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This study evaluates the structural, microstructural, electric and magnetic properties of nickel ferrite 
samples prepared through the solid state reaction. It was observed that an increase in the sintering 
temperature produces a higher cation concentration in the A site when compared to the B site. The 
assessment of magnetic properties showed that an increase in grain size leads to a decrease in the 
coercive fields verging on superparamagnetic values, while the saturation magnetization increases up 
to 46.5 Am2.kg–1 for samples sintered at 1200 °C. The dc electric resistivity behavior of samples was 
attributed to the increase in the cross-sectional area of grains as well as the different oxidation states 
and distribution of cations amongst the lattice sites of the spinel structure.
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1.	 Introduction
Me-ferrites are magnetic materials with the generic 

structure MeFe
2

+3O
4
, where Me can be Ni+2, Cu+2, Mg+2 

or Co+2. They are of great interest to researchers due to 
their wide range of applications in many fields, including 
information and communication devices, information 
storage, and ferrofluids1-3. These materials present high 
levels of magnetic permeability, saturation magnetization 
and electric resistivity4-6. In addition to these properties, 
Me-ferrites show large magnetostrictive coefficients7, thus 
allowing for applications in transducer devices. Recently, 
ferrites have also been used as the magnetic phase in 
composites with magnetoelectric effect8,9. In these systems, 
the high conversion energy coefficient between electric and 
magnetic fields (ME effect) is directly dependent on the high 
electric resistivity, high saturation magnetization (Ms) and 
high magnetostrictive coefficient of the magnetic phase, 
as well as the chemical stability of the magnetic phases8,9.

Me-ferrites in polycrystalline form may be obtained by 
several preparation methods, such as solid state reaction, 
co-precipitation, mechano-chemical, combustion, or 
sol-gel10-13. However, variations in synthesis conditions 
such as sintering time, temperature, atmosphere and thermal 
annealing will influence final composition and grain size13,14.

One of the most important members of Me-Ferrite 
systems is the nickel ferrite, or NiFe

2
O

4
, which is a 

soft magnetic material with an inverse spinel structure. 
Ferrimagnetism originates from magnetic moments of anti-
parallel spins between Fe3+ ions at tetrahedral sites and Ni2+ 
ions at octahedral sites3,14. In this system, an increase in grain 
size leads to a decrease in the coercive field, while saturation 

magnetization increases. In Ni-Zn ferrites, on the other hand, 
an increase in the sintering temperature leads to a decrease in 
the resistivity due to the higher Fe2+ concentration, allowing 
hopping conductivity mechanisms to occur15,16.

Several investigations on the structure, conductivity 
and magnetic properties of Ni-modified ferrites have been 
reported in literature13-16. Most reports, however, describe 
the obtaining and characterization of nanoparticles through 
several processing routes14,17-20 .This paper investigates the 
effect of the sintering temperature of Ni-ferrite bulk ceramics 
upon microstructural evolution, and evaluates its relation 
with electric and magnetic properties as well.

2.	 Experimental Procedure
Powder with a nominal composition of NiFe

2
O

4
 was 

prepared through the solid state reaction method using 
α-Fe

2
O

3
 (99.98%)

 
and NiO (99.99%) as precursors. The 

powders were ball-milled within polyethylene pots filled 
with distilled water and zirconia balls, in the correct 
composition, for 3  hours, and then calcined at 900  °C 
for 4  hours. The ferrite powder was then ball-milled at 
200 rpm for 10 hours and then dried. The specimens were 
compacted by uniaxial pressing and isostatic pressing to 
minimize density gradients. Later, the specimens were 
fired by conventional sintering from 1000 to 1200 °C for 
4 hours.

The crystalline phases of the sintered specimens were 
determined through X-ray diffraction (XRD) performed 
in a Rigaku Rotaflex RU200B diffractometer, with CuKα 
radiation (0.15418  nm). The grains size distribution and 
morphology were observed by scanning electron microscopy 
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(SEM), for samples optically polished and thermally etched. 
The apparent density (ρ

app
) of sintered ceramic bodies 

was obtained by the Archimedes method, with distilled 
water as the immersion liquid. The electric resistivity 
measurements, at room temperature with an applied dc 
field, were performed on the gold sputtered ceramics using 
a Model 617 Keithley electrometer. Magnetic hysteresis 
was measured with a Model 7100 Quantum Design Physical 
Properties Measurement System (PPMS) dc extraction 
magnetometer, at 300 K, up to 50 kOe.

3.	 Results
The XRD patterns of the sintered ceramics are shown in 

Figure 1. The sharp peaks indicate well-crystallized grains. 
All peaks are identified as the typical cubic-spinel structure, 
as expected for NiFe

2
O

4
. No other diffraction lines were 

observed, suggesting the absence of spurious phases in the 
samples at observable XRD levels. As seen on Table 1, the 
lattice parameter a, determined from the XRD patterns, 
increases for sintering temperatures up to 1150 °C and then 
slightly decreases for the sample sintered at 1200 °C. Small 
changes in lattice parameter a may be related to the oxidation 
states and distribution of cations amongst the lattice sites 
of the spinel structure. Up to 1150 °C, the increase in the 
lattice parameter a is mainly related to iron reduction from 
Fe3+ to Fe2+ during the sintering process, since the Fe+2 ion 
has a larger ionic radius (0.76 Å) than Fe+3 (0.64 Å)21. For 

sintering temperatures higher than 1150 °C, the formation 
of Ni+3(0.62 Å) is likely to occur, resulting in the reduction 
of the lattice parameter a. The values of the intensity ratio 
(I

220
/I

222
), which can characterize the cation distribution 

of NiFe
2
O

3
[22], are given in Table 1. The intensity of (220) 

and (222) planes depends on the cation distribution in the 
tetrahedral (A) and octahedral sites (B), respectively22. The 
calculated values lie between 3.20 and 3.60, and they show 
an increase with the sintering temperature. The observed 
values are compatible with the reported values (0.8-3.6)22. 
The increase in the I

220
/I

222
 ratio with sintering temperature 

indicates that the cation concentration in the A site increases 
when compared to the B site, and this fact may suggest 
the formation of a blend of the normal and inverse spinel 
structure, or mixed spinel structure.

The apparent density values for different sintering 
conditions are shown on Table  1. The values show that 
the apparent density of the samples increases at higher 
sintering temperatures. High density values (>95%) were 
found for sintering temperatures above 1150 °C, which is 
in agreement with the shrinkage curve (not shown here), 
where the maximum shrinkage ratio occurs close to 1150 °C.

SEM surface micrographs of Ni-ferrites sintered at 
1000, 1100, 1150 and 1200 °C for 4 hours are shown in 
Figure 2a-d. The increase in average grain size following 
the raises in sintering temperatures is clearly visible, from 
~0.3 µm for samples sintered at 1000 °C to ~2-3 µm for 
samples sintered at 1200  °C. The micrographs of the 
samples sintered at 1000 and 1100 °C show microstructures 
with small grains (~0.3 and 0.7 µm, respectively) and open 
porosity due to intra-granular pores, indicating that the 
sintering temperatures were insufficient for the complete 
formation of a dense microstructure, which is consistent 
with the low relative density values measured. The sample 
sintered at 1150 °C shows two distinct average grain size 
distributions and some pores. The grains with an average 
size close to 1.5 µm are surrounded by smaller grains of 
average grain size close to 0.8 µm. The large grains may be 
associated with grain growth from the smaller grains, or may 
be an agglomerate of small grains. On the other hand, the 
sample sintered at 1200 °C showed a dense microstructure 
(in agreement with the apparent density values) and larger 
grain sizes (~2-3 µm), however inter-granular pores of low 
coordination number starts to appear. The increase in average 
grain size and stabilization of the apparent density indicate 
the final stage of sintering23.

The magnetic hysteresis loop, at room temperature, 
of the NiFe

2
O

4
 samples sintered at 1000, 1100, 1150 

and 1200 °C, is shown in Figure 3. A soft ferromagnetic 
hysteresis can be seen in all samples, as expected from a 
ferrite system3. The measured saturation magnetization (M

s
) 

at 800 kA.m–1 and coercitivity (H
c
) values of the samples are 

given in Table 2. An increase in the sintering temperature 
from 1000 to 1200 °C reduces the value of the H

c
 by about 

90%, verging on superparamagnetic values18-22, as seen 
in Figure 4. This decrease can be attributed mainly to an 
increase in the grain size of samples. It is known that the 
grain size increases with sintering temperature, and larger 
grains tend to consist of a greater number of domain walls. 
The magnetization caused by domain wall movement 

Table  1. Apparent relative density, lattice parameter a, relative 
intensity of the 200 and 222 planes, or I

220
/I

222
 for NiFe

2
O

4
 ceramics 

conventionally sintered at different temperatures, for 4 hours. 

Sintering 
temperature (°C)

Relative 
density 

(%)

a Cell  
parameter (Å)

I
220

/I
222

1000 90.0 ± 0.4 8.31 ± 0.01 3.20

1100 93.1 ± 0.3 8.33 ± 0.01 3.29

1150 95.0 ± 0.2 8.35 ± 0.01 3.60

1200 96.2 ± 0.2 8.34 ± 0.01 3.60
Source: F. L. Zabotto et al.

Figure 1. XRD patterns of the Ni-ferrite ceramics conventionally 
sintered at several temperatures, for 4 hours. The indexing is based 
on the JCPDS file # 441485. Source: F. L. Zabotto et al.
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Figure 2. SEM surface images of Ni-ferrite sintered for 4 hours at: a) 1000 °C; b) 1100 °C; c) 1150 °C; and d) 1200 °C. Source: F. L. Zabotto et al.

requires less energy than that required by domain rotation. 
As the number of walls increases with grain size, the 
contribution of wall movement to magnetization is greater 
than that of domain rotation. Therefore, samples having 
larger grains are expected to have a low coercivity, H

c
. Also, 

it can be seen that the saturation magnetization increases 
by aproximately 10%, from 42 to 46 to Am2.kg–1, with the 
increase in sintering temperatures. These M

s
 values are 

consistent with previous reports on the magnetic behavior 
of NiFe

2
O

4
 bulk ferrites6,7. On the other hand, observed M

s
 

is found to be higher than that of the NiFe
2
O

4
 prepared by 

the sol-gel auto-combustion method (7.39 Am2.kg–1) and 
by the facile oxalate decomposition method (4 Am2.kg–1)22. 
The higher M

s
 values obtained for samples sintered at high 

sintering temperatures may be associated with the different 
oxidation states and distribution of cations amongst the 
lattice sites of the spinel structure, as suggested by the XRD 
analyses. The different oxidation states and distribution of 
cations amongst the lattice sites may be generating a mixed 
spinel structure. It is known that the net magnetization of 
pure inverse spinel NiFe

2
O

4
 is mainly due to Ni+2 moments 

in the B site only. Hence, Fe+3 moments from the A and B 
sites cancel each other and give lower magnetization values 
than those of the mixed spinel NiFe

2
O

4
. In the case of mixed 

spinel structure, the saturation magnetization value is high 
due to the presence, for example, of the Ni+2 ions in the 

A sites22. The high saturation values (~46 Am2.kg–1), together 
with the absence of the hysteresis area and the almost 
immeasurable coercitivity observed for samples sintered 
at 1200  °C suggests a superparamagnetic-like behavior. 
However, such behavior generally occurs in nanoparticles 
due to the fact that these particles have a single domain 
structure19,20. To the best of our knowledge, bulk NiFe

2
O

4
 

with such a high saturation magnetization and very low 
coercitivity has not been reported.

Figure  5 shows the electric resistivity at room 
temperature, as a function of sintering temperature. The 
results confirm a gradual decrease in electric resistivity, 
from values ~2.4  ×  106 Ωm to 0.3  ×  106 Ωm, for high 
sintering temperatures. The variation in resistivity can 
be explained as a consequence of microstructural and 
structural shifts resulting from changes in sintering 
conditions. Decreased porosity causes individual grains to 
come closer, while the increased average grain size reduces 
the grain boundary. These two characteristics combined 
increase the cross-sectional area of the conductor, thus 
causing a decrease in the total resistance of the sample. 
Additionally, the raise in sintering temperatures may be 
increasing Fe+2 concentrations, allowing a hopping-type 
conduction between Fe+3 and Fe+2, as suggested by XRD 
analyses. The electric conductivity in ferrites can be 
explained by the Verwey-de Boer mechanism in which 
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Arrhenius-type calculation for electric conductivity, σ, 

i.e. 0 exp[ ]σ = σ − a

B

E
k T  , between 20 °C and 130 °C, shown 

in Table 2, also decreases as the sintering temperature is 
raised. The activation energy of the samples sintered at 
1200 °C (0.28 eV) is lower than that of samples sintered 
at 1000 °C (0.52 eV). This showed that more energy was 
required for electron hopping between Fe+2 and Fe+3 ions 
in samples sintered at lower temperatures. The result is 
consistent with the conclusion that the higher activation 
energy is associated with higher electrical resistivity24.

Figure 3. Magnetization as a function of applied magnetic field at room temperature for Ni-ferrite samples sintered at different sintering 
temperatures for 4 hours. Source: F. L. Zabotto et al.

electron exchanges takes place between ions of the same 
element present in more than one valence state3,24. Such 
ions are distributed randomly over crystallographically 
equivalent lattice sites and, in nickel ferrites, the electronic 
hopping between Fe+2 and Fe+3 ions located on octahedral 
sites is the primary mechanism which allows electrical 
transport24-26. The activation energy (Ea), estimated by an 

Table 2. Activation energy, electric resistivity at room temperature, 
saturation magnetization and coercive field as a function of sintering 
temperature for NiFe

2
O

4
 ceramics.

Sintering 
condition 

(°C)

Activation 
energy 

(eV)

Room 
temperature 

resistivity 
(×106 Ωm)

Saturation 
magnetization 

(Am2.kg–1)

Coercive 
field 

(kA.m–1)

1000 0.52 2.43 ± 0.06 42.0 6.1

1100 0.39 1.32 ± 0.02 44.3 3.3

1150 0.35 0.58 ± 0.07 45.5 0.5

1200 0.28 0.3 ± 0.1 46.5 0.4
Source: F. L. Zabotto et al.

Figure 4. Saturation magnetization and coercive field as a function of 
the sintering temperature for Ni-ferrite samples sintered at different 
sintering temperatures for 4 hours. Source: F. L. Zabotto et al.
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properties has been investigated. High values of relative 
density were obtained for samples sintered at 1200  °C. 
At higher sintering temperatures, the coercive field is 
reduced as a result of the increase in the domain size, 
which in turn is a consequence of grain growth. Samples 
sintered at 1200  °C showed a coercive field verging on 
superparamagnetic values, yet keeping the high values 
of saturation magnetization, as a consequence of the 
possible formation of a mixed spinel structure. As reported 
in literature, the dc electric resistivity of samples is 
influenced by both microstructural properties and different 
oxidation states of ions that support the electronic hopping 
conduction process.
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Figure  5. Dc electric resistivity as a function of sintering 
temperature for Ni-ferrite samples sintered at different sintering 
temperatures for 4 hours. Source: F. L. Zabotto et al.

4.	 Conclusion
Ni-ferrite samples in bulk form have been prepared 

by solid state reaction, and the effect of the sintering 
temperature on its microstructural, electric and magnetic 
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