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ABSTRACT  
Nickel chromite spinel, represented by the chemical formula NiCr2O4, were 
synthesized through the sol–gel (auto-combustion) method. The samples 
were subsequently subjected to sintering at temperatures of 700, 900, 
1100, and 1300°C. The XRD data analyzed at room temperature 
employed the Rietveld refinement method to ascertain the material’s 
phase. The dielectric constant, loss tangent, and AC conductivity were 
measured using an LCR meter at room temperature and across a 
temperature range of 100 to 800°C, at frequencies ranging from 100 Hz 
to 10 MHz. The plots of the dielectric constant ε′ against frequency 
indicate that the dielectric characteristics of NiCr2O4 spinel are 
representative of expected behavior. The dielectric loss variance (ε′′) for 
each sample exhibits a decreasing trend with respect to frequency. The 
Nyquist plot demonstrates the occurrence of phenomena like grain and 
grain boundaries at specific temperatures. The evidence of Maxwell– 
Wagner interfacial polarization significantly strengthened the findings. 
With increasing frequency and temperature in the range of 100°C to 
800°C, a significant reduction in the dielectric properties is observed.
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1. Introduction

Spinel oxides, defined by the formula AB2O4, exhibit complex phase diagrams due to the intercon
nections among their structural, electrical, and magnetic properties. The chromite spinel ACr2O4, 
where A includes Mn2+, Fe2+, Co2+, Ni2+, Cu2+, among others, have attracted considerable research 
interest. The increased interest is due to their intricate spin configuration, which leads to a variety of 
properties such as ferroelectric polarization, magneto-dielectric effects, magneto-elastic behavior, 
and the development of magnetoelectric multiferroic characteristics [1–4]. Chromite spinel gener
ally exhibit a normal cubic spinel structure, defined by the Fd3 m space group. A2+ ions are orga
nized in a diamond lattice, exhibiting tetrahedral coordination with oxygen ions. Cr3+ ions 
concurrently establish a pyrochlore lattice in an octahedral oxygen environment. Crystal symmetry 
reduction occurs as a result of the Jahn–Teller effect when A is Ni, Fe, or Cu, which exhibit orbital 
and spin degeneracy [5–7]. The interaction between A site and frustrated Cr site magnetism in 
ACr2O4 leads to spin-driven symmetry reduction and the emergence of spiral magnetic order. 
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The strong correlations among spin, lattice, and orbital degrees of freedom contribute to the intri
guing magnetic, dielectric, and multiferroic properties observed in ACr2O4 [8–10]. Multiferroic 
materials, which integrate electrical and magnetic properties, are crucial for advancing multifunc
tional devices and enhancing the understanding of their fundamental physics. While these features 
have been documented in several spinel chromites [3,11–14], the majority of research emphasizes 
properties at temperatures significantly below room temperature (RT), particularly facing chal
lenges in attaining RT magnetism. From a technological perspective, the main objective in this 
area is to create new chromite-based single-phase materials that exhibit improved magnetic and 
dielectric properties close to room temperature. This investigation entails a comprehensive analysis 
of the structural, magnetic, frequency and temperature-dependent dielectric properties of polycrys
talline NiCr2O4. As a standard spinel oxide, NiCr2O4 has a cubic crystalline structure with the 
Fd3 m space group above room temperature (T > 310 K). The Jahn–Teller distortion (JTD) is cru
cial for lifting orbital degeneracy in the t2g orbitals of Ni2+ (e4

g t4 
2g) ions located in tetrahedral sites. 

The distortion leads to a structural transition from cubic to tetragonal, characterized by the I41/amd 
space group, occurring at approximately 310 K [6,15,16]. Nonetheless, various research teams have 
reported conflicting findings concerning smaller crystallite sizes [17–19]. Furthermore, the dielec
tric characteristics, encompassing the real (ε′) and imaginary (ε′′) aspects of complex permittivity, 
are highlighted in numerous applications of electronic materials. The real component (ε′) signifies 
material polarizability, while the imaginary component (ε′′) reflects energy dissipation due to polar
ization and ionic conduction. The structure, composition, and fabrication technique of a material 
significantly affect its permittivity, serving as an indicator of molecular relaxation and transport 
phenomena. In the realm of wireless communication, there is a notable trend towards materials 
that exhibit high dielectric constants coupled with low dielectric losses. Materials with a high dielec
tric constant, such as metal-doped ceramics, find extensive application in field emission devices, gas 
sensors, solar cells, catalysis, and biological applications [20–22]. A comprehensive discussion on 
multiferroics, grounded in experimental data for a single NiCr2O4, remains to be finalized. The 
necessary physical mechanism for the coexistence or correlation of magnetic and electric properties 
is lacking in NiCr2O4. This study presents the effect of temperature and frequency on dielectric, 
impedance and conductivity properties of polycrystalline NiCr2O4 spinels sintered at 700, 900, 
1100, 1300°C in detail at ambient temperature and across a broad temperature spectrum of 100– 
800°C. Furthermore, an attempt has been made to explore the effect of temperature on dielectric 
and impedance properties of NiCr2O4 spinels at specific frequencies. The ε′ (dielectric constant) 
dielectric loss (ε′′) exhibits deterioration significantly at room temperature, adversely, both par
ameters increase over the temperature range of 100-800°C. As evidenced by experimental obser
vations, the real, imaginary impedances and AC conductivities shows dependence of both 
frequency and temperature. The high dielectric constant, low dielectric loss tangent and lower 
AC conductivity of prepared samples makes them as a potential candidate for multifunctional 
devices.

2. Experimental

Nickel chromites were produced through the sol–gel auto-combustion method. The reactants, 
nickel nitrate and chromium oxide, were combined in a stoichiometric ratio within an aqueous sol
ution. Subsequently, a 1:3 ratio of citric acid was incorporated into the nitrate solution. The utiliz
ation of ammonia maintains the pH at a neutral level of seven. The liquid was subsequently 
combined and heated to 100°C to form a viscous gel. The gel formation commenced with an 
increase in temperature to 200°C. The dry gel underwent complete ignition, transforming into a 
loose powder through a self-sustaining combustion process. Following further synthesis, the pow
der underwent sintering for eight hours at various temperatures of 700, 900, 1100, and 1300̊C. Phil
lips X’pert diffractometer has been employed to study the crystalline nature of synthesized nickel 
chromites at room temperature, covering the 20° to 80° range. Rietveld refinement was conducted 
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to verify the phase of the produced nickel chromites. The powders, measuring 11 mm in diameter 
and 1.5 mm in thickness, were subjected to a pressure of 0.5 tons and subsequently compressed into 
pellets. An LCR meter was employed to assess the dielectric properties, like ε′ (dielectric constant), 
ε′′ (dielectric loss), and loss tangent (tanδ), over frequencies and temperatures ranging from 100 Hz 
to 10 MHz, 100 to 800 °C. The equation ε′ = C × t/ε0×A, with C representing capacitance, t indicat
ing thickness, A denoting the pellet’s cross-sectional area, and ε0 symbolizing the permittivity of 
free space, was employed to determine the ε′ of the produced pellets. The time varying current 
of prepared chromites was determined using the equation σAC = εε0ωTanδ, where the angular fre
quency is expressed as ω = 2πf. Tanδ equals ε′′ divided by ε′. The samples’ impedance was assessed 
over a temperature range of 100 to 800°C and frequency spectrum of 100 Hz to 10 MHz [23].

3. Results and discussions

3.1. X-ray diffraction analysis

The X-ray powder diffraction patterns of the samples sintered for 8 hours at 700, 900, 1100, and 
1300°C temperatures are presented in Figure 1. All patterns distinctly exhibit the spinel structure 
characteristic of the cubic phase [24]. Larger Ni2+ ions at tetrahedral sites (8a) in regular spinel 
orientation partially reciprocate positions with octahedral sites, while smaller Cr3+ ions are 
found in octahedral sites in inverse spinel alignment. The standard formula is 
{Cr3+

x }tetra {Ni2+Cr3+
1− x}octaO2−

4 , with inversion parameter disorder (x) (0≤x≤1). The distinct peaks 
observed in the X-ray diffraction patterns elucidated the phase evolution and crystal structure 

Figure 1. Rietveld refinement plots of nickel chromite calcinated at 700, 900, 1100 and 1300°C.
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effectively. Upon comparison with the JCPDS file (File no. 01-088-0109), it is evident that each peak 
of XRD pattern aligns perfectly with documented results. The peaks were categorized according to 
the specified patterns. Rietveld refinement was conducted to verify the development of the spinel 
phase. Figure 1 illustrates a significant correlation between the theoretical predictions and the 
empirical findings concerning peak position and intensity. The XRD examination has facilitated 
the determination of the average grain size, average interplanar spacing, and average crystallite 
size. A different source offers an in-depth analysis of the effect of sintering temperature on size 
of the grain and crystallite [25].

3.2. Dielectric properties

The frequency dependent dielectric constant (ε′) at ambient temperature for all nickel chromite that 
was sintered at 700, 900, 1100, and 1300°C is shown in Figure 2. According to the Figure 2, ε′ is 
higher for all samples in the low-frequency range. Additionally, as higher frequencies increased 
charge carrier mobility and lowered ε′, the dielectric constant got smaller. In addition, the relax
ation process causes the electric dipoles to lag behind the field, which is consistent with Koops’ phe
nomenological view [26–29]. An explanation for this occurrence could be Maxwell–Wagner 
interfacial polarization. Polarization decreases with increasing electric field frequency because the 
electrical interaction between Cr2+ and Cr3+ is insensitive to time-varying fields above a certain fre
quency. The octahedral [B] site is where Ni2+ ions are found in the majority in the present NiCr2O4 
samples, while the tetrahedral (A) site is where Cr3+ ions are found. The octahedral [B] site facili
tates the exchange interaction that follows:

Cr3 ++Ni2+ ⇔ Ni3 ++Cr2+

While electron hopping from Cr2+ to Cr3+ is the primary conduction process in n-type semicon
ductors, electron transfer from Ni3+ to Ni2+ is the primary mechanism in p-type semiconductors 
[30]. In this process, polarization is produced by the spatial displacement of electrons in the direc
tion of the projected electric field. They show a similar pattern to ambient temperature dielectric 
properties. Dielectric permittivity (ε′) is high at low frequencies and decreases with increase in fre
quency; ions do not react appropriately and instead gather in areas where the applied field is 

Figure 2. Variation of dielectric constant of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at room 
temperature.
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opposed by large free energy barriers. Since charge accumulation at the grain boundary causes a net 
polarization effect, the dielectric constant (ε′) increases at lower frequencies [31]. A dipole moment 
that resists conforming to the applied field, especially at high frequencies, is a comparable represen
tation of a minimal dielectric permittivity. It is claimed that when the frequency increases, the 
dielectric constant (ε′) decreases. Muhammad Younis et.al reported that this behavior aligns 
with Koop’s theory [32] and is supported by the Maxwell interfacial polarization model. The chro
mite materials are thought to consist of two layers within the grains and grain boundaries, which 
play a crucial role in the development of the dielectric structure in chromites. The presence of a pure 
crystalline phase results in reduced electrical resistance, as the grains exhibit fewer defects. How
ever, the resistance increases due to the greater defects found at the grain boundaries. Charges 
are accumulated at grain boundary sides due to high resistance which results Maxwell – Wagner’s 
type of interfacial polarization. Numerous materials exhibit this characteristic, and applications like 
radio frequency and microwave communications require a particular understanding of how the 
dielectric constant value varies with increasing frequency. However, the dielectric constant falls 
as the calcination temperature rises. This may be because the material gets denser and the crystals 
inside it form better as the calcination temperature rises [33]. Figure 3 shows how the dielectric con
stant varies with temperature for every nickel chromite that was sintered at 700, 900, 1100, and 
1300°C. The magnitude of ε′ showed a direct increase with temperature at a particular frequency. 
This behavior could be explained by dipoles not aligning with the field direction at low tempera
tures. But when the temperature rose, the dipoles gained enough energy, and the thermal motions 
made it easier for them to line up with the field’s direction. The dielectric constant’s magnitude 
increased in tandem with the temperature. A thorough analysis of temperature dependent dielectric 

Figure 3. Variation of dielectric constant of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency in the temp
erature range 100-800°C.
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constant at selected frequencies is shown in Figure 4. The dielectric constant rises with increasing 
temperature but decreases with increasing frequency. Additionally, it is shown that the dielectric 
constant exhibits two discrete plateaus at various temperatures, indicating a clear relationship 
with relaxation behavior [34–36]. Nevertheless, the dielectric permittivity reaches enormous values, 
approximately 109. An extrinsic effect, the large capacitance of the grain boundaries, is linked to the 
enormous dielectric response in the current samples [37]. For all frequencies, the dielectric constant 
behaves reasonably consistently up to 550°C. The dielectric constant progressively rises over 550°C, 
with a broad peak appearing about Neel temperature (TN). A property common to relaxer ferro
electrics is that this broad peak near TN is frequency dependent. The peak shifting to a higher temp
erature and decreasing in strength with increasing frequency which could be due to magnetoelectric 
coupling directly causes this kind of dielectric anomaly [38,39]. Further, In the low temperature 
range the electric field and an increase in the number of charge carriers (electrons) both increase 
polarization; as a result, the dielectric constant (ε′) rises as a result of both temperature and fre
quency increases. The production of charge carriers reaches saturation for the high temperature 
range. As a result, the dielectric constant falls because the electron exchange between ions of the 
same element that are present in many valence states (Ni + 2, Ni + 1) cannot follow the field vari
ation. [40] The dielectric loss (ε′′) fluctuation for nickel chromite sintered at 700, 900, 1100, and 
1300°C as a function of log(f) at room temperature is shown in Figure 5. The dielectric behavior 
of each sintered sample is distinctive. According to the investigation, ε′′ decreases exponentially 
with increasing frequency for all substances analysed, and its magnitude decreases with rising sin
tering temperatures. Grain boundary defects and an increase in oxygen vacancies are the main 
causes of the decrease in dielectric loss seen in Figure 5 as frequency rises. Furthermore, the charge 

Figure 4. Variation of dielectric constant of nickel chromite calcinated at 700, 900, 1100 and 1300°C with temperature at 100 Hz, 
1kHz, 10kHz, 100kHz, 1 and 10 MHz.
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carriers cannot follow the trajectory of high-frequency waves. Dipoles have enough time to ade
quately align at lower frequencies with the applied field. As a result, the main cause of dielectric 
loss will be internal friction [39]. The frequency dependent of ε′′ at various temperatures is depicted 
in Figure 6. Das. L. et.al [41] reported that, dielectric loss rises with temperature, primarily because 
of increased charge carrier mobility, which causes more polarization and more dielectric loss. At 
high temperatures, substantial dielectric loss is caused by charge build-up at grain boundaries. In 
smaller particles, a higher surface area-to-volume ratio raises the possibility of surface charges 
building up, accounting for the contribution of surface charge polarization. As the calcination 
temperature rises, a greater surface charge polarization is produced, which results in larger crystal 
sizes and a lower surface charge polarization. As a result, dielectric loss decreases as the calcination 
temperature rises. Figure 7 shows the temperature dependency of the dielectric loss tangent at 
specific frequencies. An electromagnetic wave’s energy loss in the medium as it travels through it 
is measured by dielectric loss (tanδ). In addition to measuring the dissipation of electric field 
energy, it calculates the ability to support the electric field. For materials sintered at 700, 900, 
1100, and 1300°C, tanδ shows a parabolic pattern around 650°C as shown in Figure 7. As the temp
erature rises, the tanδ values also rise. The free migration of charge, space charge polarization, and 
material defects are the causes of the high-temperature region’s sharp rise [42]. A noticeable peak in 
the dielectric loss tangent indicates that there is a spread of relaxation durations rather than a single 
value. Further, as frequency increases from 100 Hz to 10 MHz, the peak value of tanδ shifts towards 
lower temperatures [43]. Increased ac electrical conductivities are the result of thermally activated 
electrons’ increased drift mobility with temperature. Therefore, an increase in dielectric polariz
ation results in an increase in tanδ [44]. In contrast, [45] the dielectric loss variation with tempera
ture shows the same characteristics as the dielectric constant (ε’) fluctuation with temperature and 
can be described using the same methodology as the dielectric constant (ε’) discussion. It is discov
ered that the dielectric loss rises as the temperature climbs. As the temperature rises, charge carrier 
mobility rises as well, increasing polarization and dielectric loss. Charge accumulating at grain 
boundaries is the cause of the increased dielectric loss value that is seen at high temperatures. 
According to S. K. Mandal et al., the tan (δ) value of NiFe2O4 nanoparticles increases as Ni doping 
increases. This suggests that as the system’s Ni concentration rises, the leakage current increases as 
well [46].

Figure 5. Variation of dielectric loss of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at room 
temperature.
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A variety of elements, including microstructure, finely separated grains, grain boundaries, elec
trode interfaces, and inter-regional features, influence the electrical properties of magneto ceramic 
polycrystalline oxides. The electrical characteristics of nickel chromite were examined through 
impedance spectra, utilizing an LCR impedance meter between a temperatures and frequency of 
100°C to 800°C, 100 Hz to 10 MHz. The real (Z’) and imaginary (Z′′) components of impedance, 
along with those of the grain interior and boundary, can be precisely assessed utilizing the EIS 
methodology [47]. Figure 8 illustrates the variation of Z′ as function of frequency at RT for samples 
that were sintered at temperatures of 700, 900, 1100, and 1300°C. In each sample, Z’ reaches its 
maximum at lower applied field frequencies before declining as the frequency increases, likely 
due to the release of space charges [48]. The magnitude of the Z′ rises from 1.6 × 105 to 5.6 × 105 

Ohm as the sintering temperature escalates from 700°C to 1300°C. An increase in the density of 
trapped charges and a decrease in charge carrier mobility are the primary causes of this rise in 
Z′ values [49]. Utilizing the peak maximum value for every sample allows for a decisive determi
nation of the presence of relaxation effects and fluctuations of materials bulk resistance. The 
peak indicates the frequency of relaxation of the material. At lower frequencies, the impedance 
of the samples decreases at a slower rate, while at higher frequencies, it diminishes more rapidly. 
Figure 9 presents the frequency-dependent Z′ in connection with temperature. With reference to 
Figure 9. as the temperature rises from 100 to 800°C, the value of Z’ consistently declines across 
all the samples, with the highest magnitude observed at 100°C for each sample. The decrease in 
Z’ as frequency increases may be ascribed to the interfacial polarization effects occurring within 
the material [14,50,51]. The extreme value of Z′ varies between 1.8 × 105 and 5.6 × 105 Ohm as 
the temperature rises from 100 to 800°C. The compound’s semiconductor behavior is confirmed 

Figure 6. Variation of dielectric loss of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency in the temperature 
range 100-800°C.
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by the change in the real component of the impedance with temperature. We identify three inflec
tion points in the curves that correspond to three relaxation phenomena. Interfacial polarization is 
actually thought to be more important at lower frequencies. Ionic and orientation polarizations, on 

Figure 7. Variation of dielectric loss tangent of nickel chromite calcinated at 700, 900, 1100 and 1300°C with temperature at 
100 Hz, 1kHz, 10kHz, 100kHz, 1 and 10 MHz.

Figure 8. Variation of real part of impedance of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at room 
temperature.
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the other hand, contribute to the polarization at higher frequencies. The existence of a space-charge 
area brought on by the decrease in the charge barrier explains the abrupt degradation of impedance. 
Furthermore, the height of the electron hopping barrier decreased as the temperature rose. This 
would result in a reduction of the compound’s actual obstacles [52]. Figure 10 presents the relation
ship between Z′ and temperature across selected frequencies ranging from 100 Hz to 10 MHz. It is 
evident from the figure, the Z′ exhibits a decline with increasing temperature and frequency. The 
variation of Z′′ with frequency at room temperature is seen in Figure 11. Across all sintered samples, 
the Z′′ increases as the applied field frequencies rise, peaks, and then declines with further frequency 
increases. As the sintering temperature increases, the peak frequency shifts to lower values, indicat
ing a unique relaxing event in the samples. The grain size reduction in nanocrystalline materials 
results in the appearance of increased dipoles at grain borders. As sintering temperatures increase, 
the relaxation peak moves to the lower frequency area, which is explained by the significant increase 
of dipole-to-grained boundary contacts, which lowers the relaxation frequency [53]. As the calcina
tion temperature increases from 700°C to 1300°C, the maximum value of Z′′ varies in the range of 
6 × 104 Ω to 1.8 × 105Ω with the calcination temperature. The change of Z′′ with frequency for 
nickel chromite at various temperatures is shown in Figure 12. For all sintered materials at 700, 
900, 1100, and 1300°C, the samples in this investigation show a single peak, indicating a single 
relaxation event. In addition to a decrease in peak height and an increase in width with temperature, 
the peak shifts to higher frequencies as Z′′ decreases and temperature rises. The decrease in peak 
temperature is explained by the disruption caused by frequency within the network, which 
makes it easier for charge carriers to travel across the CrO6 octahedron. Because of this, Cr and 

Figure 9. Variation of real part of impedance of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency in the 
temperature range 100-800°C.
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O ions oscillate with considerable amplitude, which makes it easier for carriers to be close together 
and causes site hopping. The frequency facilitates charge carriers’ passage over energy barriers, 
which helps the material relaxation [26]. This behavior suggests the presence of electronic relax
ation due to alterations in the bulk resistance of the material, along with the influence of grains 
and grain boundaries across the structure. An increase in the rate of localized charge carrier 

Figure 10. Variation of real part of impedance of nickel chromite calcinated at 700, 900, 1100 and 1300°C with temperature at 
100 Hz, 1kHz, 10kHz, 100kHz, 1 and 10 MHz.

Figure 11. Variation of imaginary part of impedance of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at 
room temperature.
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hopping is shown by the peak frequencies, sometimes referred to as relaxation frequencies, which 
rise with temperature [54–56]. Non-Debye behavior is indicated by the broad breadth of the distri
bution of relaxation durations and the frequencies of relaxation peaks [57]. When the frequency of 
the applied electric field and the hopping frequency of localized electrons match, Debye peaks are 
seen. The discovery of relaxation peaks at low frequencies in the Z′′ component of complex impe
dance is explained by space charge relaxation, which is linked to charge carriers from oxygen 
vacancies. It has long been known that space charge polarization predominates in materials with 
grains and grain boundaries. Debye peaks shift to higher frequencies as a result of the observed 
rise in electron hopping rate with temperature. Additionally, as the sample’s resistive component 
releases less heat, Z′′ drops with temperature. The change in Z′′ as a function of temperature is 
shown in Figure 13 for a few chosen frequency ranges, ranging from 100 Hz to 10 MHz. At 
some frequencies, the observed Z′′ decreases as the temperature increases. At certain frequencies, 
the energy of electrons exceeding the barrier potential for hopping may be the cause of the decrease 
in both the real and imaginary components of impedance with increasing temperature [58]. For 
samples sintered at 700, 900, 1100, and 1300°C, Figure 14 displays the Nyquist plots (Z′ vs. Z′′) 
at room temperature. This helps us better understand how relaxation works. This supported the 
non-Debye type relaxation in NiCr2O4 since the semicircles were truncated in the center, and 
their centroid was situated below the true Z′ axis. Electric dipoles do not all relax at the same 
time during this procedure. Grain boundaries may contribute to this by direct current conduction 
[59,60]. This supports the case for an electrical process that depends just on relaxation qualities. The 
semicircle diameter in Nyquist plots indicates the contribution of grain boundaries, which is attrib
uted to the resistance observed in the sintered samples [61]. The arc semicircles exhibit shifts 

Figure 12. Variation of imaginary part of impedance of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency in 
the temperature range 100-800°C.
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corresponding to changes in the sintering temperature, which subsequently indicate variations in 
DC conductivity. Consequently, it is possible to calculate the capacitive and resistive characteristics 
of the prepared samples by considering relaxation and conduction in relation to the response of 

Figure 13. Variation of imaginary part of impedance of nickel chromite calcinated at 700, 900, 1100 and 1300°C with temperature 
at 100 Hz, 1kHz, 10kHz, 100kHz, 1 and 10 MHz.

Figure 14. Cole-Cole plots of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at room temperature.
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grain boundary [50]. The plots illustrate both the low-frequency representation of the grain border 
region and the high-frequency representation of the grain region. The Nyquist plots (Z′ vs. Z′′) as 
function of temperature for the synthesized samples, spanning from 100 to 800°C, are presented in 
Figure 15. σac = 2πfεr tanδ is the formula to compute the A.C., where f is the frequency of the applied 
electric field, tanδ is the media’s dielectric loss tangent, and εr is the medium’s dielectric constant. 
To obtain this formula, the double layer model is used, which takes into consideration the hetero
geneous characteristics of two different layers [28], how often alternating current occurs. All pre
pared samples at room temperature have different conductivities (σac), as shown in Figure 16. 
With increasing frequency conductivity rises. Enhanced charge carrier hopping, on the other 
hand, causes reduced resistance and improved conductivity at higher applied field frequencies 
[62]. Relatively a poor conducting thin layer of material is often observed in spinel materials, 
with the initial layer comprising course-grains of effectively conducting material [63]. The grain 
boundaries of nanomaterials play a crucial role in their transport properties due to the increased 
intensity of atoms at the edges or within a few layers of atoms. [64,65] The interchange of electrons 
among the similar ions in varying valence states leads to a phenomenon referred to as electron hop
ping, which is responsible for the electrical conductivity of nickel chromite [66,67]. While conduc
tivity appears to be temperature independent at higher temperatures, it is discovered to be 
frequency dependent at lower temperatures (Figure 18). The pumping force of the applied fre
quency causes the conductivity to increase with frequency, aiding in the movement of charge car
riers between various localized states and the release of trapped charges from various trapping 
locations. A substantial lattice vibration brought on by rising temperatures in the high temperature 
region scatters charge carriers and eliminates the frequency effect [68]. The current system enables 

Figure 15. Cole-Cole plots of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency in the temperature range 
100-800°C.
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conduction through the interchange of electrons in between Cr2+ and Cr3+ ions located at their 
octahedral sites. Figure 17 illustrates the AC conductivity of the synthesized materials across a 
temperature range of 100 to 800°C. From the Figure 17 it is clear that, for low frequencies (102 

Hz to 104 Hz) show weak conductance dependency on frequency, and temperature. It could be 
due to According to the Maxwell-Wegner two-layer model, ferrites consist of well-conducting 

Figure 16. Variation of AC conductivity of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at room 
temperature.

Figure 17. Variation of AC conductivity of nickel chromite calcinated at 700, 900, 1100 and 1300°C with frequency at temperature 
ranges from 100-800°C.
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grains and poorly conducting grain borders that are more active at lower frequencies. Low conduc
tance results from weak electron hopping in the area. At higher frequencies (>104 Hz) the conduc
tivity shows increasing trend as the frequency increases, and exhibits decreasing trend as the 
temperature changes from 100 to 800°C. This significant increase of conductance with rising fre
quency can be described by the power law [69,70]. The conductivity of nickel chromite at tempera
tures of 700, 900, 1100, and 1300°C across various frequencies is illustrated in Figure 18. The 
findings indicated that as the frequency increased, the conductivity values exhibited a decrease. 
The sample could exhibit a more compact microstructure compared to other samples, potentially 
leading to a higher quantity of conduction species within the material. The conductivity of grain 
provides insights into the various types of polarons and the underlying conduction mechanisms. 
Grain activity is observed to rise at elevated frequencies; however, limitations on grain become evi
dent at reduced frequencies. At low applied frequencies, a considerable accumulation of electronic 
charges at the grain border and decreased electron hopping between Cr2+ and Cr3+ cations result in 
reduced conductivity. However, due to grain conductivity and an increase in polaron hopping, con
ductivity gradually increases as frequency increases [71,72].

4. Conclusions

The synthesis of nickel chromite, represented by the chemical formula NiCr2O4, was achieved 
through sol–gel auto-combustion, followed by sintering at temperatures of 700, 900, 1100, and 
1300°C. The X-ray diffractometry results were assessed at ambient temperature through the 

Figure 18. Variation of AC conductivity of nickel chromite calcinated at 700, 900, 1100 and 1300°C with temperature at 100 Hz, 
1kHz, 10kHz, 100kHz, 1 and 10 MHz.
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Rietveld refinement technique to ascertain the phase purity of the material. Characteristics related 
to electricity include tangent loss, dielectric constant, and alternating current. The conductivity has 
been analyzed using the LCR meter. The variations in dielectric parameter, impedance, and A.C. 
conductivity was examined at room temperature and within the temperature range of 100–800° 
C, across frequencies from 100 Hz to 10 MHz. The investigation revealed that both temperature 
and frequency contributed to the improvement of the dielectric characteristics. The limited conduc
tivity of the samples can be explained by the restricted electron hopping between the Cr2+ and Cr3+ 

cations as a result. The Maxwell–Wagner interfacial polarization provides substantial support for 
these findings. The examination indicated that the dielectric properties of the produced chromites 
could be enhanced, suggesting that they are promising candidates for notable physical attributes 
after assessing various concentrations. The selected material candidates exhibit significant benefits 
for high-frequency and microwave applications.
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