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ABSTRACT 

We investigated the effects of In
3+

 and Co
2+

 substitutions on the structural and magnetic properties of Mg-Mn ferrites. The 
cation distribution technique was taken into account to estimate the magnetic interactions. Cation distribution was also used to 
investigate the ionic radii of tetrahedral and octahedral sites, oxygen positional parameter, site bond as well as edge lengths, 
bond lengths and bond angles. The ionic radius of tetrahedral site and octahedral site was observed to increase with the 
incorporation of In

3+
 and Co

2+
 ions respectively. Theoretical lattice parameter was observed to increase with the substitution of 

In
3+

 and Co
2+

 ions. In
3+

 substitution resulted in weakening of super-exchange interactions while in Co
2+

 substituted Mg-Mn 
ferrites, anisotropy was observed to play a decisive role in addition to bond lengths and bond angles. Copyright © 2015 VBRI 
Press.  
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Introduction  

Magnetism has been a human curiosity for nearly three 
thousand years and evolved as one of the most interesting 
and fascinating branch of science and technology. Although 
many famous scientists tackled the phenomenon of 
magnetism from the theoretical side it is mainly 20

th
 

century physicists who must take the credit for giving a 
proper description of magnetic materials and for laying the 
foundations of modern technology. Ferrimagnetic 
substances exhibit a substantial spontaneous magnetization 
at room temperature, just like ferromagnetic, and this fact 
alone makes them industrially important. Ferrites are one of 
the fascinating ferrimagnetic materials and are significant 
from application point of view. Ferrites are known to be 
appealing due to their good magnetic properties, high 
electric resistivity, low eddy current loss and low dielectric 

loss [1]. The high resistivity of ferrites makes them suitable 
for microwave applications. Ferrite materials are 
extensively used in inductors and transformers in 
telecommunication industry, antenna rods, loading coils, 
deflection yokes, choke coils, electromagnetic interface 
(EMI), power transformer, splitter applications, satellite 
communication, sensors, magnetic resonance imaging 
(MRI), audio and video recording heads, magnetic fluids 

and hyperthermal cancer treatment [2]. Therefore, the 

diversity of applications makes ferrites an active area of 

research [3-5].  
Mg-Mn ferrites are well known technological materials 

finding applications in various electrical and magnetic 
devices. The importance of Mg-Mn ferrites lies in their 
magnetic properties and low electrical conductivity which 
allow electromagnetic waves to propagate in the medium 
and make them suitable for applications in microwave 
devices. Mg-Mn ferrites are widely used in the construction 
of non-reciprocal devices at microwave frequencies such as 
circulators, gyrators and phase shifter.  

In addition to this, they are widely used in computer 
memory chips, magnetic recording media, and fabrication 
of radio frequency coils, transformers cores and rod 

antennas [6-9].  
In ferrites, the separation between the cations is large 

therefore the exchange interaction takes place by the 
participation of oxygen ‘anions’ and is called super-
exchange interaction. Since in ferrites magnetic ions 
occupy (A) and (B) sites, so there are three possible super-

exchange interactions namely [10]: 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 thus 
constitute two saturated and magnetized sublattices at 0 K. 
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Net magnetization of lattice is, therefore, the difference 
between magnetization of the B and A sublattices.  

It is reported by V. K. Lakhani et al [11] that the spinel 
ferrites are known to have some favorable distances and 
angles in between the ion pairs at which the magnetic 
interactions are much effective, therefore, in the present 
work we have made a theoretical attempt based on the 
cation distribution to get an information about the effects of 
In

3+
 and Co

2+ ions on the super-exchange interactions in 
Mg-Mn ferrites. 
 

Experimental 

Material Synthesis 

The ferrite series Mg0.9Mn0.1InxFe2-xO4 and Mg0.9Mn0.1 
Al0.3CozFe1.7-z O4 (x = 0.0, 0.1, 0.3 & 0.5, z = 0.3, 0.5 & 

0.7) were prepared by citrate precursor technique [12-14] 
using hydrated nitrates of the constituent elements of purity 
≥ 98%.  

The chemicals used were as: (a) Mg (NO3)2.6H2O, (b) 
Mn (NO3)2.4H2O, (c) Al (NO3)3.9H2O, (d) In (NO3)3.5H2O, 
(e) Co (NO3)3.6H2O and (f) Iron was in the form of iron 
citrate C6H5O7Fe.3H2O.  

The solid state reactions used for the preparation of the 
samples were as: 

 
The quantities of the reagents required for each 

composition were calculated from the above solid state 
reactions. In the present method, the required quantity of 
iron citrate was dissolved in ~50 ml of distilled water by 
heating to 40

o
C with constant stirring. For the In

3+
 doped 

series, required amount of magnesium nitrate, manganese 
nitrate and indium nitrate were dissolved in ~ 40-50 ml of 
distilled water by heating to 40

o
C and constant stirring. The 

solution of these nitrates was added to the solution of iron 
citrate, and ~2-3 gm of citrate acid. The composite solution 
was heated at 40

o
C for about an hour with constant stirring. 

The precursor mixture is then heated to 40
o
C with constant 

stirring, to allow the water to evaporate, leaving behind a 
dried mass in the form of brown coloured glassy material 
containing the constituent metal ions homogeneously mixed 
together at the atomic level. The dried mixture was calcined 
for 2h at 500 

0
C at the rate of 250 

0
C/h to obtain ferrite 

powder. The same procedure was followed for Co
2+

 
substituted ferrite series.  
 
Characterizations  

The single- phase nature of the prepared samples was 
checked by X-ray diffraction studies, which were made by 
Cu-Kα radiation of wavelength 1.54 Å using Riga Ku-Denki 
X-ray diffractometer. The cation distribution was obtained 
from the X-ray diffraction and magnetization technique 

[14]. 
The observed diffraction lines were found to correspond 

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 

were present in the samples. In order to confirm the 
homogeneity of the samples scanning electron micrographs 
were taken. 
 

Results and discussion 

X-ray diffraction pattern indicating (hkl) values of each 
peak for the ferrite compositions (Mg0.9Mn0.1In0.5Fe1.5O4 

and Mg0.9Mn0.1Al0.3Co0.5Fe1.2O4) are shown in Fig. 1. The 
typical SEM images for ferrite compositions 
(Mg0.9Mn0.1In0.5Fe1.5O4 and Mg0.9Mn0.1Al0.3Co0.5Fe1.2O4) are 

shown in Fig. 2. 
The particle size of the samples was calculated from the 

broadening of the X-ray diffraction peaks using the Debye-

Scherrer equation for the Lorentzian peak [15], 
 

                                          (1) 

 
where, D is the particle size, β is the full width at half 
maximum (FWHM) of the (311) peak, λ is the X-ray 
wavelength (1.54 Å) and θ is the angle of diffraction. The 
average value of particle size was observed to be ~0.5 μm. 
 
 
 

 

 
 

Fig. 1. XRD patterns for Mg0.9Mn0.1In0.05Fe1.95O4 and Mg0.9Mn0.1    
Al0.3Co0.05Fe1.65O4 ferrites. 

 

Using the cation distribution data [14], the mean ionic 
radius of the tetrahedral site (rA) and octahedral site (rB) is 
calculated by employing the relations those reported in our 

previous work [15] and the variations of ionic radius at 
tetrahedral (rA) as well as octahedral (rB) sites are shown in 

Fig. 3 (a, b). 

(1) 0.9 [Mg(NO3)2.6H2O] + 0.1[Mn(NO3)2.4H2O] +x[In(NO3)3.5H2O]+(2-x)[C6H5O7Fe.3H2O] → [Mg0.9Mn0.1Inx Fe2- 

xO4]; x = 0.0, 0.1, 0.3 & 0.5. 
(2) 0.9[Mg(NO3)2.6H2O]+0.1[Mn(NO3)2.4H2O]+0.3[Al(NO3)3.9H2O]+z[Co(NO3)3.6H2O] +(1.7-z) [C6H5O7Fe.3H2O] 

→ [Mg0.9Mn0.1Al0.3CozFe1.7-zO4]; z = 0.3, 0.5 & 0.7.     
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Fig. 2. SEM micrographs for Mg0.9Mn0.1In0.05Fe1.95O4 and Mg0.9Mn0.1 
Al0.3Co0.05Fe1.65O4 ferrites. 
 

  
 

Fig. 3. Variation of ionic radii of tetrahedral and octahedral sites with (a) 
In3+ and (b) Co2+ content. 
 

It was observed that with the substitution of In
3+

 ions 
the ionic radius of tetrahedral site was increased while a 
very small increase in radius of octahedral site was 
observed. In Co

2+
 substituted Mg-Mn ferrite series an 

increase was observed for radius of octahedral site and the 
radius of tetrahedral site was noticed to decrease first and 
then increased. These variations can be correlated to the 

difference in ionic radii of involved ions [16] and their site 

preferences [14]. Since In
3+

 ions prefer to occupy 
tetrahedral site and have ionic radius (0.91 Å) bigger than 
Fe

3+
 ions (0.67 Å) therefore its incorporation has resulted 

an increase in radius of tetrahedral site. In a similar manner 
the variation in radius of octahedral site with the 
incorporation of Co

2+
 ions can be explained as it has also 

bigger ionic radius (0.89 Å) as compared to radius of Fe
3+

 
ions. The theoretical lattice parameter (ath) is calculated by 

using following relation [17]: 
     

                    (2) 

 
where rA, rB are the mean ionic radius of tetrahedral (A) and 
octahedral B sites respectively while Ro is the radius of 
oxygen ions (1.32 Å).Variation of theoretical lattice 
parameter (ath) as a function of In

3+
 and Co

2+
 ion content is 

shown in Fig. 4. The theoretical lattice parameter was 
found to be increasing with the increasing substitution of 
In

3+
 and Co

2+
 ions. This is again because of the difference 

in ionic radii of the ions. Since the ionic radius of In
3+

 and 
Co

2+
 ions is large than that of Fe

3+
 ions therefore their 

substitution has resulted in an internal stress to make the 
lattice distorted.  
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Fig. 4. Variation of lattice parameter with In3+ and Co2+ content. 

 
The O

2-
 ions in the spinel structure are generally not 

located at the exact positions of the FCC sublattice. Their 
detailed positions are determined by oxygen positional 
parameter (u), which reflects adjustments of the structure to 
accommodate differences in the radius ratio of the cations 
in the A and B sites. Therefore, using values of ath, Ro, rA 

and rB the oxygen positional parameter (u) is calculated 

with the help of following expressions [18]: 
 

                                          (3) 

                                      (4) 

 

                                 (5) 
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where, . The bond lengths B-O and A-O are 

average bond lengths calculated based on the cation 

distribution; where  and 

A . The calculated values are given in Table 

1. Equation (3) gives ‘u’ assuming centre of symmetry at 
(1/4, 1/4, 1/4) for which uideal = 0.250 Å (origin at B-site), 
while equations (4) and (5) give ‘u’ assuming centre of 
symmetry at (3/8, 3/8, 3/8) for which uideal = 0.375 Å 
(origin at A-site). For these ideal values the arrangement of 
O

2-
 ions corresponds exactly to a cubic closed packing, but 

this ideal situation is almost never realized and in actual 

spinel lattice this ideal pattern is slightly deformed [3]. The 

structure of the spinel has space group Fd3m  [19] and 

can be described as 32 oxide ions in nearly closed packing 
with eight of the 64 tetrahedral (A) sites and 16 of the 32 
octahedral (B) sites normally occupied by cations. The 
oxygen parameter was observed to increase with the 
incorporation of In

3+
 and Co

2+
 ions.  

 
Table 1. Variation of oxygen parameters for Mg0.9Mn0.1InxFe2-xO4 and 
Mg0.9Mn0.1 Al0.3CozFe1.7-zO4 ferrites. 
 

Ion 

content 

(Å) 

(1/4, 1/4, 14) 

 (Å) 

(3/8, 3/8, 3/8) 

Eq. 3 Eq. 4 Eq. 5 

In = 0.0 0.2597 0.386 0.387 

In = 0.1 0.2646 0.389 0.389 

In = 0.3 0.2652 0.390 0.392 

In = 0.5 0.2664 0.391 0.395 

Co = 0.3 0.2597 0.386 0.387 

Co = 0.5 0.2604 0.386 0.387 

Co = 0.7 0.2649 0.389 0.392 

 
 

 

The observed trend is suggesting that with the 
increasing substitution of In

3+
 and Co

2+
 ions the anions at 

A-sites are moving away from the cations at tetrahedral 
interstices due to the expansion of the tetrahedral interstices 

[20]. The bond lengths on the tetrahedral (A) site (shortest 
distance between A-site cation and oxygen ion) (dAX) as 
well as the octahedral (B) site (shortest distance between B-
site cation and oxygen ion) (dBX), tetrahedral edge (dAXE), 
shared octahedral edge (dBXE) and unshared octahedral 
edge (dBXEU) were calculated by using the values of the 
lattice parameter and oxygen positional parameter of each 

ferrite by using the following relations [21]: 

 

                                    (6) 

                  (7) 

                   (8) 

                                 (9) 

              (10) 

 
Variations of dAX, dBX, dAXE, dBXE and dBXEU with an 

increase in In
3+

 and Co
2+

 ion content are shown in Fig. 5 

and Fig. 6 respectively.  
It was observed that the bond length of unshared 

octahedral edge (dBXEU) does not changed with the addition  

of In
3+

, and Co
2+

 ion content. An increase in the bond 
length of tetrahedral site and tetrahedral edge was observed 
with the increasing substitution of In

3+
 as well as Co

2+
 ions 

while with the incorporation of Co
2+

 ions small increase in 
bond length of octahedral site and shared octahedral edge 
was also observed.  

For z = 0.7 a decrease in the bond length of octahedral 
site was noticed and the same can be because for z = 0.7 the 
occupancy of cobalt on tetrahedral as well as octahedral 
site is comparable so due to migration of more Co

2+
 ions to 

tetrahedral site as compared to z = 0.3 and 0.5 the 
expansion of tetrahedral site is resulting due to shrinkage of 
octahedral site. The observed variation in different bond 
lengths is reflecting the variation of tetrahedral and 
octahedral ionic radius.  
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Fig. 5. Variation of (a) site bond length and (b) site edge with In3+ content 

 
The bond lengths between the cations and cations-anion 

are known to play a crucial role on the overall strength of 
different magnetic interactions (A-B, A-A and B-B). 
Therefore, in the present work we tried to evaluate the same 
to get information about the effect of In

3+
, and Co

2+
 ions on 

the super-exchange interactions.  
The inter-ionic distances between the cations 

 (b, c, d, e, and f) and between the cation and 

anion  (p, q, r and s) were calculated by 

substituting the experimental values of lattice parameter (a) 
and oxygen positional parameters (u) in the following 

relations [21]: 
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Fig. 6. Variation of (a) site bond length and (b) site edge with Co2+ 
content. 

The bond angles (θ1, θ2, θ3, θ4 and θ5) were calculated 
by simple trigonometric principle using the inter-ionic 

distances with the help of following formulae [11]: 
 

                                     (20) 

                                     (21) 

                                         (22) 

                                     (24) 

 

The calculated values of inter-ionic distances between 

the cations (b, c, d, e and f) are shown in Fig. 7, while the 
inter-ionic distances between cation and anion (p, q, r and 

s) and bond angles are given in Table 2.  

It can be observed from Fig. 7 that with the substitution 
of In

3+
 and Co

2+
 ions the inter-ionic distance between 

cations (b, c, d, e and f) is increasing. Since these distances 
are related to lattice parameter so the observed trend was 

expected. Further, from Table 2, the inter-ionic distance 
between cations and anions (q, r and s) was observed to be 
increasing with the increasing substitution of In

3+
 and Co

2+
 

ions. 
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Fig. 7. Variation of inter-ionic distances between the cation-cation with 
(a) In3+ and (b) Co2+ content. 
 

Table 2. Variation of inter-ionic distances between the cation-anion and 
bond angles for Mg0.9Mn0.1InxFe2-xO4 and Mg0.9Mn0.1 Al0.3CozFe1.7-zO4 
ferrites. 

 

c Indium content Cobalt content 

0.0 0.1 0.3 0.5 0.3 0.5 0.7 

p (Å) 2.02 1.98 1.98 1.99 1.99 2.01 1.99 

q (Å) 1.96 2.03 2.05 2.09 1.94 1.97 2.05 

r (Å) 3.75 3.89 3.93 4.01 3.71 3.77 3.92 

s (Å) 3.68 3.71 3.74 3.78 3.64 3.68 3.74 

θ1 122.21 120.66 120.46 120.07 122.14 122.01 120.59 

θ2 139.99 134.19 133.55 132.22 139.99 139.11 133.87 

θ3 94.7 97.29 97.64 98.34 94.7 95.05 97.47 

θ4 126.37 126.94 126.8 126.94 126.16 126.51 126.8 

θ5 71.4 67.6 67.17 66.3 71.4 70.79 67.36 
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The decreasing trend in θ1, θ2 and θ5 is again suggesting 
the weakening of the A-B and A-A interactions and increase 
in θ3 as well as θ4 indicating the strengthening of the B-B 
interactions. Theoretical estimation of magnetic interactions 
based on cation distribution clearly predicted the 
weakening in super-exchange interactions with the 
incorporation of In

3+
 and Co

2+
 ions in the Mg-Mn ferrites. 

In fact, the obtained results for In
3+

 series are in consistent 
with the Neel temperature obtained from susceptibility 

measurement and saturation magnetization behavior [16] 
but for Co

2+
 substituted Mg-Mn ferrites the obtained 

prediction is not agreeing with the experimental results [13, 
16]. The reason for this is that in present method we have 
just estimated the magnetic interaction based on the cation 
distribution but in case of cobalt anisotropy also plays a 
very important role. In Co

2+
, 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 due to 

which it is known to have large anisotropy [10, 16]. 
 

Conclusion 

Effects of In
3+

 and Co
2+

 ions on the structure and exchange-
interactions were investigated. The increaseing behavior of 
inter-ionic distances between cations and variations of bond 
angles have confirmed that In

3+
 substituion resulted in the 

weakening of exchange interaction while beside theoretical 
predictions in case of cobalt substituion magneto-crystalline 
anisotropy was responsible to strenghten the exchange 
interactions. 
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