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ABSTRACT 

Co2+ substituted Mg-Mn nanoferrites having formulae Mg0.9Mn0.1CoxFe2-xO4, where x = 0.0, 0.1, 0.2 & 0.3, have been prepared 
for the first time by solution combustion technique. The magnetic properties of nanoferrites such as M-H, initial permeability 
(μi) and magnetic loss tangent (tan δ) have been investigated as a function of frequency in the range 700 Hz to 30 MHz. X-ray 
diffraction patterns confirmed the formation of single phase spinel structure of all the nanoferrites. The surface morphology of 
the samples is studied by using scanning electron microscopy (SEM), while elemental compositions of samples are studied by 
energy dispersive X-ray analysis (EDAX). Saturation magnetization (Ms) and magneto-crystalline anisotropy constant (K1) are 
found to be increasing with an increase in cobalt content while initial permeability and magnetic loss tangent are found to be 
decreasing with an increase in frequency as well as with the increasing concentration of Co2+ ions. The very low values of 
magnetic loss tangent even at high frequencies are the prime achievements of the present work. Copyright © 2013 VBRI press.  
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Introduction  

Ferrites with a spinel structure are technologically 
important class of magnetic oxides due to their good 

magnetic properties [1]. Applications of nanoferrites are 
growing in leaps and bounds with advancement in 

nanotechnology [2]. In recent years, nanoparticles have 
attracted considerable attentions because of their potential 
applications in magnetic fluids, high frequency magnets, 
microwave absorbers, high density data storage, sensors, 
coolants, optical devices, magnetically guided drug delivery 
systems, cancer therapy and Magnetic Resonance Image 

[3]. In ferrites the cations occupy the tetrahedral (A) and 
octahedral (B) sites and the compositional variation results 
in the redistribution of metal ions over the tetrahedral and 
octahedral sites, which can modify the magnetic properties 
of ferrites. Amongst various ferrites Mg-Mn ferrites are 
quite versatile from the point of view of their technological 
applications and have extensive use in the construction of 
non-reciprocal devices at microwave frequencies such as 

circulators, gyrators and phase shifetr [4]. As the propeties 
of ferrites are known to be sensitive to their composition 

and the processing technique used to synthesize them [5-6] 
thus, several investigators have synthesized and 
characterized substituted Mg-Mn ferrites by standard 

ceramic technique [7], standard solid state reaction 

technique [8], citrate precursor technique [9] and ball 
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milling method [10]. Inspite of various processing 
techniques there is no report available on the study of 
cobalt substituted Mg-Mn nanoferrites by solution 
combustion technique thus; in the present work we have 
chosen solution combustion method to synthesize the 
Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. The solution 
combustion technique is a novel synthesis method which 
enables rapid synthesis of highly substituted oxides. In this 
method the metal precursors (typically in the form of 
nitrates serving as oxidizers) is mixed in water with fuel 
(e.g. glycine) and then heated resulting thereby in self-
ignition to yield complex oxides in a one-step process. The 
advantages of this technique include reactant mixing at the 
molecular level and the unique ability to tailor product’s 
structural characteristics by varying parameters such as fuel 
and oxidizer ratio; composition.  Although the magnetic 
properties of mixed Mg–Mn bulk ferrites have been studied 

extensively [7-10], the available literature on the 
substituted Mg-Mn nanoferrites is scarce. Further, the 
magnetic study of cobalt substituted Mg-Mn nanoferrites is 
not well documented and reported, therefore, in the present 
investigation, a maiden attempt has been made to 
investigate the effects of Co2+ ions on the magnetic 
properties of Mg-Mn nanoferrites synthesized by solution 
combustion method. 

 

Experimental 

Materials synthesis and characteristics 

Mg0.9Mn0.1CoxFe2-xO4 where x = 0.0, 0.1, 0.2 & 0.3 are 
synthesized via solution combustion technique. The 
chemical reagents used in this work are ferric nitrate, 
Fe(NO3)3.9H2O (>99%, ACROS Organics, USA), cobalt 
nitrate Co(NO3)2.6H2O (>99%, RANKEM, India), 
magnesium nitrate Mg(NO3)2.6H2O (>99%, RANKEM, 
India), manganese nitrate, Mn(NO3)2.4H2O (>99%, 
ACROS Organics, USA) and glycine NH2CH2COOH 
(>98.5%, Fisher Scientific, India) as a fuel. In a 
stoichiometric ratio ferric nitrate, cobalt nitrate, magnesium 
nitrate, manganese nitrate and glycine are mixed in distilled 
water to obtain precursor solutions. The obtained precursor 
solution is then heated on a hot plate, at 400C with constant 
stirring, till the solution starts to burn with release of lots of 
heat. The obtained powder samples are calcined at 5000C 
for 4 h. The calcined powders obtained for all the 
nanoferrites are then pressed into pallets. The prepared 
samples are sintered at 7000C for 4h. Now the torroidal 
rings of these ferrites having thickness 2 mm and the ratio 
of outer diameter to inner diameter equal to 1.5 are formed 
under a pressure of ~5 tons. For measurements of initial 
permeability and magnetic loss tangent, the torroids are 
wound with about 52 turns of 32 SWG enameled copper 
wire. The initial permeability is calculated by using the 

relation [11] 

 
µi=L/Lo                                                                     (1)     
                                                                                                     
where L is measured inductance of the sample and Lo is air 
core inductance and is expressed as Lo = 4.6 N2d log (OD/ 
ID) × 10-9 henry, N being the number of turns, d is 
thickness of toroid in meters, OD and ID are outer and 
inner diameters of the toroids respectively. The 

measurements are carried out by making use of Precision 
LCR meter 4285A in frequency ranging from 0.1 MHz to 
30 MHz. The single-phase nature of the prepared samples 
is checked by x-ray diffraction (XRD) studies, which are 
made by Cu-Kα radiation of wavelength 1.54 Å using 
XPERT-PRO X-ray diffractometer and the microstructures 
of the fractured surfaces are studied using QUANTA 250 
FFID 9393. The M-H measurements at room temperature 
have been performed using Vibrating Sample 
Magnetometer of Microsense by applying the field from -
22000 to 22000 Oe.  
 

 
 

Fig. 1. X-ray diffraction patterns of Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. 
 

 
 

Fig. 2. SEM images of Mg0.9Mn0.1CoxFe2-xO4 nanoferrites (a) x=0.0, (b) 
x=0.1, (c) x=0.2 and (d) x=0.3. 

 

Results and discussion 

Structural and compositional study 

X-ray diffraction patterns indicating (hkl) values of each 
peak for the Mg0.9Mn0.1CoxFe2-xO4, x = 0.0, 0.1, 0.2 & 0.3, 

nanoferrites are shown in Fig. 1 and are corresponding to 
those of standard pattern of Mg-Mn ferrite with no extra 
lines, indicating thereby that the samples have a single 
phase cubic spinel structure and no unreacted constituents 
are present in the samples. The particle size of the 



 

Kumar et al. 

Adv. Mat. Lett. 2013, 4(9), 682-687                                                                                     Copyright © 2013 VBRI press.  
 

nanocrystalline samples is found to be increasing with the 
increasing content of cobalt ions. Further, to see the 
morphology of the nanoferrites samples, scanning electron 

micrographs are taken and the Fig. 2 is showing the same. 
The detailed structural analysis has been presented by the 

authors elsewhere [12].  
 

 
 

Fig. 3. EDAX pattern of Mg0.9Mn0.1Co0.3Fe1.7O4 nanoferrite. 
 

Table 1. Elemental percentage in Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. 
 

Composition 

(x)

Mg2+

(%)

Mn2+

(%)

Co2+

(%)

Fe3+

(%)

O2-

(%)

0.0 10.54 1.24 0.00 35.54 52.68

0.1 11.32 1.44 1.81 32.28 53.15

0.2 15.21 1.50 3.47 26.30 53.52

0.3 17.98 1.53 4.33 22.50 53.66
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Fig. 4. M-H curve for Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. 

 
In order to confirm the chemical composition and 

stoichiometric proportions of the typical samples of 
Mg0.9Mn0.1CoxFe2-xO4 ferrite nanoparticles, energy 
dispersive analysis of X-ray (EDAX) study is carried out 

and the typical EDAX spectra for x=0.3 is presented in Fig. 

3. The compositional percentage of Mg2+, Mn2+, Fe3+, Co2+, 

and O2- ions presented in the samples are given in Table 1. 

It is observed from Table 1 that there is no impurity phase 
exists. All the ions present in Mg0.9Mn0.1CoxFe2-xO4 (x=0.0, 

0.1, 0.2 and 0.3) are in good stoichiometric proportions as 
desired. 

 
M-H study 

Fig. 4 shows the M-H curves for Mg0.9Mn0.1CoxFe2-xO4, x = 
0.0, 0.1, 0.2 & 0.3, nanoferrites at room temperature. The 
values of saturation magnetization (Ms), remanence 
magnetization (Mr), coercivity (Hc), remanence ratio 
(Mr/Ms), magneton number (nB) and magneto-crystalline 
anisotropy (K1) are calculated from these hysteresis plots 

and their values are given in Table 2.  
 

Variations of magneton number 

The magneton number (nB) is calculated from the saturation 

magnetization of hysteresis loops using relation [9] and is 

shown in Table 2: 
 
           (M × Ms) 

 nB =                                                                                           (2)  
                5585                                                                                                        
                                                                                                                                  

where M is the molecular weight of particular composition, 
Ms is saturation magnetization (emu/gm) and 5585 is 

magnetic factor. It is evident from Table 2 that nB is 
increasing with the increasing substitution of Co2+ ions. The 
increase in nB with increasing substitution of Co2+ ions is 
because of the high exchange interaction energy and 
relatively higher orbital contribution of Co2+ ions for the 
magnetic moment. 

 
Variations of magneto-crystalline anisotropy constant  

The variations in magneto-crystalline anisotropy constant 
(K1) with the increasing substitution of cobalt ions are 
shown in Table 2 and are calculated from the following 

relation [13]. 
 
K1 = c Ms. Ha                                                          (3) 
 
where Ha is anisotropic field and c is taken as -3/4 since K1 

for Mg-Mn ferrite is known to be negative [13]. It is seen 

from the Table 2 that K1 is increasing with an increasing 
substitution of cobalt ions. These results can be explained 

on the basis of Single-Ion anisotropy model [9], which 
shows that Fe3+ ions present at A as well as at B sites 
contribute to the anisotropy energy. The net value of K1 is 
given by relative contribution of positive anisotropy of Fe3+ 
ions at tetrahedral site, which is compensated by the 
negative anisotropy of Fe3+ ions at octahedral site. As the 
concentration of Co2+ ions is increased, the cation 
distribution of Fe3+ ions get modified which yields a 
different number of Fe3+ ions present at both the sites which 
in turn affect K1. With most ions like Mn2+, Fe2+ etc. the 
orbital moment is quenched and the spin-orbit interaction 
introduces only a relatively small anisotropy. In Co2+, 
however, the crystal field is not able to remove the orbital 
degeneracy and the orbital moment is of the same order of 
magnitude as the spin moment. This is regarded as the 

cause of the large anisotropy of cobalt [14]. 
 

Variations of saturation magnetization  
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The variation of saturation magnetization with the 

increasing concentration of Co2+ ions is shown in Table 2. 

According to Neel’s model [15] there are three kinds of 
exchange interactions between unpaired electrons of two 
ions i.e. A-A interaction, B-B interaction and A-B 
interaction. A-B interaction heavily predominates over A-A 
and B-B interactions. A-B interaction aligns all magnetic 
spins at A-site in one direction and those at B-site in 
opposite direction. Net magnetic moment of lattice is 
therefore difference between magnetic moments of B and A 
sublattices:  
 
M=MB–MA                                                                                                          (4) 
 
Table 2. Saturation magnetization (Ms), Remanence magnetization (Mr), 
Coercivity (Hc), Remanence ratio (Mr/Ms), Magneton number (nB) and 
magneto-crystalline anisotropy (K1) for Mg0.9Mn0.1CoxFe2-xO4 
nanoferrites. 
 

Composition 

(x)

0.0 0.1 0.2 0.3

Ms (emu/gm) 10.98 14.49 17.25 21.74

Mr (emu/gm) 1.01 1.48 2.25 2.82

Hc (Oe) 126.7 227.6 228.4 341.6

Mr/Ms 0.09 0.10 0.13 0.13

nB (μB) 0.399 0.528 0.629 0.794

K1/104(erg/gm) -10.71 -8.69 -7.77 -6.52
 

 

As Co2+ ions occupy B-sites [4] and replace Fe3+ ions 
due to which magnetization of B-sub lattice decreases 
keeping magnetization of A-sublattice constant. Thus, 
resultant magnetization according to equation 4 is supposed 

to decrease. But, it is evident from Table 2 that saturation 
magnetization increases with the increasing concentration 
of cobalt ions. This increase in saturation magnetization 
with the increase in cobalt content thus can be explained 
because of the fact that as Co2+ ions are known to give large 

induced anisotropy, shown in Table 2, due to relatively 

high orbital contribution to the magnetic moment [16] 
therefore, equation 3 is then justifying the increase in 
saturation magnetization.  

 
Variations of coercivity  

The compositional variations of coercivity are given in 

Table 2, which shows that Hc is increasing with the 
increasing substitution of cobalt content. This can be 

explained because of the following equation [17] 

 
Hc=a(K1/Ms)+b(N1-N2)Ms+c(λsτ/Ms)                              (5)                                                                                
                                                                                                                 

Where a, b, c are constants, N1 and N2 are 
demagnetization factors, λs is magnetostriction strain and τ 
is mechanical strain. The first term is because of the 
magneto-crystalline anisotropy of the material, second term 
is given by the shape anisotropy of crystalline particles and 
the third one is originated from the elastic mechanical 
deformation. The first term plays a major roll for Hc and the 
contribution of other terms is very small. Since Hc is 
directly proportional to the magneto-crystalline anisotropy 
and it is evident that cobalt content is increasing the 
magneto-crystalline anisotropy, which in turn decreases the 

domain wall energy resulting thereby high coercivity [16]. 
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Fig. 5. Variation of initial permeability with frequency for (a) 
Mg0.9Mn0.1CoxFe2-xO4 and (b) Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. 
 

Variations of initial permeability 

The typical variations of initial permeability with frequency 

for all the nanoferrites are shown in Fig. 5 (a) and (b). The 
result, in the inset, shows a rapid increase in µi after certain 
frequency which is indicative of the onset of resonance. 
When the frequency of the applied magnetic field equals 
the Larmor precession of the electron spins, resonance 
occurs and the energy is transferred from the field to the 
system in orienting the magnetic dipoles. The frequency of 
the onset of resonance varies with cobalt content; it 
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increases with the increase in the Co2+ ions. This 

observation is in agreement with Globus model [18]. 
According to this model, relaxation character is represented 
as- 
 
(µi–1)2.fr=constant                                                            (6)  
                                                                                                                    
where µi is the static initial permeability and fr is the 
relaxation frequency. These workers also showed that the 
transformation of magnetic spectra from the relaxation 
character to the resonance character changes Eq. (6) to 
 
(µi–1)1/2.fr=constant                                                          (7)   
                                                     
This indicates that higher the permeability values, the lower 
will be the resonance frequency.  
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Fig. 6. Variation of initial permeability with composition for 
Mg0.9Mn0.1CoxFe2-xO4 nanoferrites at different frequencies.  
 

It was not, however, possible to observe the complete 
resonance peaks as they seem to appear at frequencies 
beyond 30 MHz the upper limit of the frequency used in 

our studies. Fig. 6 shows the variations of initial 
permeability with the increasing content of cobalt ions. It is 
evident from the results that initial permeability is 
decreasing with the increasing substitution of Co2+ ions. 
This can be explained by the following dependence of 

initial permeability [19]. 
 
 

 µi=Ms
2Dm/K1                                                                                                  (8)            

                                                                                                                   
Where Dm is the average grain diameter, K1 is the 

magneto-crystalline anisotropy constant and Ms is the 
saturation magnetization. As the magneto-crystalline 
anisotropy is increasing with the increase in cobalt content 
hence µi is expected to decreases with increasing 
substitution of Co2+ ions. 

  
Magnetic loss tangent 

Fig. 7 shows the variation of magnetic loss tangent with 
frequency for Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. The loss 
is due to lag of domain walls motion with respect to the 

applied alternating magnetic field and is attributed to 
imperfections in the lattice. The results revel that magnetic 
loss tangent (tan δ) decreases initially with frequency 
reaching a minimum value, and then start to increase 
thereafter. The frequency at which tan δ is minimum is 
called the threshold frequency. The increase in tan δ shows 
the tendency for a resonance loss peak, which will occur at 

frequencies higher than those used in present study. Fig. 8 
shows the variation of magnetic loss tangent with 
composition for Mg0.9Mn0.1CoxFe2-xO4 nanoferrites at 
different frequencies. It is evident from the variations that 
tan δ is decreasing with an increasing substitution of Co2+ 
ions. The major contribution to the magnetic losses in 

ferrites is due to hysteresis losses [20], which in turn are 
based on damping phenomenon associated with irreversible 
wall displacement and spin rotations. However, the 
hysteresis loss becomes less important in the high-
frequency range because the wall displacement is mainly 
damped and the hysteresis loss will be due to spin rotation.  
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Fig. 7. Variation of magnetic loss tangent with frequency for 
Mg0.9Mn0.1CoxFe2-xO4 nanoferrites. 
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Fig. 8. Variation of magnetic loss tangent with composition for 
Mg0.9Mn0.1CoxFe2-xO4 nanoferrites at different frequencies. 
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The values of magnetic loss tangent are found to be 
small even at higher frequencies for these samples, which is 
one of the criteria for the materials to be used in microwave 
devices and for deflection yoke. Further, the results of the 
present study reveals that magnetic properties improved as 

compared to those reported earlier [21] for the same 
composition, Mg0.9Mn0.1Fe2O4, prepared by conventional 

ceramic method. Table 3 gives the comparison of initial 
permeability and relative loss factor for the sample 
prepared by conventional and solution combustion 
technique. It is revealed from the table that initial 
permeability has increased by 39-46 times and relative loss 
factor is reduced by two orders of magnitude for the sample 
synthesized by the solution combustion technique.  

 
Table 3 Comparison of initial permeability and relative loss factor for the 
sample prepared by conventional and solution combustion technique. 
 

Conventional ceramic method 

At 10 MHz

Solution combustion technique

At 10 MHz

Initial permeability                     ~30-35 1358.26

Relative loss factor ~ 6.5 × 10-3                                                       8.1 × 10-5

 
 

Conclusion 

Cobalt substituted Mg-Mn nanoferrites were successfully 
synthesized by solution combustion technique. Saturation 
magnetization, magneton number and magneo-crystalline 
anisotropy were found to be increasing with the increasing 
substitution of Co2+ ions while initial permeability and 
magnetic loss tangent were observed to be decreasing with 
the increase in cobalt content. Mg0.9Mn0.1Fe2O4 ferrite 
sample was observed to show remarkably higher values of 
initial permeability and very low relative loss factor than 
the sample prepared by the conventional ceramic technique.  
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