations 

in terms of the Bohr magneton (𝜇B) are: 2 for Ni2+, 3 for Ni3+and Co2+, 4 for Fe2+ and Fe4+, 5 for Fe3+, and 

0 for Ni4+. The cation distribution, illustrated in Table 3, has been suggested in such a way that the 

variation of  𝑛Néel with nickel substitution (x) matches that of 𝑛exp. In Table 3, the parentheses and the 



square brackets represent tetrahedral and octahedral sublattices, respectively. The canting angles were 

evaluated by equating 𝑛Y−K with 𝑛exp using values of  𝑀A and  𝑀B estimated from the cation distribution 

(see Table 2).  

On the basis of the proposed cation distribution, the sublattice radii 𝑟A and 𝑟B of the tetrahedral and 

octahedral sites, respectively have been estimated using the formula [33]: 𝑟A = ∑ ⍺𝑖𝑟𝑖𝑖  & 𝑟B = 12  ∑ ⍺𝑖𝑟𝑖𝑖  , 

where ⍺𝑖 is the concentration of the cation 𝑖 with ionic radius 𝑟𝑖 at the corresponding site. Values used for 𝑟𝑖  are: Co+2 (0.58 and 0.745 Å for A- and B-site, respectively), Ni2+(0.55 and 0.69 Å), Fe3+(0.49 and 0.645 

Å), CoA4+ (0.40 Å), NiB3+ (0.56 Å), NiB4+ (0.48 Å), FeB2+ (0.78Å) and FeB4+ (0.585 Å). The theoretical lattice 

parameter for each sample was then calculated according to the relation [33]: 𝑎th = (8/3√3)[(𝑟A + 𝑅o) +√3(𝑟B + 𝑅o)], where 𝑅ois the ionic radius of oxygen anion.  

To ensure its validity, theoretical parameters deduced from the proposed cation distribution should 

agree with the available experimental data. Firstly, when proposing the cation distribution, the 

mismatching between 𝑎th and 𝑎exp was restricted to be less than 104 Å. considering VSM data, the 

variation of the magnetic moment per formula unit 𝑛Néel with nickel substitution agrees quite reasonably 

with that of 𝑛exp, as illustrated in Fig. 8, where the deviation between their values is attributed to the 

nanoscale nature of the samples and/or local canting mechanisms. Furthermore, the variation of the 

estimated sublattice radii (𝑟A and 𝑟B) with Ni substitution (x), as illustrated in Fig. 9, has shown a reverse 

trend with the variation of the vibrational frequencies (ν1 and ν2) obtained from IR spectra: shorter bond 

lengths produce higher vibrational frequencies and vice versa.  

On attempting to correlate the recorded coercivity with the cation distribution, the effect of the 

crystallite size should not be ignored. In fact, the coercivity of fine magnetic particles is strongly affected 

by the crystallite size and the microstrain besides the presence of magnetocrystalline anisotropic cations 



and their occupancy. As mentioned above, the crystallite size of samples under study generally exceeded 

the critical value, since 𝐻cvaries almost inversely with D for x  0.1, as indicated in Fig. 10a and b. To 

examine the effect of anisotropic cations, a cation-distribution parameter (𝐶𝐷𝑃) was suggested with the 

formula: 𝐶𝐷𝑃 = (CoB2+ + FeB2+ + NiB3+)/[(FeB3+ + FeB4+) (NiB2+ + NiB4+)], where each cation symbol 

indicates its concentration (from Table 3) in the octahedral site. This parameter influences the coercivity 𝐻c as follows: the numerator includes the highly magnetocrystalline anisotropic Fe2+, Co2+ and Ni3+ 

cations [59], while the cations of the denominator affect the surroundings of the anisotropic cations and 

the corresponding nearest-neighbor distance [27]. Variation of CDP (Fig. 10a) matches well with that of 𝐻c for x  0.2. Interestingly, quite similar behavior for both 𝐻c and the quotient CDP/D with nickel 

substitution x as illustrated in Fig. 10b. 

Despite the well-known fact that the crystallite size is mainly controlled by the preparation method 

and the heat treatment of the samples, the cation distribution could be regarded as a primary factor that 

affect the crystallite size. As half of the 16 octahedral sites and just one eighth of the 64 tetrahedral sites 

are occupied with metal cations, most of the particle surface area contains octahedral-occupied cations. 

As mentioned before, the presence of more Fe3+ cations in the octahedral sites is expected to enhance the 

crystallite growth. For this reason, cobalt ferrite particles are generally larger in size than nickel ferrite 

prepared under the same conditions [24, 30, 40, 60]. Figure 11 illustrates both the occupation ratio of Fe3+ 

cations (FeB/A3+ = FeB3+/FeA3+) and the crystallite size 𝐷 for the recent samples, which confirms the direct 

correlation between D and the relative accumulation of Fe3+ cations in the octahedral side.  

 

Conclusion  

Single-phase nonstoichiometric Co0.5Ni0.5+xFe2−xO4 (0.0 ≤ x ≤ 0.4) cubic nanoferrites sintered at 600 C 

have been prepared by citrate autocombustion. Phase purity was confirmed through XRD patterns and IR 



spectra. Nanosized deformed cubic particles were exhibited from the TEM image. M-H loops revealed 

reduction of magnetization with Ni substitution. The nonstoichiometric substitution of Fe3+ by Ni2+, in 

addition to the sintering process, has prompted the appearance of higher valance cations, which was 

revealed in IR spectra and reflected in lattice parameter reduction with Ni2+ substitution. The cation 

distribution for each sintered sample was proposed on the basis of the recorded data of XRD, IR, and 

VSM. The proposed cation distribution successfully explained the variation of the structural and magnetic 

parameters including lattice parameter, crystallite size, IR vibrational frequencies, saturation 

magnetization and coercivity with nickel substitution.  
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Figures

Figure 1

XRD Pattern for Co0.5Ni0.5+xFe2-xO4 (0 ≤ x ≤ 0.4) samples sintered at 600 °C and for as-prepared
Co0.5Ni0.9Fe1.6O4 one (0.4Ap).



Figure 2

The variation of the lattice parameter (a) and the crystallite size (D) with nickel substitution for
Co0.5Ni0.5+xFe2-xO4 samples sintered at 600 °C.



Figure 3

Williamson– Hall plots for Co0.5Ni0.5+xFe2-xO4 sintered samples (0.0 ≤ x ≤ 0.4)



Figure 4

(a) FTIR spectra for sintered samples of Co0.5Ni0.5+xFe2-xO4 (0.0 ≤ x ≤ 0.4) and (b) for Ap and sintered
samples with x = 0.2. Insets clarify the faint high-frequency absorption bands.



Figure 5

TEM image for Co0.5Ni0.9Fe1.6O4 sample sintered at 600 °C.



Figure 6

M–H hysteresis loops for Co0.5Ni0.5+xFe2−xO4 (0.0 ≤ x ≤ 0.4) samples sintered at 600 °C for 2 h.



Figure 7

Dependence of saturation magnetization (Ms) and coercivity (Hc) on the nickel substitution for
Co0.5Ni0.5+xFe2-xO4 sintered samples.



Figure 8

The variation of the experimental magnetic moment (nexp) and that estimated from the proposed cation
distribution (nNéel) with Ni substitution for Co0.5Ni0.5+xFe2-xO4 sintered samples.



Figure 9

The variation of sublattice radii (rA and rB), estimated from the cation distribution, and IR vibrational
frequencies (ν1 and ν2), from IR spectra, with Ni substitution for sintered Co0.5Ni0.5+xFe2−xO4 samples.



Figure 10

(a) Variation of CDP and 1/D with nickel substitution (x) for Co0.5Ni0.5+xFe2-xO4 sintered samples, and
(b) the corresponding variation of coercivity (Hc) and the quotient CDP/D.



Figure 11

The variation of the estimated Fe3+B/A and the crystallite size D with Ni substitution for sintered
Co0.5Ni0.5+xFe2-xO4 samples.
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