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ABSTRACT
Nickel ferrite (NiFe2O4), one of the very important ferrite materials, has been 
considered for many applications, such as high-density magnetic storage media, 
MRI contrast agents, color imaging, ferrofluids, high-frequency devices, mag-
netic refrigerators, catalysts, and microwave devices. We applied theoretical and 
experimental approaches to study the structural, magnetic, dielectric, and elec-
trical properties of nickel ferrite (NiFe2O4). The sol–gel method was employed 
to synthesize nickel ferrite (NiFe₂O₄). Various experimental analyses, including 
X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, scan-
ning electron microscopy (SEM), and vibrating magnetometry (VSM), were car-
ried out to investigate its different properties. Theoretical approaches such as 
Density Functional Theory (DFT) using CASTEP codes with other approxima-
tions, including generalized gradient approximation (GGA), local spin-density 
approximation (LSDA), and local density approximation (LDA), were employed. 
XRD showed the FCC structure of the prepared material with a lattice constant of 
8.20 Å that corresponds to the fd-3 m space group. The FT-IR spectrum confirmed 
the absorption peak at 598 cm⁻1 because of octahedral sites present in the inverse 
spinel NiFe₂O₄. For the investigation of surface morphology, SEM was used that 
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showed the agglomeration with varying sizes of particles. VSM confirmed the 
soft magnetic nature of the prepared material with its magnetic moment of 2.63, 
and the M–H loop was used to derive the magnetic properties of the sample. 
Using various approximations, all work was done in CASTEP code and theoreti-
cally DFT was employed. We had shifted to using GGA, which yields depend-
able consequences that are in best accord with the experimental results, because 
LSDA failed to explain the magnetic structure of the current compound. These 
outcomes include band gap, lattice parameters, electrical properties, and mag-
netic properties. Dielectric constant and dielectric loss were observed to decrease 
with frequency and increase with temperature, following Koop’s theory. Fur-
thermore, AC conductivity was also studied at varying frequencies at different 
temperatures.

1 Introduction

Nanomaterial is the focus of intense research due 
to its unique chemical and physical properties, syn-
thesis, and applications. These materials have more 
attractions because of their scientific and technologi-
cal importance. Nanocrystalline spinel ferrites with 
the common formula MFe₂O₄ (M = Ni, Zn, Mn, Co, 
Mg, etc.) are the most significant magnetic materials 
[1–5]. The spinel structure has a space group Fd3m. 
The cubic unit cell is made up of 56 atoms, 32 oxygen 
anions distributed in a cubic close-packed structure, 
and 24 cations that take up 16 of the 32 octahedral 
sites (B-sites) and 8 of the 64 tetrahedral sites (A-sites) 
[6–11]. Nickel ferrite (NFe₂O₄) is an important ferrite 
material that has been considered for numerous appli-
cations, including MRI contrast agents, high-density 
magnetic storage media, color imaging magnetic 
refrigerators, ferrofluids, catalysts, high-frequency 
devices, and microwave devices [12]. The nickel fer-
rite (NiFe2O4) was prepared using various chemical 
routes. A specific study has been made to synthesis 
NiFe2O4 nanoparticles. The magnetic properties of 
the synthesized material mainly depend upon parti-
cle size and synthesis routes. Ferromagnetic behav-
ior is a common feature, with values close to satura-
tion magnetization when compared to the relevant 
bulk material. The microstructure and composition 
affect the properties of the prepared material that 
is sensitive to the preparation methodology used in 
its preparation. There are many synthesis methods 
available to prepare the required material, includ-
ing the sol–gel auto-combustion method, citric acid 
combustion method, organic gel-thermal decomposi-
tion method, hydrothermal method, co-precipitation 

method, gel-assisted hydrothermal route, thermolysis, 
wet-chemical co-precipitation technique, self-propa-
gating, and microemulsion [13]. In this research arti-
cle, the nickel ferrites were prepared using the sol–gel 
auto-combustion method, which is a sole combination 
of chemical gelation and ignition process. The main 
advantages of this method are cost-effectiveness, sim-
ple preparation, and gentle chemistry routes result-
ing in homogeneous and fine powder. Its ability to 
produce single-phase nanoparticles of nickel ferrites 
with controllable particle size and size distribution 
advances its capability in a wide range of technologi-
cal applications [14]. Ferrites have the benefit of being 
less expensive and performing better than other items. 
They can be used as a black pigment and contrast 
agent in MRI scans [15]. The general formula for spi-
nel ferrite with a crystalline FCC structure is A2⁺B₂3⁺O₄, 
where A and B are metal cations. The magnetic char-
acteristics of nanoferrites include A–A, B–B, and A–B 
contacts, among other exchange interactions among 
sub-lattices. Researchers are working on several spinel 
ferrites uses. Zinc ferrite nanoparticles (ZNF) coated 
with oleic acid have a cubic shape. M–H loops serve 
as an example of the processed material’s paramag-
netic properties. At a minimum dosage rate of 8 mg/
ml, the produced substance can be used to treat cancer 
and hyperthermia [16]. Since nanosized nickel ferrites 
have better chemical and physical characteristics than 
other ferrites, they are widely employed as materials 
for electronic applications. The specific heating, melt-
ing temperature, and expansion coefficients of nickel 
ferrite are comparatively high based on basic physico-
chemical properties.

However, they have low saturation magnetiza-
tion, low Curie temperature, small coercivity, large 
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electrical resistivity, small eddy current losses, and 
large electrochemical strength [17–19]. Because of 
the peculiar technological and fundamental proper-
ties, nickel ferrite (NiFe₂O₄) is of immense interest 
to researchers. It is understood that NiFe₂O₄ (NFO) 
possesses inverse spinel structures where Ni2⁺ cations 
are found within the B-sites and Fe3⁺ ions at both A- 
and B-sites. In theory, the tetrahedral and octahedral 
sites of inverse spinel originate the Fe+3 ions’ magnetic 
moments in the AF-coupled system, and these mag-
netic moments cancel each other. Therefore, the Ni+2 
ions are responsible for magnetization on the octahe-
dral sites with moments of about 2 μB/fu [20–22]. As 
far as NFO is concerned, the properties of this mate-
rial are stated to be greatly governed by the Fe and Ni 
cation distribution between A- and B-sites; the two are 
functions of the dopant levels and the sample prepara-
tion techniques.

Over the last few years, prediction of spectro-
scopic characteristics of distinct molecular geometries 
through full-scale energy calculation techniques has 
attracted great interest. These calculations are founded 
on time-dependent density functional theory (TD-
DFT), whereby different simulation methods include 
DMol3 and CASTEP techniques [23, 24]. Previously, 
the Density Functional Theory (DFT) was used to 
investigate magneto-crystalline anisotropy. LSDA 
and GGA within the DFT were used to perform struc-
tural and electronic analysis for NFO [25, 26]. When it 
comes to more comparative simulations, some previ-
ous researchers have given the magnetic moments of 
NFO, density of states (DOS), and electronic spin-den-
sity functional-based energy bands. Moreover, elec-
tronic characteristics using X-ray absorption, magnetic 
circular dichroism spectra, and completely relativistic 
DIRAC LMTO with LSDA and LSDA + U formalism 
[27, 28].

The magnetic, morphological, and structural prop-
erties of prepared material are also based upon tem-
perature and separation techniques during prepara-
tion [29]. Many approaches are applied to prepare 
nano-crystallite AB2O4. Some of them are named as 
sol–gel method [30, 31], co-precipitation, chemical 
reduction [32, 33], seeding, a microwave-assisted 
method, sono-electro-deposition, combustion method, 
solid-state method, solvent-deficient method [34, 35], 
the method of inert gas condensation, laser ablations, 
sputtering, ultrasound method, template synthesis, 
spark discharge, biological synthesis, hydrothermal 
method [36, 37], solvothermal method, microemulsion, 

and inverse microemulsion are the methods to prepare 
nanoparticles [].

The project refers to a cost-effective path to prepare 
nanoparticles of NiFe₂O₄ by applying the sol–gel auto-
combustion method. After studying this ferrite using 
different experimental techniques, it has been found 
from the results that a single-phase sample can be syn-
thesized at relatively lower temperatures [38, 39]. It 
was affirmed that single-phase formation is a prereq-
uisite to use this material for a particular application. 
This is because if a sample contains impurities, then 
the impurities can deteriorate the performance of the 
material used for a particular application. In addition, 
in magnetic measurements, it can be seen that NiFe2O4 
exhibits excellent magnetic properties when compared 
with the previous studies [2]. For example, it exhibits 
a saturation magnetization of 62 emu/g and a coerciv-
ity of 252 Oe in pure form, which are higher than the 
previously reported studies [40–42]. Such higher val-
ues are very suitable for high-frequency applications 
like microwave devices where high saturation mag-
netization and coercivity of a few hundred oersteds 
are desirable.

2 �Synthesis procedure

The sol–gel method involves a wet-chemical pro-
cess where precursors, typically metal alkoxides, 
undergo hydrolysis and condensation reactions to 
form a sol, which then transforms into a gel. This 
process is used to create various materials, includ-
ing nanoparticles and thin films, with a degree of 
control over structure and properties [43–45]. The 
sol–gel route was applied to synthesize nanoparti-
cles of nickel ferrites. All the chemicals used in the 
synthesis of nickel ferrites are from Sigma Aldrich 
of analytical grade taken from the laboratory, which 
are used without further purification. The nanopar-
ticles of nickel ferrites were prepared using iron (III) 
nitrate nonahydrate and nickel (II) nitrate hexahy-
drate. First of all, 0.1 mol and 0.2 mol of nickel (II) 
nitrate hexahydrate (m = 2.91 g) and iron (III) nitrate 
nonahydrate (m = 8.08  g), respectively, were dis-
solved in 100 ml of D.I. water separately and stirred 
for about 30 min at room temperature to make a 
homogeneous solution. After that, both the salts are 
mixed and stirred for about 1 h. Citric acid is used 
in the ratio 1:1 as a chelating agent. The pH of the 
solution was maintained at 8 using an appropriate 
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quantity of ammonia solution (NH4OH). At 80 °C, 
the solution was stirred constantly for about 12 h so 
that the excess water evaporated and the solution 
transformed into viscous gel. The gel was viscous 
and brown. The gel is further transformed into a hot 
air oven for further drying. The temperature of the 
hot air oven is set for about 3 h. A puffy solid remains 
and, using a mortar and pestle, is ground into a fine 
powder. Finally, the prepared material is heated at 
600 °C for 5 h in a muffle furnace, and the material 
is further ground. The following characterization 
techniques were applied to investigate the proper-
ties of prepared samples. X-ray diffraction technique 
was applied to investigate the underlying crystal 
structure of the prepared material by Cu-Kα (Mini 
Flex-III) with a wavelength of 1.54 Å and accelerat-
ing voltage 40 kV. SEM (Hitachi SU 1510 machine) 
was used to observe and analyze the surface mor-
phology of prepared samples. The chemical bonds 
and functional groups of the prepared material were 
investigated through FT-IR. Shimadzu 8400S IR spec-
trometer recorded Infrared (IR) spectra by KBr pel-
lets method. RAMAN spectroscope (Model: In Via 
Raman Microscope by RENISHAW UK, Excitation 
laser: 488-nm Laser Exposure time/s: 10 s, grating: 
1800 I/mm, objective: X50L, laser power: 100%). VSM 
(Lakeshore-7407 with applied magnetic field ± 10,000 
Oe and at room temperature) was applied for meas-
uring a magnetic property of materials when it 

vibrated perpendicularly to uniform magnetic fields. 
High-frequency (up to 3 GHz) dielectric properties 
were measured using R & S ZVA. X-ray photoelec-
tron spectroscopy (XPS, ESCA Lab MK II using non-
monochromatized Mg Ka X-ray beams) was used to 
evaluate the presence of elements for the synthesis 
of NiFe2O4.

3 �Results and discussion

3.1 �Structural parameters

3.1.1 �X‑ray diffraction analysis

The structure of prepared nickel ferrites was depicted 
using Cu ray of wavelength 1.540593 Å in the width 
of 2θ degrees, which is illustrated in Fig. 1. The planes 
(111), (220), (311), (222), (400), (422), (511), and (440) 
show that the prepared material has a cubic structure 
that is in accordance with JCPDS card number 000-
003-0875 []. The prepared material has a single phase 
because XRD patterns show no extra peaks. This 
means that the prepared material has no impurities. 
Various features of the prepared material were inves-
tigated, which are discussed below. The unit cell soft-
ware (Jade6.5) was used to find the lattice constant (a) 
among the lattice planes of the crystal. To calculate the 
various structural parameters, the following formulas 
were used:

Fig. 1   XRD pattern of nickel 
ferrite 

(

NiFe
2
O

4

)
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The theoretical lattice constant is estimated by the 
following equation [46]:

The similarities were found between experimental 
and theoretical results.

The Scherrer formula is applied to find crystallite 
size [47, 48]:

In this expression, the crystallite size is represented 
by D, the Scherrer constant is denoted by K having 
a value of 0.9, where λ is the radiation wavelength 
(1.540593 Å), β represents the intense peaks full width 
at half-maximum (FWHM) (200), and Bragg’s angle is 
indicated by (θ) [49].

The volume of the unit cell is estimated using the 
relation of the lattice constant as given below [50];

(1)a
theo

=
8

3

√

3

�

�

r
A
+ R

o

�

+

√

3

�

r
B
+ R

o

�

�

(2)D =
K�

�cos�

X-ray density is estimated by applying the follow-
ing relation [51];

In this expression, N is the effective number of 
atoms in a unit cell of cubic inverse spinel structure 
that is equal to 8, where M is the molecular weight 
having a value of V, V is the unit cell volume, and 
NA is the Avogadro’s number. All computed values 
of parameters are listed in Table 1. It can be observed 
that the values of all these parameters greatly match 
the earlier reported values for the same type of ferrite.

3.1.2 �Inter‑ionic distances and bond angles

The separation (b, c, d, e, f) among cation to cation 
(Me–Me) and distances (p, q, r, s) between cation and 
anion (Me–O) are shown in Fig. 2. The following for-
mulae are used for their determination [52, 53].

(3)V = a
3

(4)D
x
=

N ×M

N
A
V

(5)p =
(

5

8

− u

)

a

Table 1   Values of structural parameters of nickel ferrite 
(

NiFe
2
O

4

)

aexp (Å) atheo (Å) D (nm) V  (Å3) Dx 
(

gcm−3
)

8.20 8.20 27 551.368 5.21

Fig. 2   Inter-ionic distances and bond angles illustration
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These calculated values are tabulated in Table 2.
The inter-ionic bond angles are estimated using the 

following relations [54, 55] and the calculated values are 
given in Table 3 which are in good agreement with the 
earlier reported literature [43]:
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3
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a
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3.1.3 �Tetrahedral and octahedral structural parameters

The following relations were used to compute other 
parameters at A- and B-sites [56, 57], involving ionic 
radius ( r

A
 & r

B
 ), inter-ionic and cationic–anionic sep-

arations ( R
A

 & R
B
 ), bond length ( d

AL
 & d

BL
 ), hopping 

length ( L
A

 & L
B
 ), shared edge length ( d

ALE
 & d
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 ), and 

unshared edge length ( d
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√
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Table 2   Inter-ionic distances 
(p, q, r, s, b, c, d, e, f) values 
for nickel ferrite 

(

NiFe
2
O

4

)

p (Å) q (Å) r (Å) s (Å) b (Å) c (Å) d (Å) e (Å) f (Å)

2.0008 1.8605 3.5627 3.5791 2.8991 3.3995 3.5507 5.3260 5.0214

Table 3   Inter-ionic bond angles 
(

�
1
, �

2
, �

3
, �

4
, �

5

)

 values for 
nickel ferrite 

(

NiFe
2
O

4

)

�1(degree) �2(degree) �3(degree) �4(degree) �5(degree)

123.3400 144.9468 92.8536 125.9180 74.4807
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where u = 0.381 is the normal positioning characteristic 
of the oxygen ion and Ro = 1.32 Å is its radius for metal 
oxides. Regarding the FCC structure, uideal = 0.375 
is considered best, and the deviation of the oxygen 
parameter is calculated using the formula δ = u – uideal. 
The calculated values for each of these parameters are 
displayed in Table 4. The octahedral B and tetrahedral 
A sites comprise the FCC structure [58].

3.1.4 �Theoretical calculations of structural properties 
using DFT

The structure of Nickel ferrite is generated using DFT 
inside the (FP-LAPW) method which was employed in 
the CASTEP [59]. It is noted that NFO has FCC struc-
tures with fd3m space group. The inverse spinal struc-
ture as generated in the CASTEP code is given in Fig. 3.

It has cubic unit cell consist of 56 atoms, in which oxy-
gen atom occupy 32 atomic positions, Ni atom occupy 8 
and the remaining 16 by the Fe atom. Fcc inverse spinel 
structure was calculated theoretically having lattice con-
stant 8.20 Ao and unit cell volume 580.0937 with space 
group fd-3 m (227). Fe3+ equally occupied by the octahe-
dral and tetrahedral sites. N

i

2+ occupies only octahedral 
sites and half of the octahedral sites are distributed by 
Fe

3+ and the other half by N
i

2+.

3.1.5 �Geometry optimization

To obtain the appropriate energy based upon vol-
ume, whole system energy is reduced to reach the 

(26)d
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= a

(
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11

4
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√

4u
2 − 3u +

11

16

)

ground state energy of the system. There are two pro-
cesses that must be completed before this energy may 
be used. The interior forces exerted on one another 
inside the unit cell are estimated in the first phase. 
As a result, forces become insignificant in this phase, 
and the parameter u is decreased. Where in the 2nd 
phase, after choosing the c/a ratio, the curve between 
the energy and volume is optimized. We can achieve 
this using a Birch–Murnaghan equation, which allows 
us to compute the ground state parameters [44, 60, 61].

Here,

•	 E(V) E
g
 with unit cell volume V

•	 E (V
o
) E

g
 at zero pressure

•	 B
o
 bulk modulus

•	  B
o
′ derivative of B

o
 at zero pressure

As a result, E
total

 is optimized at a certain volume 
that is called optimized volume.
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Table 4   Tetrahedral and 
octahedral site values for 
nickel ferrite 

(

NiFe
2
O

4

)

rA
(Å)

rB
(Å)

RA

(Å)
RB

(Å)
LA

(Å)
LB

(Å)
dAL
(Å)

dBL
(Å)

dALE
(Å)

dBLE
(Å)

dBLEU
(Å)

0.5405 0.6808 1.8605 2.0020 3.5507 2.8991 5.1405 2.0020 3.0382 2.7599 2.9008

Fig. 3   Crystal Structure of Nickel Ferrite generated using DFT
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3.2 �SEM analysis

Scanning Electron Microscopy (SEM) was applied to 
observe the morphology of nanoparticles as illustrated 
in Fig. 4 (a). These micrographs indicate that the parti-
cles are of varying sizes and non-uniform shapes with 
agglomeration in nanoparticles. The agglomeration is 
inhomogeneous. The surface has a non-uniform dis-
tribution of material. The grain size obeys the crystal-
lite size trend, and magnitude varies because grains 
are made of crystallites. Figure 4(b–d) reflects the 
elemental mapping images (EMI) of NiFe2O4 ferrite, 
which were obtained to examine the distribution of 
different elements present in NiFe2O4 ferrite. The EMI 
images showed that the Ni, Fe, and O were homogene-
ously distributed in the ferrite sample, thereby con-
firming that the sample exhibits a single-phase spinel 
structure.

3.3 �FT‑IR analysis

FT-IR of nickel ferrite oxide ( NiFe
2
O

4
) is shown in Fig. 5. 

The transmittance characteristic of the nickel ferrites 
oxide fine particles has been observed within range of 
400 − 4000 cm

−1 . The kind and nature of chemical bond-
ing among metals ions and some other constituents in 
ferrites may be seen via infrared spectroscopy [29]. The 
water molecules absorption of samples observed at 
3410 cm−1 [58]. The samples are also show the absorb-
ance at1632 cm−1 because of nitrate ions absorbance 
in the samples. It is clear from the graph that NiFe

2
O

4
 

powder has absorbance peak at 598 cm−1 . The stretch-
ing vibrations are fundamental absorption bands at the 
octahedral and tetrahedral sites for inverse spinel fer-
rite [62]. The octahedral vibration, on the other hand, 
are not noticeable in this sample since they typically 
arise between 300 cm−1 and 600 cm−1 [29]. There are 
two clear metal–oxygen band at the value of 3410 cm−1 
and 598 cm−1 are generally because of vibrations of ions 
existing within the crystals. The tetrahedral vibrations 

Fig. 4   a SEM image of nickel ferrite 
(

NiFe
2
O

4

)

 . b–d Elemental mapping images of NiFe2O4
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(

V
t

)

 were found from Fig. 5, and force constants 
(

K
t

)

 are 
calculated using Eq. 30 [63].

(31)K
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= 4�2

V
2

t
c
2�

(32)
1

�
=

1

m
1

+
1

m
2

+
1

m
3

+…

where 
(

V
t

)

 is 598  cm−1, speed of light (c) is 
2.99972458 × 10

10

cms
−1 , and mass reduction (�) is 

estimated by Eq. 31 [64, 65] for tetrahedral sites. The 
results are shown in Table 5.

3.4 �Electronic properties

The electronic properties are basically revealed from 
the band structure of the compound.

3.4.1 �Band structure

Significant proof regarding the substance is inter-
preted using the band structure that may be direct 
or indirect. It also tells about the energy range for the 
electrons within the solids that may have an energy 
band or may not. The electronic band structure for 
NFO is computed with several symmetric points in 
the 1st Brillouin zone which were employed in PBE-
GGA (Fig. 6).

According to the band structure of the sam-
ple, both spin-up and spin-down channels cross 
the Fermi level, but there is a difference of 2.5 eV 
between the valence and conduction bands, which 
confirms that the compound is half metal.

3.4.2 �Density of states

In nickel ferrite, the DOS is computed as shown in 
Fig. 7. The computed DOS at 0.4 and 1.3 demonstrates 

Fig. 5   FT-IR spectrum of nickel ferrite 
(

NiFe
2
O

4

)

Table 5   Values of V
t
 , μ , and K

t
 for nickel ferrite 

(

NiFe
2
O

4

)

Vt 
(

cm−1
)

μ×10−23(g) Kt×10
5(dyne∕cm)

598 3.9901 5.0627

Fig. 6   Band structure for 
Nickel Ferrite
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that nickel ferrite is a semi-metal, where the value of 
the band gap was about 2.5 eV. The intra-site Cou-
lomb repulsion of and as calculated from DOS was 
observed to be 10 eV and 12 eV, respectively, which 
were too close to the experimental results. From 
DOS, it was revealed that lower Hubbard bands 
were lower than the O bands. This demonstrates the 
ability to transfer large amounts of charge. On the 
other hand, lower Hubbard bands interact strongly 
with the O bands. The crystal area of site B is clearly 
greater than that of site A, as anticipated by crystal 
field theory, based on the Fe3⁺ split. There are both 
spin-up and spin-down alignments. According to 
spin-down alignments, it crosses the Fermi level and 
indicates the conducting nature of Fe, but spin-up 
alignment shows that there is an energy band gap of 
2 eV, showing the half-metal nature of the sample.

3.5 �Magnetic properties

For the investigation of the magnetic properties 
of the loop, a plot was made at room temperature 
using the VSM technique. Several parameters about 
magnetic properties were found through loops, like 
remanence, saturation magnetization, and coerciv-
ity. The loop is shown in Fig. 8, revealing the fer-
romagnetic nature of the prepared material. The 
small hysteresis loop area indicates that the prepared 
material is a soft ferrite. The intrinsic and extrinsic 
factors, such as lattice strain, lattice parameters, cat-
ion distribution and density, route of preparation, 

and structure, respectively, significantly impact the 
magnetic characteristics of the material [66].

Different magnetic parameters such as coercivity, 
saturation magnetization (Ms), and remanence (Mr) 
were obtained from the loops, as shown in Table 6. 
It is obvious from these values that the synthesized 
nickel ferrite exhibits excellent magnetic proper-
ties and shows soft magnetic behavior, thereby 
confirming that the material can be used for differ-
ent technological applications such as transformer 
cores, recording media, high-frequency devices, and 
dielectric resonators. The magnetic moment was cal-
culated using Eq. 33 [67]. The octahedral site is occu-
pied by and both and are resident in tetrahedral sites 
in inverse spinel nickel ferrites, and thus the total 
magnetic moment is in good accord with the experi-
mental values [68]:

In this expression, molecular weights and satura-
tion magnetization are represented by M and Ms, 
respectively.

The Mr /Ms ratio is known as the squareness ratio. 
Table 6 shows the small squareness value that indi-
cates that the material contains multi-domain grains. 
Also, we can calculate the anisotropic constant as well 
as the anisotropic fields by Eqs. 34 and 35 [69, 70].

(33)n
B
(μ

B
) =

M ×M
S

5585

(34)K =
H

s
×M

s

0.96

Fig. 7   Density of states for Nickel Ferrite Fig. 8   M − H loop of nickel ferrite 
(

NiFe
2
O

4

)
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where H
C

 is the coercivity, M
S
 is the saturation mag-

netization, and the value of μ◦ is 4π × 10
−7
H∕m . The 

grains size has an indirect relationship with coercivity 
[71]. As grain size is decreased, the grain boundary is 
increased, make difficult to align the domains [72]. The 
law of approach (LOA) was utilized to determine the 
saturation magnetization ( M

S
) maximum value which 

was 62.051 emu/g as shown in Fig. 9. The following 

(35)H
k
=

2K

μ◦M
S

equation was used that relates magnetization (M) to 
maximum applied magnetic field (H) [58, 73].

The above-mentioned parameters such as Ms rep-
resents saturation magnetization, assuming that the 
Brillouin function is equal to unity, A represents 
inhomogeneities present in the sample, B is propor-
tional to K2 (where K is the anisotropic constant), H 
is the applied magnetic field, and χ is the magnetic 
susceptibility.

3.6 �Magnetic properties using DFT

For the estimation of magnetic properties of NFO, we 
simply focused on the atomic total spin arrangement, 
rather than the precise valence electronic structure. 
Only the resultant local magnetic moment for each 
metallic species will be examined and this may be spin 
up (↑) or spin down (↓). We know that for inverse spi-
nel NFO, Fe atoms are present at two positions that 
may be octahedral or tetrahedral, that’s why they 
have to treat separately (Fig. 10). As a result, a greater 
number of initial total spin configurations have been 
considered. In ferromagnetic materials total magnetic 
moments are aligned and parallel (i.e., spin up ↑ for 
both Ni (Td) and Fe (Oh) but this structure is ferri-
magnetic in which Ni2+ and Fe3+ having anti-parallel 
magnetic moments (i.e., ↑ for Ni(Td) and ↓ for Fe(Oh)). 

(36)M = M
S

(

1M −
A

H

−
B

H
2

)

+ �H

Table 6   Magnetic properties 
of nickel ferrite 

(

NiFe
2
O

4

) Ms(emu∕g) Ms (LOA)(emu∕g) Mr(emu∕g) Mr/Ms nB (�B) HC K (erg∕g) HK

(107)

62.72 62.97 14.52 0.2315 2.63 257.2 16,803 42

Fig. 9   Fitted curves using the M − H loop data of nickel ferrite 
(

NiFe
2
O

4

)

Fig. 10   Spin-up and Spin-down alignment for magnetic properties of Nickel Ferrite
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For Ni (Oh) | Fe (Td) |Fe(Oh) having ↑↓↑ magnetic 
moment arrangement. In present structure both Fe 
atoms which are at octahedral and tetrahedral sites 
having anti-parallel moments and cancel the effect of 
each other. As a result, the overall magnetic moments 
present in the structures are due to presence of Ni (Oh) 
atoms. The local magnetic moments were calculated 
as 4|4|2|0 �

B
 for Ni (Oh) |Fe (Td)|Fe(Oh)|O on the 

atoms separately. The net magnetic moment on the 
whole structure was found to be 2.5 �

B
 which is com-

paratively close to the experimental value that’s 2.63 
�
B
.The crystal of NFO comprising of 2 magnetic sub 

lattices, which are due to Fe3+ and 2nd one Ni2+ with 
initial magnetic moment of 4 �

B
(d5) and 2 �

B
(d8).

3.7 �High‑frequency dielectric properties

The dielectric constant and dielectric loss as a function 
of frequency (up to 3 GHz) are shown in Fig. 11 (a and 
b). With the increase in the value of the applied fre-
quency, the value of the dielectric constant decreases. 
This behavior of ferrites in common can be explained 
as follows: the general form of spinel ferrites is repre-
sented by AB2O4, where A and B are tetrahedral and 
octahedral sites, respectively. The electrons hopping 
at the octahedral B-sites between Fe3+ and Fe2+ are 
responsible for conduction in ferrites [74].

The theory of Maxwell, Wagner, and Koop states 
that conduction shows a key role among the charges 
hopping and electrons [75]. The ferrites have two 
major layers: conducting grains and extremely resist-
ant grain boundaries. There is negligible interfacial 
polarization at high frequencies of more than 100 kHz. 
Atomic and electronic polarizations are effective in a 
range of more than 10 MHz. This polarization is simi-
lar to electron movement between Fe2⁺ and Fe3⁺ ions. 
The electron exchange is efficient at low frequency, 
which leads to a high dielectric constant. Neverthe-
less, the electron exchange becomes less efficient as 
frequency increases, which causes the dielectric con-
stant to decrease [76, 77]. Moreover, Fig. 11 (a and b) 
also shows how dielectric constant and loss vary with 
frequency at different temperatures (300 K, 325 K, and 
350 K), and it includes the variation at various frequen-
cies for dielectric loss as well as dielectric constant.

(37)Fe
3+ + 1e

−
↔ Fe

2+

3.7.1 �Dielectric constant and dielectric loss with varying 
temperature

The variation in both dielectric constant and dielectric 
loss with increasing temperature (300–350 K) at dif-
ferent high frequencies (10 MHz, 1 GHz, and 3 GHz) 
is reflected in Fig. 12 (a and b). The increase in tem-
perature causes the increase in both parameters. The 
increase is relatively prominent at low frequency and 
high temperature. The charge carriers between Fe3⁺ 
and Fe2⁺ are thermally activated, which increases the 
carriers’ exchange interactions; hence, an increase in 
the values of the dielectric constant is observed. It has 
been reported in earlier literature that dipolar and 
interfacial polarization are significant and mainly 

Fig. 11   Variation of a dielectric constant and b dielectric loss as 
a function of frequency at different temperatures
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depend upon temperature. Interfacial polarization 
increases, whereas dipolar polarization decreases 
with increasing temperature [78]. Interfacial polariza-
tion is mostly responsible for the increase in dielec-
tric constant values for the frequency values. Ferrites’ 
dielectric constant is comparable to the conducting 
phenomena that result from the charge carriers shift-
ing from Fe3⁺ to Fe2⁺ in the direction of the applied 
field. The polarization has been significantly influ-
enced by the observed displacement of electrons (n) 
and holes (p) charge carriers, which is temperature 
dependent. Therefore, the conductivity of spinal fer-
rites rises with temperature due to an increase in ther-
mal activation and charge carrier mobility between 
Fe3⁺ and Fe2⁺ ions [79]. Resultantly, overall dielectric 
polarization increases, and hence an increase in both 
dielectric constant and dielectric loss is observed, as 

shown in Fig. 12 (a and b). Figure 13 refers to the AC 
conductivity as a function of frequency at different 
temperatures. The AC conductivity was calculated 
using the following equation and its variation with 
high frequency (10 MHz–3 GHz).

Conducting processes in ferrite materials are caused 
by electrons (n) and holes (p) hopping between Fe3+ 
and Fe2+ ions at octahedral B-sites. Figure 13 shows 
that as the applied frequency increases, AC conduc-
tivity progressively rises [80]. AC conductivity rises 
as a result of the frequency increase because it raises 
the frequency of electrons and holes hopping between 
the Fe3⁺ and Fe2⁺ ions. According to Koop’s phenom-
enological theory and the Maxwell–Wagner model, the 
conducting grains in spinal ferrites are thought to be 
separated by thin, extremely insulating grain bounda-
ries [77]. According to the current study’s observed 
results on AC conductivity, conducting grains exhibit 
a dominant role at higher frequencies, whereas grain 
boundaries play a dominant function at lower fre-
quencies. Therefore, it can be confirmed that the AC 
conductivity of the studied ferrites is influenced by 
both conducting grains and extremely resistant grain 
boundaries [81]. The increase in these properties with 
temperature can be explained as follows.

At higher temperatures, thermal energy increases 
the mobility of dipolar species (such as Fe3⁺–O2⁻–Fe2⁺ 
pairs in ferrites). This allows dipoles to align more 

(38)6
AC

= ωϵ
0
ε�tan � = ωϵ

0
ϵ

Fig. 12   Variation of a dielectric constant and b dielectric loss as 
a function of temperature at different frequencies

Fig. 13   Variation of AC conductivity as a function of frequency 
at different temperatures
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easily with the alternating electric field, thereby 
increasing the dielectric constant [74]. Also, in het-
erogeneous materials (like polycrystalline ferrites), 
grains are more conductive than grain boundaries. 
At higher temperatures, grain boundary resistivity 
decreases, enhancing interfacial charge accumulation, 
which contributes to a higher dielectric constant. With 
a temperature rise, thermally activated electrons or 
small polarons (e.g., Fe2⁺ ↔ Fe3⁺ hopping) contribute 
to higher AC conductivity. This causes greater energy 
dissipation in the form of heat, which manifests as 
increased dielectric loss [76]. At high temperatures, 
dipoles may not keep up with the alternating field, 
leading to a phase lag. This phase difference between 
polarization and the electric field results in higher die-
lectric loss. Elevated temperatures reduce the barrier 
for charge carrier movement, increasing leakage cur-
rents. This further contributes to dielectric losses [77].

3.8 �X‑ray photoelectron spectroscopy (XPS) 
analysis

X-Ray Photo-spectroscopy (XPS) was used to exam-
ine the surface chemical composition properties and 
to confirm the single-phase formation of NiFe2O4 
[82–84]. Figure 14a reflects the XPS wide scan spec-
trum patterns of Ni2p, Fe2p, and O1s, with the peaks 
observed in the wide-angle spectra. The presence 
of Ni2+ is ascertained in Fig. 14b with the binding 
energy and satellite peaks at 855 eV and 861 eV, 
respectively [85-87], attributed to Ni 2p3/2. Figure 14c 
shows the peaks located at 710 eV, with its satellite 
peak at 712 eV and an additional peak at 724 eV, with 
its satellite peak at 719 eV representing the Fe2p3/2 
and Fe2p1/2 for Fe3+ state, respectively, to confirm 
that the valence state of iron is 3 [88-92]. Figure 14d 
shows the O1s spectrum that displays the peaks at 

Fig. 14   a XPS wide scan spectrum of NiFe2O4. b Ni 2p spectra of NiFe2O4. c Fe 2p spectra of NiFe2O4, d O 1s XPS spectra of NiFe2O4
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529 eV and 531 eV. The peak at 529 eV is allotted 
to O2− ions, while the peak at 531 eV is allocated to 
O1− ions present in the structure of NiFe2O4.

4 �Conclusion

Single-phase nickel ferrite nanoparticles have been 
successfully synthesized using the sol–gel route. Sev-
eral characterization methodologies were adopted to 
characterize the NFO. Theoretically, we adopted the 
Density Functional Theory (DFT) calculation using 
CASTEP code by employing generalized gradient 
approximation (GGA), local spin-density approxi-
mation (LSDA), and local density approximation 
(LDA) approximations. XRD showed the inverse 
spinel structures with lattice constant 8.20 Å, which 
is in good agreement with the theoretical value that 
is 8.20 Å at the optimized volume Vo. SEM analysis 
revealed the non-uniform distribution of particles 
with different sizes and the agglomeration. Because 
of octahedral sites existing within the structure, the 
absorption peak was observed at 598 cm⁻1, confirmed 
by the FT-IR. VSM characterization confirms the soft 
ferrite nature of the nickel ferrite with a small M–H 
loop area and magnetic moment of 2.63, which was 
close to the DFT-calculated average value of 2.5, 
which made the sample best for microwave devices. 
The electronic nature of NFO was analyzed from 
band structure and density of states as generated 
from DFT calculations and comes out to be 2.5 eV, 
revealing the half-metallic nature of the material, 
thereby leading to the best one for high-frequency 
power cores. The theory of Maxwell, Wagner, and 
Koops is confirmed by the variation of dielectric 
properties with increasing frequency and tempera-
ture. Also, it was observed that the AC conductivity 
of the studied ferrites is influenced by both conduct-
ing grains and extremely resistant grain borders.
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