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Observation of dielectric dispersion and relaxation
behavior in Ni2+-substituted cobalt ferrite
nanoparticles†

K. M. Srinivasamurthy,a A. El-Denglawey,*b K. Manjunatha,c

Jagadeesha Angadi V., *d M. C. Oliveira, e E. Longo, e S. R. Lázaro f and
R. A. P. Ribeiro *g

In this study, a joint theoretical and experimental approach was employed to investigate the structural,

electronic, magnetic and dielectric properties of novel ferrite (CNF) Co1�xNixFe2O4 (x = 0.0, 0.25, 0.5,

0.75 and 1.0) nanoparticles obtained using a low-cost combustion synthesis technique. Structural

analysis indicated the single-phase formation of synthesized ferrite with a cubic spinel structure. Rietveld

refinement was performed to estimate the lattice constant, strain and cationic distances. Vibrational

Raman spectroscopy was employed to further confirm the monophasic cubic spinel structure with

inverse cation distribution associated with the increase of the T2g(2) Raman mode, evidencing the

presence of different cations at octahedral sites. The real part of the dielectric constant (e0) and the

dielectric loss tangent (tan d) were explored as a function of frequency, and the Nyquist complex

impedance plots of all the samples were studied. The electrical properties of the samples at room temperature

demonstrated the dispersion behavior associated with Maxwell–Wagner interfacial polarization mechanism and

the hopping of charge carriers. DFT calculations complemented the experimental characterization, indicating a

ferrimagnetic ground state for all models associated with band gap increases and dielectric constant reduction

with an increasing amount of Ni. The low dielectric loss with Ni2+ substitution at higher frequencies makes

CNF a promising candidate in the electronics industry for energy-harvesting devices.

1. Introduction

Spinel ferrites at the nano scale have received increasing
attention in recent years due to their interesting features.
For this reason, their advanced technological applications have
included the fabrication of high-frequency devices, multi-chip
inductors, and electromagnetic devices, and their use in spin-
tronics, magnetic fluids, MRI, etc.1–6 In the field of microwave

instruments, because of their nonlinear phenomenological
properties they have been applied as phase shifters, circulators
and isolators.7 For instance, the spinel ferrite AB2O4 (A = Co, Ni,
Zn, Mn, Li and Mg; B = Fe) exhibits a cubic structure with the
space group Fd%3m, where A is termed the tetrahedral site, B is
denominated as the octahedral site, and oxygen atoms are
located at the cubic close-packed arrangement. Cobalt ferrite
has also drawn interest from the scientific community due to
its remarkable magnetic, optical and electrical properties and
potential technological applications. The most distinguishable
feature of cobalt ferrite is the fine tuning of its physical
properties, such as magnetic anisotropy, dielectric permittivity,
resistivity and conductivity, through the substitution of other
bivalent metal cations (M2+ = Ni, Zn, Mn, Mg, etc.) either at Co/
Fe or at both lattice sites. These bivalent metal cations are
promising candidates for current technological applications,
including supercapacitor electrodes, permanent magnets,
power transformer cores, sensing devices, adsorbents, catalysts,
drug-delivery systems and magnetic probes among others.8–13 The
physical properties of CoFe2O4 are governed by the distribution of
Co2+ and Fe3+ ions among tetrahedral (A) and octahedral (B) sites
within the cubic spinel lattice. It is known that the substitution of
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bivalent M2+ at A- and B-sites alters the physical characteristics of
ferrites markedly. Furthermore, the distribution of cations in the
spinel depends on the synthesis method, type of substitution,
sintering temperature, site at which the substituting cation is
attaching, etc. The potentiality of changing the existing bivalent
cation in the ferrite crystal structure is the key to driving the
electrical and magnetic characteristics, and represents the funda-
mental basis for modern technology and science. A divalent metal
cation M2+ in the crystal lattice alters the crystal edge by varying
its A–O–B lengths, which in turn modify the superexchange
interaction that governs the magnetic behavior of ferrites. This
can be further extended to affect the dielectric properties by varying
the bond lengths, and consequently the hopping of electrons
between the cations.14 The magnitudes of the modification of the
dielectric properties depend on the substituting ion, its ionic
radius, its preference site and electronic configuration. By choosing
the proper divalent metal cation M2+ for the cobalt ferrite, the
dielectric properties can be effectively tuned.

The conduction phenomenon and dielectric polarization in
ferrites can be attributed to the hopping of charges between a
divalent cation (M2+) and Fe3+.15 When studying Mn2+-
substituted cobalt ferrite, Atif et al. concluded that the dielectric
properties were strongly affected by both the distribution of
cations mediated by Mn2+ doping and the change in morphology
associated with the increase in Mn2+ content and its
microstructure.16 Kolekar et al. deliberated that the hopping of
polarons is responsible for the conductivity in Mn2+-substituted
cobalt ferrite.17 Tsay et al. reported that cobalt ferrite has a
semiconducting nature and that the impedance and relaxation
time of the grain boundaries are enhanced with increasing Ga
content in Co–Mn ferrite, thus improving its electrical resistivity.18

Yadav et al. reported that the grain size and cation redistribution
are only responsible for the dielectric, electrical, magnetic,
impedance and electrical modulus spectroscopic characteristics
of synthesized CoFe2O4 spinel ferrite.19 Thomas et al. studied
Mg2+-substituted cobalt ferrite nanoparticles and stated that the
dielectric behavior could be explained by the Maxwell–Wagner
interfacial polarization phenomenon.20

Despite the above considerations, cation distribution,
dielectric relaxation and the polarization phenomenon are
the admissible facts to correlate the dielectric dispersions of
the spinel ferrite. Thus, the present work focused on the
systematic study of the synthesis of Ni2+-substituted cobalt
ferrite Co1�xNixFe2O4 (x = 0.0, 0.25, 0.5, 0.75 and 1.0) nano-
particles via a combustion synthesis technique using mixture of
fuels such as urea and glucose for the first time.21 Rietveld
refined XRD was performed to elucidate the cation–cation and
cation–anion distances and bond angles. Cation substitution of
the dopant was confirmed through Raman spectroscopy. The
experimental results of the electrical and dielectric properties
are discussed in detail using different existing models. In
addition, theoretical calculations on the framework of density
functional theory (DFT) were employed at the same Ni
percentage in order to complement the discussion about the
structural, electronic, dielectric and magnetic properties of the
Co1�xNixFe2O4 material.

2. Experimental and
computational details
2.1. Synthesis and characterization

Pure and Ni2+-substituted CoFe2O4 nanoparticles were synthesized
via a combustion synthesis technique. The detailed synthesis
procedure and the grade of chemicals used are mentioned
elsewhere.22 Stoichiometric calculations to synthesize (CNF) Co1�x

NixFe2O4 (x = 0.0, 0.25, 0.5, 0.75 and 1.0) nanoparticles are
presented in the ESI.†

A schematic diagram of the solution combustion process for
the CNF nanoparticles is shown in Fig. S1 (ESI†). The as-
synthesized ferrite powder was finely ground using an agate
mortar. The resulting fine powder was dissolved in 1%
poly(vinyl alcohol) binder and compressed into pellets by
applying a pressure of 5 ton sq cm�1 for 5 minutes and
sintering at 800 1C for 2 hours in a furnace. The obtained
samples were characterized using XRD. Rietveld refinement
was performed for XRD data analysis using Fullprof Suite
software. Raman spectra were collected using polarized
argon laser radiation (l = 514.5 nm) and recorded using a
Renishaw inVia Reflex spectrometer coupled to an Edge filter.
A Leica optical microscope with a 50� resolution objective
lens was used to focus the incident light with a 2 mm diameter
spot on the sample. All Raman spectra were corrected for the
Bose–Einstein temperature factor. The parallel surfaces of the
pellets were painted with silver paste to ensure good electrical
contact. The impedance spectroscopy measurements were
performed in the frequency range of 1 Hz to 20 MHz at
room temperature using a Novocontrol Alfa A impedance
analyzer.

2.2. Theoretical calculations

In this study, the CNF solid solution was investigated by means
of density functional theory using the PBE023 hybrid functional
implemented in the CRYSTAL17 package.24 At room temperature,
the end-members (CoFe2O4 and NiFe2O4) are found to have the
inverse spinel structure (Fd%3m). As a first step, the experimental
unit cell for both CoFe2O4 and NiFe2O4 oxides was minimized as a
function of the total energy of the system. To investigate
the magnetic properties, six magnetic models (FEM, AFM,
FiM-I, FiM-II, FiM-III and FiM-IV) were used according to previous
studies for normal and inverse spinel materials.25 An overview of
the resulting configurations can be found in the ESI.†

For such a proposal, the optimized primitive (14 atoms) unit
cell was expanded to a conventional supercell (56 atoms), and
the Co atoms were successively replaced by Ni to represent the
x = 0.25, 0.50, and 0.75 stoichiometry following previous
studies.26 In all simulations the Co, and Ni were represented
by all-electron 86-411d41G, and 8411d1 Gaussian basis sets
were used to represent the O atoms.27–29 The optimization
process was truncated in 10�8 Hartree and five thresholds,
with values set to 10�8, 10�8, 10�8, 10�8 and 10�14 to control
the level of accuracy of the Coulomb and exchange series. The
irreducible Brillouin zone was represented for a sampling of
k-points defined by a shrinking factor set to 8� 8 (Gillat Web), in
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accordance with the Monkhorst–Pack method.30 The electronic
structure for all compositions was investigated based on the
density of states and band structure analysis using the optimized
wavefunction.

3. Results and discussion
3.1 Structural analysis

The Rietveld refined X-ray diffractogram of the (CNF) Co1�x

NixFe2O4 (x = 0.0, 0.25, 0.5, 0.75 and 1.0) nanoparticles is
presented in Fig. 1.

The JCPDS file no. 22-1086 was used to index the following
diffraction planes: (220), (311), (222), (400), (422), (511) and
(440). The diffraction pattern confirms the formation of the
spinel cubic structure with the space group Fd%3m. The lattice
parameters of all samples were determined following previous
experimental studies.31 The estimated values lie between
8.3299 Å and 8.3064 Å, as listed in Table 1. The decreasing
behavior can be attributed to the small ionic radius of Ni2+

(0.69 Å) in comparison with Co2+ (0.74 Å). The average ionic
radii of tetrahedral (rA) and octahedral sites (rB) for each sample
were estimated using the following equations:

rA ¼ u� 1

4

� �
a
ffiffiffi
3
p
� rO�2

rB ¼
5

8
� u

� �
a� rO�2

where rO�2 is the radius of the oxygen ion (1.38 Å), u is the
oxygen positional parameter (0.375 Å) and a is the lattice
constant.

From the Rietveld refinement, the polyhedral structure
of the Co1�xNixFe2O4 nanoparticles was elucidated and the
interatomic distances the bond angles for and possible config-
urations are depicted in Fig. S2 (ESI†). The metal–metal cation
distances, named as b, c, d, e and f, metal–oxygen distances,
named as p, q, r, and s, along with the bond angles between the
metal cations about the oxygen ion, named as y1, y2, y3, y4 and
y5, were estimated from the equations listed in Table S3 (ESI†).
The internal stain induced in the samples is due to the
adjustment of the Ni2+–O2� bonds at the B-site and Fe3+–O2�

at the A-site. The variation of internal strain values with Ni2+

substitution is because of the presence of the larger ionic radii
of Fe3+ and Co2+ occupying both A- and B-sites.

It was observed that the decrease in the value of rB is due to
replacement of Co2+ by Ni2+. The decrease in rA can also be
associated with the further migration of Fe3+ (0.67 Å) from
an octahedral to a tetrahedral site with increasing Ni2+ content.
The reduced size of the tetrahedral site can be assigned to
the strong adjusting nature of Ni2+ at the octahedral site as a
result of the inverse spinel structure distribution, without
changing the symmetry of the cubic lattice along the [111]
direction.

The theoretical lattice constant in terms of the average radii
of tetrahedral and octahedral sites was determined using theFig. 1 Rietveld refined patterns of Co1�xNixFe2O4 ferrite nanoparticles.

Table 1 Estimated structural parameters and interionic distances
between cation–cation (M–M), cation–anion (M–O) and bond angles for
Co1�x NixFe2O4 (x = 0.0, 0.25, 0.5, 0.75 and 1.0) nanoparticles

Parameters (Å)

Co1�x NixFe2O4

x = 0.0 x = 0.25 x = 0.5 x = 0.75 x = 1.0

a 8.3299 8.3183 8.3137 8.3071 8.3064
Strain (�10�4%) 35 37 33 32 37
rA 0.5700 0.5674 0.5664 0.5649 0.5647
rB 0.7125 0.7097 0.7085 0.7069 0.7067
dA (d) 3.6069 3.6019 3.5999 3.5971 3.5967
dB (b) 2.9451 2.9409 2.9393 2.9370 2.9367
dAO 1.8900 1.8874 1.8863 1.8848 1.8847
dBO 2.0337 2.0309 2.0297 2.0281 2.0279
dAE 3.0864 3.0821 3.0804 3.0779 3.0777
dBE 2.8037 2.7998 2.7982 2.7960 2.7958
dBEU 2.9467 2.9426 2.9410 2.9387 2.9384
ath 8.3297 8.3181 8.3135 8.3069 8.3062
M–M distances (Å)
b 2.9451 2.9409 2.9393 2.9370 2.9367
c 3.4534 3.4486 3.4467 3.4439 3.4437
d 3.6069 3.6019 3.5999 3.5971 3.5967
e 5.4104 5.4029 5.3999 5.3956 5.3952
f 5.1010 5.0939 5.0911 5.0871 5.0866
M–O distances (Å)
p 2.0325 2.0296 2.0285 2.0269 2.0267
q 1.8901 1.8874 1.8863 1.8848 1.8847
r 3.6191 3.6141 3.6121 3.6092 3.6089
s 3.6357 3.6307 3.6287 3.6258 3.6255
Bond angles (1)
y1 123.34 123.35 123.35 123.34 123.35
y2 144.95 144.95 144.95 144.95 144.96
y3 92.85 92.86 92.85 92.86 92.86
y4 125.92 125.92 125.92 125.92 125.92
y5 74.48 74.48 74.48 74.48 74.45
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following equation:32,33

ath ¼
8

3
ffiffiffi
3
p rA þ rO�2ð Þ þ

ffiffiffi
3
p

rB þ rO�2ð Þ
h i

:

The interionic distances among A and B sites, i.e., cation–
anion distances at tetrahedral (dAO) sites and octahedral (dBO)
sites, tetrahedral (dAE), shared (dBE) and unshared octahedral
(dBEU) edges, and the distance between the magnetic cations at
tetrahedral (dA) and octahedral (dB) sites were determined
using the following equations:

dAO ¼ a
ffiffiffi
3
p

u� 0:25ð Þ

dBO ¼ a 3u2 � 11u

4
þ 43

64

� �1=2

dAE ¼ a
ffiffiffi
2
p
ð2u� 0:5Þ

dBE ¼ a
ffiffiffi
2
p
ð1� 2uÞ

dBEU ¼ a 4u2 � 3uþ 11

16

� �1=2

dA ¼
a

4

ffiffiffi
3
p

dB ¼
a

4

ffiffiffi
2
p

All the estimated parameters decrease as a function of Ni2+

substitution. This is attributed to the substitution being
successful with the redistribution of cations among the A-
and B-sites. A decrease in dAO and dAE is because of the
shrinking of the A-site interstices with Ni2+ substitution, which
preferentially occupy B-sites and replacing Fe3+ at the A-site. A-
site interstices are very sensitive to small shifts in the anions,
and the anions move inwards from their actual positions in the
[111] direction resulting in a decrease in the A-site size relative
to the ideal close packed arrangement of anions in a spinel
cubic ferrite. There is no change in the tetrahedral symmetry of
the interstices, which is governed by the respective bond angles
of the spinel cubic lattice. A decrease in dBO and dBE is the
result of the shifting of anions towards the octahedral inter-
stices with Ni2+ substitution. Furthermore, a decrease in the
size of B-site interstices results in the shortening of the shared
edge dBE and the unshared edge dBEU. These observations
indicate that the anions at the B-site are in close contact at
these edges.

Therefore, the present system forms an inverse spinel structure,
where Co/Ni2+ occupies the octahedral site and Fe3+ is located at
both octahedral and tetrahedral sites. The distribution of cations
among the tetrahedral and octahedral sites decides the structural,
magnetic and electrical characteristics of the spinel ferrite.

For comparative purposes, the optimized lattice parameters
and M–O bond distances for CNF models are summarized in
Table S4 (ESI†), and show an excellent agreement with the

experimental data (Table 1). In particular, the unit cell contraction
was primarily associated with the local structural disorder that
originated from Ni2+ substitution at octahedral [CoO6] sites, but
the intermetallic connection Fetetra–O–Co/Feocta in the inverse
spinel structure induces a long-range distortion once both Fe–O
and Co–O are affected by the Ni amount.

3.2 Raman spectra

A Raman spectral study is a powerful tool for investigating the
lattice dynamics, vibrational spectra and the atomic structure
of the nanoparticles.34 Fig. 2 displays the Raman spectra of the
CNF nanoparticles recorded in the region between 100 cm�1

and 800 cm�1 using laser excitation. Accurate peak locations of
the obtained spectra were estimated by fitting the Lorentz peak
shape function. Table 2 shows the wavenumbers associated with
the Raman vibrational modes and polyhedral characteristics of
the samples.

Group theory analysis predicts that ferrite nanoparticles
show five Raman-active modes (1A1g + 1Eg + 3T2g).35 The
vibrational modes above 600 cm�1 are due to the tetrahedral site,
whereas those below 600 cm�1 are assigned to the octahedral site.
The A1g mode is associated with the symmetric stretching of Fe–O
bonds at the tetrahedral site and appears around 600–720 cm�1.
The Eg mode is related to the symmetric bending of O2� with
respect to Fe3+ at the octahedral site and appears around 250–
350 cm�1. The T2g(3) mode is due to the asymmetric bending
vibration of O2� with respect to Fe3+ and is located around 500–
600 cm�1. The T2g(2) mode is ascribed to the anti-symmetric
stretching of O2� and Fe3+ and appears around 450–500 cm�1.
Finally, the T2g(1) mode is due to the translational motion of Fe–O
and is located around 180–220 cm�1.36

In the present study, pure CoFe2O4 (CFO) forms a partially
inverse spinel structure, whereas pure NiFe2O4 (NFO) crystal-
lizes into a perfectly inverse spinel arrangement. Here, the
tetrahedral A-sites are completely occupied by Fe3+ cations,
while the remaining Fe3+ and Ni2+ are distributed over the
octahedral B-sites. Our investigation involves the transition
from CFO to NFO, with a step size of x = 0.25. The Raman
vibrational frequency depends on the bond length and the
reduced mass of the vibrating system. Lighter cations lead to
higher wavenumber Raman lines, and vice versa. For pure CFO,
only a fraction of Fe3+ occupies the tetrahedral site, and as the
Ni2+ substitution increases the added Ni2+ are located at half
the octahedral sites, whereas the Fe3+ cations are located at
both octahedral and tetrahedral sites. Thus, a lighter cation
occupying tetrahedral sites increases the Raman wavenumber
corresponding to the A1g mode. The wavenumber corres-
ponding to the T2g(3) mode decreases with Ni2+ substitution,
which can be explained by the fact that the substitution is
restricted to octahedral sites. As for the T2g(2) mode, there is an
increase in its wavenumber upon Ni2+ substitution. In addition,
Fe3+ preferably replaces the fraction of Co2+ occupying the
tetrahedral sites. The Raman modes of pure NFO show a
doublet feature at Eg and T2g(1) due to local structures at the
octahedral sites, which are occupied by either Ni2+ or Fe3+ ions.
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The peaks at 391 cm�1 and 119 cm�1 are from a unit cell
comprising Fe and Ni ions at the octahedral site.37

3.3 Dielectric analysis

Fig. 3a shows the frequency-dependent (1 Hz to 20 MHz)
dielectric constant of the CNF nanoparticles at room tempera-
ture. The dielectric constant exhibits a high value at lower
frequencies (1 Hz), decreasing sharply with increasing fre-
quency (up to 100 Hz) and a steady state at higher frequencies
up to 20 MHz. The high dielectric constant at low frequency is
mostly ascribed to the interfacial space charge polarization
impact due to the charge transporters amassed at the interface
of conducting grains and non-conducting grain limits.38–40

Moreover, the dielectric constant of the nanoparticles exhibits
a Debye-type relaxation behavior, which diminishes at higher
frequencies.

Fig. 2 Deconvoluted Raman spectra of CNF nanoparticles at room temperature, where a) x = 0.0, b) x = 0.25, c) x = 0.5, d) x = 0.75 and e) x = 1.0.

Table 2 Vibrational data and assigned modes of Co1�xNixFe2O4 nano-
particles from room temperature Raman spectra

Peak
no.

Observed peak (cm�1) Raman-
active
mode

Assigned
polyhedrax = 0.0 x = 0.25 x = 0.5 x = 0.75 x = 1.0

1 684 685 693 693 692 A1g Tetrahedral
2 599 598 564 575 559 T2g(3) Octahedral
3 469 469 476 482 486 T2g(2) Octahedral
4 308 312 325 334 331 Eg Octahedral
5 188 171 204 202 197 T2g(1) Octahedral
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The dielectric loss tangent variation of the CNF nano-
particles as a function of frequency (1 Hz to 20 MHz) is shown
in Fig. 3b. This variation is ascribed to the interfacial space
charge polarization impact in the material.41,42 It can be seen
that the loss tangent increases with Ni2+ substitution. The
dielectric loss value is marginally higher for samples with
nickel substitution, which is probably due to the more modest
grain size of the CNF nanoparticles. This more modest grain
size arrangement may prompt a change in the conductivity of
the material, which is further verified via an ac conductivity
investigation. This result confirms that the dielectric constant
and dielectric loss tangent can be significantly changed by
substitution with nickel.

To comprehend the relaxation mechanism of ferrite nano-
particles, the ac conductivity (sac) was determined from the
relation sac = 2pfe0e0 tan d, where f is the applied frequency, e0 is
the absolute permittivity, e0 is the dielectric constant and tan d
is the dielectric loss of the material. The increase in ac
conductivity for the samples may be due to the development
of more modestly sized grains and grain boundary impacts
arising from a large number of grain boundaries as a result of
various polarization processes.43 Furthermore, the conductivity
in the samples is enhanced as the applied frequency is raised,
which can be attributed to the hopping conveyance conductivity
of the samples. It is known that the electrical conduction in a
sample is a thermally enacted process and that the higher the

conductivity of a material, the higher its dielectric constant.
All electrical parameters of the CNF nanoparticles are summar-
ized in Table S4 (ESI†).

Fig. 4 displays the frequency-dependent (1 Hz to 20MHz)
real (Z0) and imaginary (Z00) parts of the impedance of Ni2+-
substituted cobalt ferrite (CNF) nanoparticles. The Z0 value
decreases gradually as the applied frequency is increased and
converges into one at higher frequencies. This behavior can be
attributed to the loss of space charge polarization and
the reduced grain boundary characteristics of the material.44

This kind of trend is a clue regarding the enhancement of the
material conduction and it is in good agreement with the
obtained ac conductivity results previously mentioned.

The appearance of peaks in all samples confirms the
existence of a relaxation phenomenon in the samples. The
corresponding frequency f at which Z00 reaches its maximum
is called the frequency of relaxation. It is then possible to
estimate the relaxation time t using the formula t = 1/2pf.45,46

Peak widening and a shifting of Z00 maximum values to the
higher frequency side clearly indicate that the electrical relaxa-
tion continues upon Ni2+ substitution. In addition, there is a
decrease in the relaxation time in the samples with Ni2+

substitution. The estimated relaxation time t for all samples
is presented in Table 3.

A complex impedance investigation (plot of Z0 versus Z00)
recognizes the benefit of grain and grain boundary impacts of

Fig. 3 Variation of (a) dielectric constant (e0), (b) loss tangent (tan d) and (c) ac conductivity (sac) of Co1�xNixFe2O4 nanoparticles.
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the material. Cole–Cole or Nyquist plots of all CNF samples at
room temperature are presented in Fig. 5.

From the plots in Fig. 5 it is possible to see a single
semicircular arc whose center lies below the coordinate axes
for all samples. This analysis explains that the contributory
species for conductivity are either from a grain or grain
boundary. The single semicircle clearly indicates the benefit
of the grain boundary effect. The grain boundary in ferrite
nanoparticles can be considered a parallel combination of
resistance and capacitance, Rgb and Cgb, respectively. The grain
boundary resistance (Rgb) is obtained from the diameter of the
semicircles (Rgb = Z0, where Z00 = 0), while the grain boundary
capacitance (Cgb) is estimated from the frequency (fgb) at which the
peak reaches its maximum, i.e., Cgb = 1/fgbRgb. The relaxation time
can be estimated as follows: tgb = 1/fgb = RgbCgb. The decrease in the
radii of the semicircles with Ni2+ concentration indicates a decrease
in the relaxation time.47 The second peak that appears in the x = 0.0
composition is due to electrode polarization. As the Ni2+ concen-
tration increases, the material impedance also increases, thus
reducing the conductivity of the ferrites. The impedance reaches
its maximum value for the x = 0.25 composition, which is a
promising candidate for automotive applications.

Aiming to complement the experimental data about the
electrical parameters of the CNF nanoparticles, DFT calculations
were applied to obtain the static dielectric constant as a function
of the Ni content. The calculation of the static dielectric constant
tensor involves the sum of the electronic and ionic contributions.
The electronic contribution of the dielectric constant (eN) was
obtained by applying an external static electric field to evaluate the
perturbed electron density of the system (CPKS),48–50 whereas the

ionic contribution of the dielectric constant (evib) was determined
by calculating the vibrational frequencies.

For pure CFO, the dielectric constant was calculated as
7.836, while for the Ni-doped models the values were 7.680
(x = 0.25), 7.402 (x = 0.5), 7.120 (x = 0.75) and 7.106 (x = 1.0).
The calculated values showed excellent agreement with previous
theoretical and experimental data.25,51,52 In particular, it was
observed that the calculated dielectric constant was reduced as
the Ni amount was increased. However, all values were calculated
in the range of 7.1–7.9, indicating that all models exhibit good
electrical properties for energy-harvesting applications.

3.4 Magnetic and electronic structure analysis

In this section, DFT calculations were analyzed to explain the
magnetic and electronic structure of the CNF nanoparticles. As
previously mentioned, six magnetic models (FEM, AFM, FiM-I,
FiM-II, FiM-III and FiM-IV) were considered for all composi-
tions, and the relative energy values are summarized in Table 4.
In all cases, the FiM-I configuration corresponds to the mag-
netic ground state, which is described as the Néel-ferrimagnetic
model, where magnetic cations at tetrahedral sites are ordered
in parallel with their first neighbors, while an antiparallel spin
ordering with octahedral sites describes the next-neighboring
exchange coupling53 Moreover, it was observed that AFM and
other ferromagnetic models (II, III and IV) showed a similar
energy difference to FiM-I, indicating that the magnetic phase
transition can exhibit both ferrimagnetic to antiferromagnetic
orientation and spin reorganization, consequently creating other
ferrimagnetic orientations. Similar results were calculated for
CoFe2O4 and NiFe2O4 with the PW1PW exchange–correlation
functional, confirming that the PBE0 results are in accordance
with experimental and theoretical predictions.25,52,53

Another important aspect about CNF nanoparticles is their
electronic structural analysis. Herein, the band structure and
atom-resolved density of states profiles were considered, as pre-
sented in Fig. 6. Separated plots for band structure are included in
Fig. S3 (ESI†) depicting in detail the spin-up and spin-down
channels. As described in previous studies, investigation of the
band gap energy and the localization of atomic states near the

Fig. 4 Variation of (a) real (Z0) and (b) imaginary (Z00) parts of the impedance of Co1�xNixFe2O4 nanoparticles as a function of the applied frequency.

Table 3 Impedance parameters of Co1�xNixFe2O4 nanoparticles from
Cole–Cole plots

Parameter

Concentration (x)

0.0 0.25 0.5 0.75 1.0

Rgb (MO) 8 54 64 21 30
Cgb (pF) 1320 185 52 48 21
tgb (ms) 10.56 9.99 3.33 0.99 0.63
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Fermi level can help us to understand the charge-storage proper-
ties of ferrites [57].

It can be first observed that the flat-like band for the
conduction band minimum (CBM) induces similar values for
direct and indirect band gap values. With increasing Ni
amounts, the valence band maximum (CBM) moves from the
M to the G point, indicating a redistribution of electron density
associated with the M–O (M = Co, Ni) bonding path. In addi-
tion, the bands become more degenerate near the Fermi level,
which could help the structure to store charges, thus increasing
the specific capacitance.

With regard to the band gap values, CoFe2O4 exhibits an
indirect (M–G) excitation around 3.17 eV, and with increasing

Fig. 5 Cole–Cole or Nyquist plots of Co1�xNixFe2O4 nanoparticles, where a) x = 0.0, b) x = 0.25, c) x = 0.5, d) x = 0.75 and e) x = 1.0.

Table 4 Relative energy (meV f.u.�1) computed at the DFT/PBE0 level for
different magnetic configurations of Co1�xNixFe2O4 models

FEM AFM FiM-I FiM-II FiM-III FiM-IV

CoFe2O4 666.67 315.61 0.00 372.88 219.47 285.60
Co0.75Ni0.25Fe2O4 501.37 282.02 0.00 313.49 321.20 282.29
Co0.5Ni0.5Fe2O4 504.01 314.73 0.00 397.39 238.57 285.51
Co0.25Ni0.75Fe2O4 522.48 273.33 0.00 141.86 211.20 276.74
NiFe2O4 501.85 268.80 0.00 359.14 186.86 274.65
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Ni amounts the band gap becomes higher (3.33 for x = 0.25, G–
M/G–G/G–Z; 3.39 for x = 0.5, M–G; 3.56 for x = 0.75, G–M/M–M;
and 4.28 eV for x = 1.0 G–G). This can be associated with the Ni
(3d8) configuration, which exhibits a t2g

6eg
2 occupation, in

comparison with that of Co (3d7), which exhibits a t2g
5eg

2 spin
distribution. Ulpe and co-workers investigated in depth the
electronic structure of several spinel materials, confirming that
the band gap description is challenging for DFT calculations.52

Herein, the calculated values at PBE0 allowed us to relate the
increased band gap value to the variation in the Ni amount,
which is in agreement with previous experimental data.54,55

Another important aspect to consider about the electronic
structure of CNF nanoparticles is the atomic state localization
along the valence/conduction bands. In all cases, the valence
band is mainly composed of O (2p) states of [BO6] clusters,
while the conduction band is formed by a mixed composition

of both empty levels of Fe centers at tetrahedral and octahedral
sites. Therefore, the electronic excitation or electron hopping
mechanism can be associated with the electron density
redistribution along the [Co/NiO6]–[FeO4/FeO6] bonding path,
resulting in a redox process since Ni/Co-centers are oxidized
and Fe-centers are reduced. This helps to describe the nature of
electron excitation, charge distribution and storage along the
chemical structure of mixed spinel ferrites.

4. Conclusions

Pure and Ni2+-substituted cobalt ferrite (CNF) nanoparticles
were synthesized via a low-cost combustion synthesis route.
XRD patterns confirmed the phase purity of the samples.
Structural analysis indicated the fingerprints associated with

Fig. 6 Band structure and atom-resolved density of states profiles for Co1�xNixFe2O4 models, where (a) x = 0.0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75 and
(e) x = 1.0.
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the inverse spinel structure in terms of the atomic positions,
lattice parameters and bonding factors. Room-temperature
Raman studies illustrated the standard vibration modes occurring
at the tetrahedral and octahedral sites of the spinel ferrite.
A dielectric study probed the dielectric constant, loss tangent
and ac conductivity affected by Ni2+ substitution in the cobalt
ferrite nanoparticles. Impedance showed that a significant varia-
tion in the material resistance was due to the grain boundary
contribution mediated by the Ni2+ content in the nanoparticles,
thus altering the cation distribution and the microstructure. A
complex impedance investigation explored the existence of an
electrical relaxation mechanism as a result of the polarization
phenomenon and the hopping mechanism. High impedance and
low dielectric loss with Ni2+ substitution were observed. DFT
calculations were used to complement the experimental analysis
and provide an atomic-level description of the dielectric constant
increase, variation in band gap values and magnetic ground-state
orientation. Based on such analyses, CNF nanoparticles can be
described as promising candidates to be applied in the electronics
industry for the fabrication of energy-harvesting devices.
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