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Abstract. A composition of Ni0.7 Cd0.3 Fe2 O4 (NCF) ferrite nanoparticles was synthesized by a sol–gel auto-combustion
technique. The particles in powder form were annealed at 550 and 700◦ C to study the structural, dielectric and electric
properties of NCF by using X-ray diffraction (XRD), field emission scanning electron microscopy, impedance and modulus
spectroscopy. XRD patterns confirmed the single phase cubic spinel structure of the sample. The average crystallite size of
NCF was found to be 17 nm at 550◦ C and 31 nm at 700◦ C, respectively. The variation in complex dielectric constant, loss
tangent and impedance along with the modulus properties of NCF with frequencies was observed at room temperature because
of their size and annealing temperature. Notably, dielectric dispersion of the materials was observed at low frequencies
because of Maxwell–Wagner interfacial polarization. The impedance and modulus spectroscopy were used to investigate
the electric properties of the materials, which revealed the increase in grain and grain boundary resistance with annealing
temperature. A non-Debye type of relaxation in the materials was evidenced through the Cole–Cole study of impedance and
modulus spectra.
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1. Introduction
Ferrite nanoparticles gain the most attention from the
technological and medical application point of view industries
owing to their remarkable magnetic and electric properties
[1]. Moreover, magnetic nanoparticles with spinel structures
are used extensively in versatile applications such as manufacturing of high-density data storage devices, hyperthermia
treatment, designing sensors and magneto-caloric refrigeration, magnetically guided drug delivery, magnetic resonance
imaging and so on [2–7]. Ferrite nanoparticles exhibit unusual
electric and magnetic properties including single domain
behaviour, super-paramagnetic character, enhanced resistivity, reduced space charge polarization and low dielectric
losses due to their size and annealing temperature effects [8].
However, bulk materials do no show those unusual properties.
The transformation of bulk materials into nanoscale range
can substantially change their physical, electrical and magnetic properties. Ferrite nanoparticles are composed of comparatively high-conducting grains and thin-insulating grain
boundaries. This heterostructure nature of ferrite nanoparticles greatly influences the dielectric properties of materials
[9–11]. Therefore, investigation of electric and dielectric
properties of Ni0.7 Cd0.3 Fe2 O4 (NCF) is equally important
from both fundamental and application points of view. Complex impedance spectroscopy is a non-destructive analysing
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technique to characterize the electric response of materials
in the nanoscale range. The electric transport properties are
perceived based on electronic and ionic displacement, dipole
reorientation and space/interfacial charge formation near the
grain boundary. These transport phenomena of materials
are associated with different polarization mechanisms that
result in dielectric dispersion in nanomaterials. Various factors including synthesis techniques, chemical composition,
synthesize conditions (annealing temperature and processing
time), particle size and types of substituted ions or dopants in
the composition play a significant role in the electro-magnetic
properties of ferrite nanoparticles [12].
Recently, several bottom-up chemical synthesis methods
such as spray hydrolysis, solid-state reaction, co-precipitation
and combustion techniques have been used in the synthesis
of ferrite nanoparticles [13–16]. As a simple, cost effective,
size controllable and environment-friendly technique, here
sol–gel auto-combustion method is used in the synthesis of
NCF ferrite nanoparticles [12]. In this method, the mixing of
cations takes place at the molecular level, which produces very
high crystalline nanomaterials at low-annealing temperatures
[17].
Previously, several groups examined the electro-magnetic
properties of Cd-containing Ni ferrites [18,19]. For example, Belavi et al [18] studied Ni0.95−x Cdx Cu0.05 Fe2 O4 and
demonstrated the increase in saturation magnetization
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with Cd content up to x = 0.3. Furthermore, Nath et al [19]
reported the maximum saturation magnetization of Ni–Cd
nanoparticles, for x = 0.3 at room temperature. Another group synthesized single-phased Ni0.2 Cd0.3 Fe2.5−x Alx O4 nanoparticles through the sol–gel technique and analysed the
variation of dielectric constant and ac conductivity [20].
Besides, Hu et al [17] showed the effect of synthesize temperatures on the structural and magnetic properties of Mn–Zn
ferrites. In 2015, Kumar et al [21] investigated the effects of
size and surface with the variation in annealing temperatures
and stated the magnetic and dielectric nature of Mn-doped
Ni-ferrite nanoparticles.
However, the structural, dielectric and electric properties of
Ni0.7 Cd0.3 Fe2 O4 are still unknown. Here, we use sol–gel autocombustion method to synthesize and study the structural,
dielectric and electric properties of Ni0.7 Cd0.3 Fe2 O4 .

2. Materials and methods
2.1 Synthesis of NCF ferrite nanoparticles
NCF ferrite nanoparticles were synthesized by sol–gel autocombustion technique. High-purity chemicals Ni(NO3 )2 ·
6H2 O, Cd(NO3 )2 · 4H2 O and Fe(NO3 )3 · 9H2 O of analytical
grade were used as raw materials and their stoichiometric mixtures were dissolved in pure ethanol. A homogeneous solution
was prepared and its pH value was maintained at 7.0 by adding
liquor ammonia (25%). A dry gel was prepared by maintaining the solution at fixed temperature 700◦ C using a water bath.
The gel was further heated at 200◦ C for 5 h until the gel started
burning out into fluffy loose powder through a self-ignition
process. To prepare ferrite nanoparticles, the burnt powder
was annealed further for 5 h at 550 and 700◦ C, respectively.
For dielectric measurements, the samples were pressed into a

Figure 1. XRD patterns of NCF ferrite nanoparticles annealed at
550 and 700◦ C.
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condensed disc shape under a hydraulic pressure of 50 MPa,
and the annealed powder samples were used for X-ray diffraction (XRD) and field emission-scanning electron microscopy
(FESEM) measurements.

3. Results and discussion
3.1 XRD analysis
An X-ray diffractometer (model: Bruker XRD, AXS Karlsruhe, Germany with Kα radiation, λ = 1.5406 Å) was used
to identify the phase of the prepared samples. The average
crystallite size (D) and the lattice parameter (a) of the composition were calculated using the following relations [15]:
D = 0.9λ/β cos θ,

a = dhkl (h 2 + k 2 + l 2 ).

(1)
(2)

Here, β denotes the full-width at half-maximum of the most
intense diffraction peak (311), λ is the wavelength of X-ray

Figure 2. FESEM micrographs of Ni0.7 Cd0.3 Fe2 O4 annealed at
550 and 700◦ C.
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used, θ is Bragg’s angle and dhkl is the interplanar distance of
crystals.
Figure 1 demonstrates that the XRD patterns of NCF comply well with the defined characteristic spinel structure, thus
confirming the formation of single-phase cubic spinel structure [15]. Notably, the diffraction peaks are well resolved with
no extra peaks that indicate the homogeneity and purity of the
materials. Furthermore, the crystallinity and the homogeneity
of the sample get enhanced at higher-annealing temperatures as shown in figure 1. The most intense XRD diffraction
peak (311) is used to calculate the average crystallite size
(17 nm at 550◦ C and 31 nm at 700◦ C) by using the Debye–
Scherrer formula [22]. As the dynamics of crystal growth
increases and the average crystallite size of the materials
enhances at high-annealing temperatures, the average crystallite size is reasonably increased at 700◦ C compared to
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that at 550◦ C. The lattice parameters of the composition
were calculated by using the Nelson–Riley (NR) technique
[23] and the N–R function F(θ ) was calculated by using,
F(θ ) = 1/2 cos2 θ/ sin θ + cos2 θ/θ ; where θ is Bragg’s
angle. A least square fitting method is used to calculate the
lattice constant (a0 ) and its value is found to be 0.846 nm at
550◦ C and 0.840 nm at 700◦ C. The results illustrate that the
lattice constant, a0 decreases slightly at high-annealing temperatures, which might be due to the structural stability factor
of the crystal.
3.2 Surface morphology and EDX analysis
The surface morphology of the FESEM micrographs of NCF
annealed at 550 and 700◦ C is shown in figure 2. It is observed
from figure 2 that the grains are spherical in shape with

Figure 3. EDX spectra of Ni0.7 Cd0.3 Fe2 O4 annealed at (a) 700 and (b) 550◦ C.

Figure 4. TEM image of Ni0.7 Cd0.3 Fe2 O4 annealed at 550◦ C.
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a narrow size distribution and they are separated by grain
boundaries. Mean size of the particles of the material is calculated by the linear intercept technique [24] and the values
are found to be in the nanoscale range: 35 nm at 550◦ C and
51 nm at 700◦ C. The size distribution of particles was carried
out by using ImageJ software, and is presented by histogram
at the top right of FESEM micrographs and the mean size
of the particles is found to be in the nanoscale range. From
XRD and FESEM analyses, it is clearly observed that the
average crystallite size and mean size of the particles of NCF
are found to be in the nanoscale range. Similar forms of XRD
and FESEM results were reported in [21].
Energy-dispersive X-ray (EDX) study confirmed the appropriate proportion of materials present in the studied materials
as shown in figure 3. The summation of all elements present
in the samples gives a total of 100%, which suggests the completeness of the reaction in the sol–gel process. As a result,
no impurity was also found in the EDX spectrum as shown in
figure 3a and b.
The surface morphology and nanocrystalline behaviour of
the studied materials are also investigated through transmission electron microscopy (TEM) analysis. Figure 4 shows a
typical TEM image of Ni0.7 Cd0.3 Fe2 O4 annealed at 550◦ C. As
depicted in figure 4, it is observed that the particles are uniformly distributed with semi-spherical shape and they look
very well crystalline. The particles are somewhat agglomerated, which is due to the magnetic force of attraction working
among the magnetic particles. It is also responsible for the
minimization of interfacial surface energy of the nanomaterials having a high surface-to-volume ratio [25]. The nanosize
distribution of the studied materials is also confirmed through
TEM studies.
Figure 5. Variation in (a) ε and (b) ε of Ni0.7 Cd0.3 Fe2 O4 with
frequency annealed at 550 and 700◦ C.

3.3 Dielectric properties
Electrical transport properties such as complex dielectric
constant, complex impedance and modulus properties are
investigated with varying frequencies from 20 Hz to 15 MHz
using a Wayne Kerr Impedance Analyzer (model 6500B). The
real part of the dielectric constant is calculated by:
ε = Cp t/ε0 A,

(3)

where ε0 is the permittivity of free space, whose value is
8.854 × 10−12 F m−1 , t is the thickness of the pellet, Cp is the
capacitance of the pellet and A is the area of its cross-section.
The imaginary part of the dielectric constant is calculated
using the relation:
ε = ε tan δ,

(4)

where tan δ is the dielectric loss tangent of the materials.
Figure 5 illustrates the variation in the complex dielectric constant of NCF for frequencies from 20 Hz to 15 MHz
annealed at 550 and 700◦ C. It is perceived from figure 5a

and b that both ε and ε show dielectric dispersion at low
frequencies from 20 Hz to 1 kHz, then decrease very slowly
up to 1 MHz and thereafter become frequency independent
for both annealing temperatures. The ε shows higher values
than those of ε at both annealing temperatures. The studied
nanomaterials exhibit low dielectric loss (ε ), which is important in the design of high-frequency devices. The value of ε
decreases very rapidly at low frequencies owing to the interfacial polarization explained on the basis of Maxwell–Wagner’s
space charge polarization [26,27] and Koop’s phenomenological model [9]. The observed decrease in dielectric constants
of the nanomaterials with frequencies can be explained on the
basis of interfacial polarization occurring in the ferrite materials. It is also a well-known fact that the dielectric behaviour
of the materials depends on the conduction mechanism. The
exchange of electrons between Fe2+ and Fe3+ ions gives the
local displacement of electrons along the direction of the
applied field, which controls the polarization in the ferrite
materials. The high dielectric values found at low frequencies
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3.4 Complex electric modulus studies
The modulus spectroscopy is used to confirm the dielectric
relaxation occurred in the materials. The real and imaginary
parts of electric modulus (M*) are derived from the complex
dielectric constant given by following relations:
M  = ε /(ε2 + ε2 ) = ωC0 Z



and


M  = ε /(ε2 + ε 2 ) = ωC0 Z

Figure 6. Variation in tan δ of Ni0.7 Cd0.3 Fe2 O4 with frequency
annealed at 550 and 700◦ C.

may be due to this local displacement and also responsible for
the exchange of electrons from Fe2+ to Fe3+ or vice versa. The
frequency of electron exchange between ferrous and ferric
ions, i.e., Fe2+ ↔ Fe3+ can follow the frequency of oscillating field up to a certain limit but near the grain boundaries
it cannot follow the frequency of alternating field [28], and
therefore it lags behind the applied frequency and the dielectric constants become almost frequency independent at high
frequencies. The possible reasons for obtaining higher values of ε at low frequencies include the predominance of
Fe2+ ions, interfacial dislocation pileups and oxygen vacancies near grain boundaries [29]. Both ε and ε are found to
increase with the annealing temperature at low frequencies,
which is the usual behaviour of ferrite nanoparticles.
Figure 6 demonstrates the change in the dielectric loss tangent (tan δ) of Ni0.7 Cd0.3 Fe2 O4 with frequencies annealed
at 550 and 700◦ C, respectively. From figure 6, it is apparent
that the materials exhibit high tan δ values at low frequencies
which show loss peaks. According to the Rezlescu model,
when the frequency of electrons hopping between Fe2+ and
Fe3+ matches exactly with the applied frequency, relaxation
loss peaks are found due to maximum energy loss. The maximum dielectric loss of the materials follow the condition:
ωτ = 1, where ω = 2π f max and τ is the relaxation time. The
relaxation time τ and the jumping probability of electrons per
unit time p is related by τ = 1/2 p or f max × p. From the
above relation, maximum dielectric loss peaks are observed
if the hopping frequency of electrons exactly matches with
the frequency of the applied field. The detailed explanation
on the dielectric loss peaks can also be found in our recently
published research [25]. The tan δ of the materials is found
to be very low at megahertz frequencies: 0.04 at 700◦ C and
0.09 at 550◦ C, which make them suitable for high-frequency
applications [30].



(5)

where M  and M  represent the real and the imaginary
parts of the modulus, ω is the angular frequency, C0
is the geometrical
capacitance of the
 materials equals to

ε0 A/t ε0 = 8.854 × 10−12 F m−1 and Z  , Z  are the real
and imaginary parts of complex impedance
The modulus spectroscopy demonstrates the dynamics of
the electric response of the materials [31]. The variation in
real (M  ) and imaginary (M  ) parts of the electric modulus
of NCF is shown in figure 7a and b. From figure 7a, it is
observed that M  shows very small values at low frequencies, whereas it increases very sharply at high frequencies
and becomes almost frequency independent beyond a certain
limit of frequency. The materials show higher values for M  at
700◦ C than those at 550◦ C, which indicates the lower value of
ε at high frequencies. The saturation of M  at high megahertz
frequencies can be due to the lack of restoring force [30] and
the release of space charge polarization near grain boundaries. Figure 7b shows the variation of M  with frequency,
which unveil the peaking behaviour. The peaking nature can
be explained on the basis of hopping mechanism. The charge
carriers can move over long distances in the left-hand side
of the peak at low frequencies but they can travel over short
distance in the right-hand side of the peak at high frequencies [32]. The peaking behaviour distinguishes between the
long-range transitions and short-range transitions of hopping
charge carrier in the materials.
The Cole–Cole plot of electric modulus (M  vs. M  spectrum) is shown in figure 8, which is used to separate the
relaxation process in the materials due to grain and grain
boundaries. Semicircular patterns with no overlapping peaks
are observed in the modulus spectra, which confirms the
non-Debye type relaxation process in the materials. Two
indistinguishable overlapping semicircles appeared in the
studied NCF annealed at 700◦ C, which are attributed to the
predominance contribution of grain boundaries in the conduction mechanism of the studied NCF.
3.5 Complex impedance analysis
Impedance spectroscopy is an ideal tool which is used for
detailed investigation of electrical properties of the materials with varying frequency. It is also considered as one of

155

Page 6 of 8

Bull. Mater. Sci.

(2020) 43:155

Figure 7. Variation in (a) M  and (b) M  of Ni0.7 Cd0.3 Fe2 O4 with
frequency annealed at 550 and 700◦ C.

Figure 9. Variation of Z  and Z  in Ni0.7 Cd0.3 Fe2 O4 with frequency annealed at 550 and 700◦ C.

Figure 8. Cole–Cole modulus plots of Ni0.7 Cd0.3 Fe2 O4 annealed
at 550 and 700◦ C.

the most powerful technique by which the contributions of
grain impedance from other sources can be distinguished. The
complex impedance (Z ∗ = Z  − j Z  ) contains both resistive (real part, Z  = |Z ∗ | cos θ ) and reactive (imaginary part,
Z  = |Z ∗ | sin θ ) parts.
The variation in real (Z  ) and imaginary (Z  ) parts of
impedance in NCF annealed at 550 and 700◦ C is presented
in figure 9. As shown in figure 9a and b, both resistive (Z  )
and reactive (Z  ) parts of impedance decrease with the frequency owing to the space–charge polarization near the grain
boundaries. The dominance of impedance at low frequencies is observed in its both resistive and reactive parts, which
might be due to the presence of thin-insulating grain boundaries. The values of Z  and Z  are found to be higher for
NCF at 700◦ C than those at 550◦ C at low frequencies. The
impedance curves of the materials are appeared to merge at
high frequencies, which indicate the predominance contribution of low resistive grains [33].
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nanoparticles is shown in figure 10. As shown in the figure, no complete semicircles are found but their tendency is
to become semicircle with large diameters. Two semicircles
appeared, one at lower frequency due to grain boundary resistance and another at higher frequency due to grain resistance
[34]. The predominance contribution of grain boundaries is
replicated in this study of impedance spectra. The NCF materials annealed at 700◦ C show higher grain boundary resistance
than that of annealed at 550◦ C and the opposite trend is found
in the case of grain contribution. The predominance contribution of grain boundaries is observed in the conduction process
of NCF at high frequencies.

4. Conclusion
The sol–gel technique is used for the successful synthesis of
NCF ferrite nanoparticles. XRD confirms the single-phase
cubic spinel structure of the materials annealed at both 550
and 700◦ C. The crystallinity of the materials enhances with
the annealing temperature. The average crystallite size of the
studied nanomaterials annealed at 700◦ C shows higher values
than that annealed at 550◦ C, which is due to the dynamics of
crystal growth. The materials show usual dielectric dispersion behaviour at low frequencies, which are also evidenced
as temperature dependent. The dielectric loss is found to be
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