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Abstract: The structural properties and permeability of polycrystalline Ni0.6Mg0.4Fe2O4 ferrite are studied with the addition 

of Li2CO3 at 0%, 2%, 4%, and 6%. The samples were synthesized by the conventional ceramic method at 1300°C sintering 

temperature for 6 hours. X-ray diffraction method is applied to understand the crystal structure of the following ferrite and it is 

confirmed that the samples have absolute single phase cubic spinel structure. The lattice constant of the ferrite varies with the 

increasing of Li2CO3 content. The microstructure analysis of the samples is carried out by SEM micrographs. From SEM 

images it is observed that the ferrite is in regular in shape and the grains are well connected with each other. The average grain 

sizes of the sample increased with increasing Li2CO3 content. Crystalline size of the sample follows the same manner of grain 

size of the samples. The Curie temperature is measured by using inductance analyzer. Curie temperature increased at 2% 

addition of Li2CO3 and the further increase in Li2CO3 leads to decrease in the Curie temperature whereas permeability shows 

just opposite attitude of Curie temperature in this study. Complex permeability and relative quality factor are also measured as 

a function of temperature and frequency respectively. 
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1. Introduction 

Ferrite is a popular content in the earth of magnetism for 

its multifunctional uses. As metallic oxide, ferrite is also 

known as the ceramic material which has diverse applications 

in the field of electroceramics and magnetic memory. Ni-Mg 

ferrite has cubic spinel structure, considered as the face-

centered cubic lattice (fcc), and most common type of 

magnetic material with AB2O4 [1] structure where the ions 

are dispersed in tetrahedral (A) and octahedral (B) lattice 

sites. For commercial importance, there has a great interest in 

the field of ferrite materials which enhances novel research 

on developing multifunctional ferrite materials. The Ni-Mg 

ferrite materials show spontaneous magnetization at below 

transition temperature which occurs for an anti-parallel 

arrangement of strongly coupled magnetic moments. Ni-Mg 

ferrite has significant uses for its high electrical resistivity, 

low coercivity (i.e. soft ferrite), hardness, chemical stability, 

cost-effectiveness [2] etc that made more enthusiasm to 

manufacture ferrite materials at a large scale for industrial 

applications. The Ni-Mg ferrites are also popular for its high-

frequency application and magneto-dielectric properties 

especially in microwave and radio frequency region [3]. In 

the low-frequency region, eddy current passes through ferrite 

materials, which causes the wastage of energy due to 

overheating [4]. Literature shows that the soft magnetic 

material has very low eddy loss [5]. 

On the other hand, the cation distribution of Ni-Mg 

depends on the preparation mechanism, sintering temperature 

and sintering time. In general, Mg ion occupies in both of 
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tetrahedral and octahedral sites for its inverse spinel structure 

whereas the Li and Ni ion occupy in tetrahedral and 

octahedral site respectively. Due to the addition of Li
2+

 ion in 

A site, few of Fe
3+

 ion are replaced from A site to B site. 

Some relevant works have done on Ni-Mg ferrite [2, 6, 7] 

and the effect of addition Li2O on Ni0.5Mg0.5Fe2O4 ferrite 

already been studied [8]. But in this study, the proportion of 

Ni and Mg are 60% and 40% respectively which is 

distinctive from the study of Sheikh Mohi Uddin, et al [8]. It 

is expected that the presence of more Ni
2+

 than Mg
2+

 content 

on Ni-Mg alloy will help to increase magnetic properties. 

The domination of structural parameters on magnetic 

permeability is the main study area of the present research.  

2. Procedures 

2.1. Experimental Procedures 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives (where Li2CO3 = 

0%, 2%, 4%, 6) are prepared by using double sintering 

method. The oxide materials NiO, MgO, Fe2O3, and Li2CO3 

with 99.99% purity (supplied by Sigma-Aldric) have been 

used in this experiment and weighing accurately by their 

molecular weight. All ingredients were mixed together by 

agate mortar for 12 hours and wet milled in ethyl alcohol for 

6 hours. The samples were then dried in air at room 

temperature and the dried powder was pressed into disc 

shape in dies of 3 cm diameter. The discs were then pre-

sintered in the air at 800°C for 3 hours. After the completion 

of pre-sintering, the samples were crushed again and wet 

milled in distilled water for 4 hours to obtain homogeneous 

and small crystallite size. The material was then dried and 

mixed with polyvinyl alcohol which helps to bind the 

powders for granulation. Then the powder was pressed into 

the ring by the ring shaped metal dies which outer and inner 

diameters are 1.30cm and 0.8cm respectively. Finally, the 

samples were sintered at 1300°C for 6 hours at 5°C/min 

heating rate and cooled in air for 24 hours. The rings then 

polished by to make the surface regular. To smooth the 

surface of the ring, they are rubbed on the sandpapers. 

2.2. Characterizations 

The samples are characterized by X-ray diffractometer 

(Model: PW 3040-X’Pert PRO Philips) using CuKα radiation 

(λ = 1.5405A˚) at room temperature. Crystal structure of the 

sample is determined by using XRD data. Scanning electron 

microscope (SEM) is used to determine the microstructure of 

the sample. Permeability is measured at high-frequency 

Wayne Kerr 6500B impedance analyzer. Sample preparation 

and all characterizations are carried out in Atomic Energy 

Centre Dhaka (AECD), Bangladesh. 

3. Results and Discussion 

3.1. XRD Analysis 

The XRD patterns of Ni0.6Mg0.4Fe2O4 with the addition of 

Li2CO3 are shown in “Figure 1” and it is seen that, the 

samples are belonging in the cubic spinel structure. All the 

Bragg reflections which guided the peaks are well-defined 

without any haziness. The absence of extra peaks is 

indicating the purity of samples where the peaks of different 

planes (220), (311), (222), (400), (422), (511) and (440) 

whatever odd or even, point out that the samples are in single 

spinel phase. 

 
Figure 1. XRD pattern of Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

3.1.1. Cation Distribution and Calculation of Theoretical 

Lattice Parameter 

The lattice parameters are calculated by using following 

equation:  

� � � � √�� � 	� � 
�                       (1) 

Where, a is lattice parameter, d is mentioned as d-spacing 

of the ferrite crystal. When the corresponding Li
2+

 ions take 

place into A site, then the concentration of Fe
3+

 ion from A 

site is decreased. As a result, the concentration of Fe
3+

 

increased into B site. Since the exchange of ions is not 

equilibrium at two constituent crystal sites, so the 

concentration of Fe
3+

 may be varied. In crystallographic 

spinel ferrite, the lattice parameter has been raising due to the 

correlation between the ionic radii of the octahedral and 

tetrahedral site. The theoretical lattice parameter is calculated 

by applying the following equation [9]: 

��� � 

�√�
���� � ��� � √3��� � ����            (2) 

Where �� , ��  and ��  are the ionic radii of oxygen ion 

(1.32A
o
) [10], tetrahedral (A site) and octahedral (B site) 

sites respectively. The cation distribution is manipulated due 

the variation �� and ��  which influences spin alignment and 

magnetic properties of spinel ferrite. The cation distribution 

of Ni-Mg ferrite can be stated as follows:  

�Mg�.��
�� Li!��Fe�.$�%!

�� ��&Mg�.��
�� Ni�.(

��Fe).���!
�� *O,

�%
� 

Where ( ) and [ ] brackets represent the A site and B site 
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respectively. The cations are distributed as: 

1. Magnesium ferrite (MgFe2O4) is a partially inverted 

spinel ferrite, i.e. 

(Mg1-λFeλ) [MgλFe2-λ]O4; where semi-circle and square 

brackets denote cation sites of tetrahedral (A-sites) and 

octahedral [B-sites] coordination, respectively [12].  

2. On the other hand Li
2+

 and Ni
2+

 ions are partially 

entered in tetrahedral (A-sites) and octahedral [B-sites] sites 

respectively [13-14]. 

The value of �� and �� can be calculated by the following 

relations: [15-16] 

r. � C.01r�Mg��� � C.23r�Li��� � C.456r�Fe���      (3) 

r7 � )

�
�C.01r�Mg��� � C783r�Ni��� � C745r�Fe����        (4) 

Where the values of ��9:���, ��<=���, ��Ni���  and 

��Fe��� are (0.72A
o
), (0.76A

o
), (0.69A

o
) and (0.645A

o
) [15, 

17, 18] respectively, while C.01 , C.23  and C.456  are the 

concentration of 9:��, <=��, Fe��  ions in A site and C783 

and C745 are the concentration of Ni�� and Fe�� in B site. 

The theoretical and experimental lattice parameters (ath 

and aexp) are plotted against Li2CO3 content in “Figure 2”. 

From the graph it is shown that the ath increased 

monotonically but aexp is decreased at 2% addition of Li
2+

 

content and after then the increasing in Li
2+

 causes to 

increase in aexp. The ath and aexp for 0% addition of Li2CO3 

content are 8.33 A
o
 and 8.35 A

o
 respectively. It is clearly 

observed that the values are close together which is raised 

due to the large porosity and density variance of the ferrite 

content. The rate of cation distribution is not same for both 

constituent lattice sites, which also is a driven force for the 

variation of lattice parameter. 

 
Figure 2. Variation of theoretical and experimental lattice parameter of 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

3.1.2. X-ray Density and Porosity 

The x-ray density ρx is calculated by using molecular 

weight and the volume of the unit cell for individual sample 

is obtained by using the relation [18] 

>? � @A

BCD                                        (5) 

Where M is the molecular weight, N is the Avogadro’s 

number (6.023x10
23

 mole
-1

), ‘a’ is the lattice parameter and Z 

is the number of molecules per unit cell. The bulk density is 

calculated using the relation [19]: 

ρB = 
V

m
 = 

hr

m
2π

                             (6) 

Where m is the mass of the pellet, r is the radius and h is the 

thickness. From the measured data it is observed that, the x-ray 

density is higher than the bulk density due to the pores in the 

crystal. From Table:1 it is shown that, the variation of densities 

and porosity are related with the variation of lattice parameter. 

At higher sintering temperature the grain growth usually 

irregular and this is developed due to intra-granular porosity and 

decrease in bulk density [20]. The porosity of the ferrite 

increased with increasing of Li2CO3 content as well. 

 
Figure 3. Bulk density and porosity of Ni0.6Mg0.4Fe2O4 with Li2CO3 

additives. 

The correlation between porosity and bulk density is shown in 

“Figure 3”. The bulk density decreased with increasing Li2CO3 

whereas x-ray density increased at 2% of Li2CO3 but decreased 

after adding more Li2CO3 which comply same agreement with 

the study on Ni-Mg ferrite by M. M. Haque et al [2]. The 

crystalline size of the samples is calculated by using Scherrer 

equation [19] 

E � �.$F

GH�IJ
                                     (7) 

Where D is the mean crystalline size, λ is the X-ray 

wavelength, β is the FWHM, θ is the Bragg angle. The 

crystalline size decreased at 2% addition of Li2CO3 but further 

increasing of Li2CO3 leads to increase it and plotted in “Figure 

4” in comparison with grain size. 
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Figure 4. Variation in crystalline size and average grain size of 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

3.2. Microstructure 

The Scanning Electron Microscope (SEM) was used to 

measure the average grain size and the micrographs are shown 

in “Figure 5”. The grain boundary mobilization and the intra-

particle mass transportation are associated by the grain growth 

during sintering at higher temperature. The bimodal diffusion of 

grain has also been functionalized at sintering time [21, 22] 

which provokes the rate of grain growth. As the area of grain 

boundary decreases, the average grain size increased. From 

“Figure 5” it is observed that, the average grain size decreased at 

2% Li2CO3 but increased at higher concentration of it. 

Therefore when Li
2+

 was added to Ni-Mg ferrite, the pores 

inside grain boundaries being decreased which guided by 

intra-particle bimodal diffusion. The magnetic properties of 

ferrite materials are dominated by grain size and porosity. 

The net magnetization may be increased if the porosity is 

decreased inside the grain boundaries [21]. 

 
Figure 5. SEM micrographs of Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

Table 1. Ionic radius, theoretical & experimental lattice parameter, bulk & x-ray density, porosity. 

No 
Li2CO3 

(%) 
A site B site rA (Ao) rB (Ao) 

ath 

(Ao) 

aexp 

(Ao) 

ρB 

(gm/cm3) 

ρx 

(gm/cm3) 

Porosity 

(%) 

01 0% �Mg�.��
�� Fe�.$�

�� �  &Mg�.,�
�� Ni�.�

��Fe).��
�� *O,

�%  0.649 0.673 8.35 8.33 4.82 4.99 3.41 

02 2% �Mg�.��
�� Li�.��

�� Fe�.$�
�� �  &Mg�.,�

�� Ni�.�
��Fe).�K

�� *O,
�%  0.651 0.680 8.37 8.28 4.72 5.12 7.81 

03 4% �Mg�.��
�� Li�.�,

�� Fe�.$)
�� �  &Mg�.,�

�� Ni�.�
��Fe).�$

�� *O,
�%  0.653 0.686 8.39 8.3 4.51 5.11 11.74 

04 6% �Mg�.��
�� Li�.�(

�� Fe�.$
�� �  &Mg�.,�

�� Ni�.�
��Fe).))

�� *O,
�%  0.656 0.692 8.41 8.35 4.44 5.056 12.18 

 

3.3. Field Dependence of Permeability 

3.3.1. Frequency Dependent Real Part of Complex 

Permeability 

Frequency dependent real part of complex permeability is 

given in “Figure 6”. The permeability is almost constant over 1 

KHz ~ 12 MHz frequency range and the variation in the 

concentration of Li2CO3 has no significant effect on changing 

the permeability over that range of frequency. But at higher 

frequency, the permeability is started to fall in lower value 

though a small rise is experienced just before start to decreasing 

it. The permeability is given by: 

μ∗ � μN O i                                 (8) 

Where μN and μNN are known as real and imaginary part of 

complex permeability respectively.  
Figure 6. Change in real permeability with frequency changes of 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

The dispersion in domain wall motion and spin rotation are 
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experienced due to the change in frequency from lower to 

higher order whereas permeability is dominated by these 

effects [23, 24]. 

On the other hand initial permeability is decreased after 

increasing the concentration of Li2CO3 but the higher 

concentration of Li2CO3 leads to increase it. So the decrease 

in permeability with higher value of frequency attributed 

ferromagnetic resonance [25] which has the similarity with 

Snoek’s relation i.e. fQμN � constant , where fQ  is the 

resonance frequency [26]. 

3.3.2. Frequency Dependence of Relative Quality Factor 

(RQF) 

From “Figure 7” it is observed that the relative quality 

factor (RQF) increases with increasing frequency and after 

generating a characteristic peak, it decreased. 

 
Figure 7. The variation in relative quality factor (RQF) with frequency 

changes of Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

Several defects [27] like non-uniform, non-repetitive 

domain wall motion, domain wall bowing, variation of 

magnetic flux densities, nucleation and annihilation of 

domain wall [28] are responsible for the reduction in RQF. 

The rapid decrease in RQF is happened at the maximum 

resonance energy which is shifted from the applied 

magnetic field to the lattice and this fact is related with 

the ferromagnetic resonance within the domain. The 

quality factor is a parameter of measuring the performance 

for practical application. The highest Q value of 

Ni0.6Mg0.4Fe2O4 is found to be 8.495 � 10� at 0% addition 

of Li2CO3. 

3.4. Temperature Dependence of Permeability 

3.4.1.  Measurement of Curie Temperature (TC) and 

Temperature Dependence of Permeability 

“Figure 8” shows the variation in permeability of 

Ni0.6Mg0.4Fe2O4 with the change in temperature at 

different Li2CO3 additives and from this figure it is seen 

that the initial permeability decreases at 2% in Li2CO3 

content but further increasing in Li2CO3 content leads to 

increase in permeability. 

At Curie temperature the ferromagnetic material 

changed into paramagnetic material i.e. the magnetically 

ordered materials turned out to be magnetically disorder 

[2, 14, 29]. The initial permeability increases with 

increasing in temperature and reached maximum value 

just before Curie temperature. At the ferro-paramagnetic 

transition phase, the initial permeability is fallen sharply 

to very lower value. The strength of exchange interaction 

among the magnetic atom can also be described in 

association of Curie temperature. 

 
Figure 8. The variation in permeability with temperature changes of 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

The magnitude of initial permeability μN is proportional to 

the square of initial permeability and inversely proportional 

to the magnetic magneto-crystalline anisotropy constant [14] 

also known as Globus et al. relation [15] which can be 

written as: 

μN � 0^
_`

√ab
                               (9) 

Where Ms is the saturation magnetization, D is the average 

grain size and κ1 is the anisotropy constant. The saturation 

magnetization (Ms) and the anisotropy constant (κ1) usually 

decrease with increase in temperature [28] and the variation 

in permeability can be described with these factors. The rate 

of decreasing in κ1 is much faster than decrease in Ms with 

temperature [30] which provides to increase in permeability. 

 

Figure 9. The variation in loss tangent with temperature changes of 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 
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Figure 10. The variation in RQF with temperature changes of 

Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

The change in loss tangent (tanδ) and relative quality 

factor (RQF) with the variation of Li
2+

 content as the 

function of temperature are shown in “Figure 9” and “Figure 

10” respectively. It is observed that, the increasing in 

Li
2+

content involves increasing in loss tangent but plays a 

significant tool to decrease in RQF. Similarly when 

temperature increases, the loss also increased but RQF 

decreased and from this statement it is assumed that the loss 

tangent and RQF have opposite characteristics of each other. 

A sharp fall is experienced for both in loss tangent and 

RQF plot in Curie temperature region which has almost same 

agreement with the study of permeability. “Figure 11” shows 

the change in Curie temperature with the variation of Li2CO3 

concentration. From this graph we assumed that the Curie 

temperature of the material suddenly increased at 2% 

increasing of Li2CO3 but further increasing in the content 

concentration the Curie temperature decreased. “This 

characteristic may be ascribed by the modification of A-B 

exchange interaction due to the addition of Li2CO3 which 

already described in previous section. When 2% of Li2CO3 

was added then the sudden increase in Li
2+

 ion leads to 

increase in Curie temperature. Hence the number of Fe
3+

 ions 

is not balanced among two sites but further increasing in Li
2+ 

on A site causes to increase of Fe
3+

 ions in B site. In that case 

JAA becomes weaker and contributes in the weakening of the 

strength of JAB exchange interaction which leads to decrease 

in Curie temperature. 

Table 2. Average Grain Size, Crystalline Size of Ni0.6Mg0.4Fe2O4 with Li2CO3 additives. 

No Li2CO3 (%) Average Grain Size µm Crystalline Size Ao Curie TemperatureTC (°C) Initial Permeability µ' 

1 0% 4.72 4.0135 429 196 

2 2% 4.38 3.9887 434 174 

3 4% 4.78 4.2677 425 179 

4 6% 5.36 4.5888 420 180 

 

 
Figure 11. The variation in Curie temperature of Ni0.6Mg0.4Fe2O4 with 

Li2CO3 additives. 

 “Figure 12” shows the variation in initial permeability 

with the variation of Li2CO3 content. From this graph it is 

manifested that the initial permeability decreases at 2% 

increasing of Li2CO3 and further increase in content involves 

increasing in initial permeability. Furthermore it has the same 

agreement stated in the Globus and Duplex model [31], 

where the permeability depends on the formation of 

microstructure. It is already discussed that the large grain size 

contributes in higher domain wall motion and for this reason 

the permeability reached the higher value. The decreasing in 

density also causes to increase in pores inside the intra-

granular region which resulting to increase in the rate of 

demagnetization and reduces the spin rotational contribution 

[32, 33]. Therefore the permeability decreased. 

 
Figure 12. The variation in initial permeability of Ni0.6Mg0.4Fe2O4 with 

Li2CO3 additives. 
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4. Conclusion 

The structural and physical properties of Ni0.6Mg0.4Fe2O4 

with the addition of Li2CO3 are successfully studied by x-ray 

diffraction method and SEM technique where the material 

was synthesized by conventional ceramic method at 1300°C 

sintering temperature for 6 hours. The lattice parameter and 

grain size were increased and the bulk density and x-ay 

density decreased with increasing of Li2CO3 content on the 

Ni-Mg ferrite. On the other hand, the grain size of the 

samples was increased with increasing Li2CO3 content which 

may be considered as the same consequence of XRD data. 

From these data it is concluded that there has no impurity and 

segregation on the sample. The initial permeability decreased 

at 2% Li2CO3 and then increased whereas the Curie 

temperature increased at 2% Li2CO3 and then decreased. As 

for both in frequency and temperature, the loss tangent has 

increased but RQF has decreased although the Li
2+

 content 

was increased in Ni-Mg ferrite. 
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