
Vol:.(1234567890)

Journal of Electronic Materials (2024) 53:5032–5048
https://doi.org/10.1007/s11664-024-11072-2

28TH INTERNATIONAL CONFERENCE ON NUCLEAR TRACKS AND RADIATION 
MEASUREMENTS

Investigation of Mg2+ Ion Substitution on the Structural, Electric, 
and Magnetic Properties of Soft Spinel Ferrites (NiFe2O4) 
for High‑Frequency Applications

Prachi Jain1,2   · S. Shankar2   · O. P. Thakur1 

Received: 29 January 2024 / Accepted: 25 March 2024 / Published online: 28 April 2024 
© The Minerals, Metals & Materials Society 2024

Abstract 
Magnesium-doped nickel ferrite nanoparticles with the chemical composition (Ni1−xMgxFe2O4, x  =  0.00, 0.20, and 0.40) 
have been prepared by a modified sol–gel citrate method. Structural analysis was carried out through x-ray diffractograms 
(XRD) and Fourier-transform infrared (FTIR) spectroscopy. The spherical-shaped morphology of the prepared nanopar-
ticles has been confirmed by field-emission scanning electron microscopy (FESEM). The energy dispersive x-ray (EDX) 
analysis confirmed the presence of elements (Ni, Mg, Fe, and O) in the prepared compositions. The distribution of cations 
over tetrahedral and octahedral sites has been confirmed by Rietveld refinement using FullProf software. The phenomena of 
Maxwell–Wagner polarization is exhibited in the dielectric measurements. Cole–Cole plots showed that the net grain (Rg) 
and grain boundary resistance (Rgb) values are decreasing for the maximum concentration of Mg2+ ions in the nickel ferrites. 
Almost 96% deductions in the tangent loss values have been observed at high temperatures with the increasing concentration 
of Mg2+ ions in the nickel ferrites. Fitting of AC conductivity was carried out using the Jonscher Power Law function. The 
net magnetization saturation values also decreased from 27.7 emu/g to 16.7 emu/g upon the doping of Mg2+ ions in the pure 
nickel ferrites. These properties are all desired for  materials working under high-frequency applications.
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Introduction

Ferrites are well known for their excellent chemical stability 
and they cover a variety of applications in many fields, like 
biosensors, imaging, anti-fungal and anti-bacterial agents, 
humidity sensing, hydroelectric cells, supercapacitors, etc. 
Among all the ferrites, nickel ferrites are generally consid-
ered as a potential candidate that can show good electri-
cal properties over other ferrites.1 They can be utilized in 
fabricating transformer cores due to their high electrical 
resistivity. Nickel ferrites in the nanometer range exhibit 
a mixed spinel structure. Nickel ferrite nanoparticles have 
been proven to be beneficial in a variety of applications, 
like magnetic recording devices, electric generators, storage 
devices, etc., due to their high superparamagnetic behavior 
as well as high chemical stability.2,3 Exclusive research has 
been carried out on nickel ferrite nanomaterials due to their 
high magnetic permeability, low tangent loss, high saturation 
magnetization, high Curie temperature, and low coercivity.4 
Extensive dielectric studies provide information regarding 
the conduction mechanism of ions inside the ferrites. A 
material’s conductivity is subjected to various factors like 
sintering temperature, time, preparation condition, composi-
tion, cation distribution, etc.

Nickel ferrites lie in the group of soft spinel ferrites with 
the chemical formula (M2+) (Fe3+) O4

2−, M occupies the 
octahedral lattice sites or B-sites while Fe ions occupy both 
the A and B interstitial lattice sites of the cubic lattice.5 
The magnetic properties of nickel ferrites usually depend 

upon the distribution of cations between the A or B sites. 
Magnesium ions have been chosen for doping into nickel 
ferrites due to their good electrical and magnetic proper-
ties.6 Magnesium is also considered non-toxic to the envi-
ronment and has been utilized in various applications, like 
manufacturing mobile phones, laptops, storage devices, etc.7 
Various synthesis methods are involved in the preparation 
Mg-doped NFO nanoparticles, like ball milling,8 co-precip-
itation,9 sol–gel,10 and hydrothermal.11 Among these, the 
sol–gel method is generally preferred due to the low tem-
perature, low cost, particle size in the nm range, high yield, 
and homogeneous morphology. Reddy et al. reported that 
a change in the calcined temperature caused an increase in 
particle size, magnetic saturation, and crystallinity.12 Morad-
mard et al. found that doping of Mg2+ concentrations caused 
severe decreases in the saturation magnetization and a rise 
in coercivity (Hc).13 Here, different doping concentrations 
of Mg2+ ions have been performed on the nickel ferrites 
(Ni1−xMgxFe2O4, x  =  0.00, 0.20, and 0.40). The structural, 
dielectric, and magnetic behavior of pure nickel ferrites have 
been observed and studied in detail.

Experimental

Magnesium-doped nickel  fer r i te  nanopar t icles 
(Ni1−xMgxFe2O4, x  =  0.00, 0.20, and 0.40) for three dif-
ferent compositions were prepared using a sol–gel auto-
combustion synthesis route. The step-by-step preparation 
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of Mg-substituted nickel ferrite nanoparticles is shown 
in Fig. 1. The stoichiometric amount of all the precursors 
(Ni(NO3)2.6H2O; 99%; Sigma Aldrich), (Fe(NO3)3.9H2O; 
98%; Loba Chemie), and (Mg(NO3)2.6H2O; 98%; Loba Che-
mie; were dissolved in double-distilled water (DDW) using 
a magnetic stirrer at 300 rpm for 30 min each. Then, a 1-M 
citric acid solution was prepared separately by dissolving it 
in DDW. All the as-prepared nitrate solutions were poured 
gently into the citric acid solution. After 40 min of continu-
ous mixing, the pH was balanced between 7 and 8 by add-
ing NH3 solution drop by drop into the final prepared solu-
tion. Then, the solution was constantly stirred at 300 rpm 
and heated to 80°C to form a viscous gel. After 10–12 h, a 
brown-colored sample powder was obtained. The powder 
was sintered at 800°C for 4 h to form the magnesium-sub-
stituted nickel ferrite nanoparticles. The weighed amounts of 
all the precursors required for the synthesis of each composi-
tion are set out in Table I.

Characterization

X-ray diffraction (XRD; D8 Advance; Bruker) measurements 
of the magnesium-doped nickel ferrites (Ni1−xMgxFe2O4 
( x = 0.00, 0.20and0.40) ) were carried out with Cu-Kα radia-
tions (λ  =  1.5406 Å) in the 2θ range extending from 20° 
to 80° with a scanning speed of 1°/min. Fourier-transform 

infrared (FTIR; Perkin Elmer) spectra were obtained for 
measurements in the range of 4100–400  cm−1 for solid 
samples. The surface morphology of the samples was car-
ried out using field-effect transmission electron spectros-
copy–energy dispersive X-ray (FESEM-EDX; Zeiss). Die-
lectric, conductivity and the impedance measurements of 
all the samples were carried out by using a Nova Control 
Technology Impedance analyzer. Magnetic studies (M–H 
loop) were recorded using a vibrating sample magnetometer 
(VSM; ADE-EV9) under a magnetic field of 1 tesla obtained 
at room temperature.

Results and Discussions

XRD Analysis

The XRD pattern of the Mg-doped nickel ferrites has been 
obtained at room temperature in the 2θ range varying from 

Fig. 1   Flowchart of Mg-substituted nickel ferrite nanoparticles via a sol–gel auto-combustion technique.

Table I   Precursor amounts of the prepared magnesium-doped nickel 
ferrites (Ni1−xMgxFe2O4)

Precursors x  =  0.00 x  =  0.20 x  =  0.40

[Ni(NO3)2.6H2O] 2.646 2.1306 1.6081
[Fe(NO3)3.9H2O] 7.353 7.3997 7.4466
[Mg(NO3)2.6H2O] – 0.4696 0.9452
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20 to 80°, as shown in Fig. 2. The peak positions have been 
correctly matched with the JCPDS card No. #10-325.14 
The prepared ferrite comes under the category of cubic 
spinel ferrite with the Fd-3 m space group. The highly 
intensified peak occurring in the (311) plane indicates the 
presence of a single face-centered cubic spinel structure, 
whereas the impurity peak present at 32° corresponds to 
the Fe2O3 phase.15

The shifting of the peaks towards the right side has been 
observed upon the doping of Mg2+ ions in nickel ferrites. 
The average crystallite size of the Mg-doped nickel ferrites 
has been calculated using the Debye–Scherrer equation16: 

where D is the crystallite size, λ is the wavelength of x-ray 
radiation (0.154 nm), β is the full width at half-maximum 
(FWHM) of the peaks, and θ is the diffraction angle.

(1)D =
0.9�

�cos�

All the essential parameters, like crystallite size, poros-
ity%, x-ray density, bulk density, microstrain, lattice 
parameter, volume, etc., are set out in Table II. Experi-
mental values of the lattice parameter, x-ray density, bulk 
density, and porosity (%) have been calculated using Eqs. 
(2)–(5):

Williamson–Hall Plots

Williamson–Hall (W–H) plots usually establish the rela-
tionship between strain and crystallite size.17 The W–H plot 
equation is: 

where ε is the lattice strain developed owing to the imperfec-
tions in the cubic lattice of nickel ferrite, β is the FWHM, 
and D represents the average crystallite size for each 
composition.

The slope obtained from the W–H plots in Fig. 3 provides 
the value of  (FWHM)microstrain produced in the samples. 
The average crystallite size has been calculated using the 
intercept of the W–H plot equation. It has been observed that 
the porosity% is increasing with the rise in the doping% of 
magnesium ions in the nickel ferrites. This is mainly due to 
the difference in the ionic radii of ions present in the sample. 
Generally, the ionic radii of Mg2+ (0.72 Å) ions is greater 
than the ionic radii of the Ni2+ (0.69 Å) and Fe3+ (0.645 Å) 
ions. The difference in the sizes induce some strain in the 
samples and gives rise to the increased value of the lattice 
constant.

Rietveld Refinement Analysis

The Rietveld refined graphs for the XRD patterns of all the 
prepared samples have been carried out using the FullProf 
software, as shown in Fig. 4. The refinement has been per-
formed by assuming a cubic structure where a  =  b  =  c and 
α  =  β  =  ϒ  =  90°. The refinement has been brought up by 
refining the global parameters, such as background and scale 
factors, followed by the refinement of the lattice constants, 

(2)Lattice parameter = d

√

h2 + k2 + l2

(3)X − ray density(Dx) =
8M

Na3

(4)
Bulk density

(

Db

)

= Mass of pellet∕Volume of pellet = m∕Πr2L

(5)Porosity(%) = 1 − Db∕Dx

(6)�Cos� = (4Sin�)� +
K�

D

Fig. 2   X-ray diffraction pattern of Mg-doped nickel ferrites 
(Ni1−xMgxFe2O4 ( x = 0.00, 0.20and0.40).

Table II   Essential parameters obtained through the Rietveld refine-
ment for Mg-doped nickel ferrites (Ni1−xMgxFe2O4, x   =  0.00, 0.20 
and 0.40)

Parameters x  =  0.00 x  =  0.02 x  =  0.04

Crystallite size (nm) 27.889 39.212 36.313
Microstrain (ε × 10−3) 2.17 1.83 1.52
Χ2 1.51 1.30 1.02
Lattice parameter 

(a  =  b  =  c) (Å)
8.338 8.3416 8.350

Volume (Å3) 579.709 580.427 582.323
X-ray density (g/cm3) 6.630 6.671 6.493
Bulk density (g/cm3) 3.057 2.802 2.547
Porosity (%) 53.880 57.989 60.761



5036	 P. Jain et al.

crystal symmetry, shape parameters, background correc-
tion, metal ion occupancies, atom positions, and thermally 
varying parameters. The refinement has been carried out by 
selecting the profile as the Thomson–Cox pseudo-Voight. 
Figure 4 shows the refined XRD profile, where the black one 
shows the experimental data, the red one exhibit the Rietveld 
fitted curve, the green one the Bragg positions, and the blue 
one the difference in the experimental and fitted intensities.18 
It has been observed that Mg2+ ions occupy the tetrahedral 
site or A sites due to their smaller ionic radii compared to the 
nickel ion (0.7 Å). However, nickel and iron ions are equally 
distributed among both the A and B sites.19 The cationic 
distribution among the A and B sites are represented by Eq. 
(8), below. The distribution of cations (Mg2+, Fe2+ or Fe3+, 
Ni2+) among the tetrahedral and octahedral sites is shown in 
Table III, obtained using Rietveld refinement. The general 
formula for the allocation of cations at the A and B sites is:

(7)
[

Ni2+
1−x

Mg2+
x
Fe2+

]

A

[

Ni2+
y
Fe3+

1−y
O4

]

B

The spinel ferrite has a cubic close-packed structure with 
large amount of O2− ions present at the corners of the lattice. 
A total number of 32 octahedral as well as 64 tetrahedral 
lattice sites are present in the cubic lattice of spinel ferrites, 
of which divalent ions occupy 8 tetrahedral sites while 16 
octahedral sites are made available for trivalent ions.

FT IR Analysis

FTIR is used to determine the effective bonds present in the 
material or in any spinel ferrite. Formation of the bonds pre-
sent in the magnesium-substituted nickel ferrite can be con-
firmed by studying the FTIR spectra, as shown in Fig. 5. Spi-
nel ferrites exhibit mainly two absorption bands within the 
range of 400–650 cm−1.20 The first band occurs at 400 cm−1 
due to the stretching vibration of metal–oxygen ions at octa-
hedral sites while the second band comes at 547 cm−1 cor-
responding to the stretching vibration at tetrahedral sites.21 
The peak around the wavenumber 1358 cm−1 is due to the 
bending vibration of O-H bonds, and that at 1600 cm−1 to 
the bending mode of the H2O molecule.

Fig. 3   Williamson–Hall plots of the magnesium-doped nickel ferrites, Ni1−xMgxFe2O4: (a) x  =  0.00, (b) x  =  0.20, and (c) x  =  0.40.



5037Investigation of Mg2+ Ion Substitution on the Structural, Electric, and Magnetic Properties…

Morphological Analysis

FESEM is a highly resolved technique in which the scan-
ning of a sample surface is carried out using a highly intense 
sharp beam of electrons to understand the composition of 
elements present in the sample. Figure 6 shows the FESEM 
images of the samples along with their size distribution 
curves. The particle size varied from 37 to 69 nm, which 
was calculated using ImageJ software. It has been noticed 
that the porosity in the samples has been increased on adding 

Mg ions to the nickel ferrite. The FESEM images show the 
spherical-shaped nanoparticles, and the uniformity in the 
prepared samples increases with the increase  in Mg ions.22 
Figure 7 shows the EDX spectra of the Mg-doped nickel fer-
rites and Table IV presents the atomic as well as weight% of 
all the elements present in the composition.

Dielectric Measurements

The variation of real values of dielectric permittivity (ε´) 
with frequency (1 Hz–10 MHz) for all the samples (Mg-
doped nickel ferrite) at different values of temperature 
(50°C, 100°C, 150°C, and 200°C) is shown in Fig. 8(a–c). 
It has been observed that ε´ decreases very rapidly as the 
frequency increases from a few Hz to a few MHz. In this fre-
quency range, dipolar and interfacial polarizations are more 
active. In the low-frequency regime, ε´ has very high values 
while at high frequency, the ε´ becomes very low or almost 
minimum. This fall of ε´ is due to the inability of dipoles to 

Fig. 4   Rietveld refinement of the Mg substituted nickel ferrites, Ni1−xMgxFe2O4: (a) x  =  0.00, (b) x  =  0.20, and (c) x  =  0.40 using FullProf 
software.

Table III   Cation distribution among the A sites and B sites, as 
obtained through Rietveld refinement plots

Composition A-site B-site

x  =  0.00 (Ni0.08Fe0.90)A (Ni0.92Fe1.10)B

x  =  0.20 (Ni0.05Fe0.95)A (Ni0.75 Mg0.20Fe1.05)B

x  =  0.40 (Ni0.02Fe0.98)A (Ni0.58 Mg0.40Fe1.02)B
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Fig. 5   FTIR spectra of Mg-doped nickel ferrites, Ni1−xMgxFe2O4, 0 ≤ x ≤ 0.40.

Fig. 6   Field-emission scanning electron microscopy images and size distribution curves for Mg-doped nickel ferrites, Ni1−xMgxFe2O4: (a) 
x  =  0.00, (b) x  =  0.20, and (c) x  =  0.40.
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align themselves along the direction of the changing electric 
field.23 This dispersion of the dielectric constant shows the 
space charge polarization and notifies the Maxwell–Wagner 
polarization.24 For the temperature of 50°C and frequency 
of 100 Hz, the value of ε´ is reduced from 2000 to 102 on 
incorporating Mg2+ ions in the nickel ferrite. The dispersion 
in the ε´ is mainly due to the electron hopping between the 
Fe2+ ↔ Fe3+ ions and the value of ε´ given by:

It can be seen from Fig. 8 that, on increasing the tempera-
ture values, the ε´ value also increases in each composition, 

(8)�
r
= �

r∞+
�r−�∞

1+(I��)1−�

indicating the diffusive type relaxor behavior in ,the pre-
pared ferrites.25

In the pure nickel ferrites, Ni2+ ions and half of Fe3+ 
ions are occupied in the octahedral sites or B sites, while 
half of the Fe2+ ions are occupied in the tetrahedral lattice 
sites. Ni2+ and Ni3+ ions both constitute p-type charge 
carriers, while Fe2+ and Fe3+ ions lead to n-type charge 
carriers or electrons. Electrons are the only charge car-
riers at the tetrahedral sites due to the presence of Fe2+ 
ions.26 The rise in the concentration of Fe2+ ions gives 
rise in the high value of the dielectric constant. A major 
contribution in the ε´ value is due to the Fe2+ ions which 
are present only at the tetrahedral sites because Fe2+ ions 

Fig. 7   EDX spectra of the Mg-doped nickel ferrites, Ni1−xMgxFe2O4: (a) x  =  0.00, (b) x  =  0.20, and (c) x  =  0.40.

Table IV   EDX results for 
Mg-doped nickel ferrites 
nanoparticles sintered at 800°C

Elements NiFe2O4 (x  =  0.00) Ni0.8Mg0.2Fe2O4 (x  =  0.20) Ni0.6Mg0.4Fe2O4 (x  =  0.40)

Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%)

Ni 9.10 19.10 6.32 15.25 5.64 10.90
Fe 20.28 40.50 24.56 46.70 28.86 53.06
O 70.62 40.40 61.24 35.53 59.61 40.14
Mg – – 5.89 2.12 7.88 4.10
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become more easily polarized than the Fe3+ ions. Now, 
substituting Mg2+ ions in nickel ferrite causes the move-
ment of a small amount of Fe2+ from its tetrahedral sites to 
octahedral sites. In other words, adding Mg2+ ions cause a 
disturbance in the dipole alignment of the Fe2+ ions, which 
will cause a reduction in the ε´ values. Basically, the pres-
ence of Mg2+ ions leads to a rise in p-type charge carriers 
and Fe2+ gives rise to n-type charge carriers, which may be 
due to the electron exchange between Fe2+ and Fe3+ ions.

For x  =  0.00 and 0.40, there is a change in slope or 
rapid decrement in the values of the dielectric constant 
occurring at T  =  200°C. This has occurred because, at 
high temperatures, the thermal activation phenomenon 
takes place. According to this phenomenon, the molecu-
lar motion is vigorously rising inside the material. The 
increased motion of the molecules leads to disruption in 
the alignment of the dipoles and, thereby, causes a reduc-
tion in the value of ε´.

Tangent Loss

The plot of dielectric loss against frequency ranging from 
1 Hz to 10 MHz at different values of fixed temperature 
(50°C, 100°C, 150°C, and 200°C) for the prepared samples 
is shown in Fig. 9a, b, and c. Figure 9d represents the com-
parison of the losses present in all the prepared samples at 
T  =  50°C. Figure 9a, b, and c concludes that, at low fre-
quency values, the loss value decreases from 10.26 to nearly 
1 with increasing the Mg content in the nickel ferrites. This 
is generally due to the increase in the crystallinity over the 
increase in Mg content in the nickel ferrites. The tempera-
ture dependence of loss exhibits the occurrence of peaks at 
high-temperature values, attributed to the presence of relaxa-
tion phenomena in the prepared ferrites.27 The samples show 
high losses at higher temperatures. This high tangent loss 
means the possibility of the conversion of electrical energy 
into heat in the form of various applications.

For x    =    0.00, in the low-frequency region, bound 
charges, such as polarization charges connected to polar 

Fig. 8   Variation of dielectric constant (ε´) with frequency for the (a) NiFe2O4, (b) Ni0.8Mg0.2Fe2O4 , and (c) Ni0.6Mg0.4Fe2O4.
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molecules or ions, are frequently present in dielectric mate-
rials. These bound charges might have enough time at low 
frequencies to react to the applied electric field, which would 
cause a large amount of energy dissipation and an increase 
in the loss tangent. The strong ionic or dipolar interactions 
in the materials cause this effect to be especially noticeable.

Variation of Z´´ with Frequency at Different Temperature 
Values

The variation in the Z´´ against log10f with frequency values 
ranging from 1 Hz to 10 MHz has been recorded for the 
Mg-doped nickel ferrite samples, as shown in Fig. 10a, b, 
and c. The Z´´ peak diminishes as the temperature value 
increases from the lowest to the highest values, represent-
ing the lossy nature of the ferrites.28 Also, the Z´´ peak is 
shifted to a higher frequency or towards the right side for 
higher temperature regimes, validating the occurrence of 
non-Debye-type diffusive relaxation mechanism in the Mg-
doped nickel ferrites.29 The Z´´ peak becomes broadened 

for higher temperature values, showing the existence of a 
thermally activated relaxation process. This shifting of the 
peaks towards higher frequency values is due to the move-
ment of immobile species or defects at high temperature. It is 
beneficial to study fast switching-based device applications 
under an applied electric field.

Impedance Measurements

The Nyquist plots or Cole–Cole plots of the Mg-doped nickel 
ferrites at different temperatures are shown in Fig. 11a, b and 
c. The effective contributions from the grains as well as the 
grain boundaries are given by:

In all the samples, only a single arc occurs, which con-
firms the conductivity due to the presence of just grains.30 

(9)Z
∗ =

R1

1 + i�R1C1

+
R2

1 + i�R2C2

Fig. 9   Tangent loss against frequency at different temperatures (50°C, 100°C, 150°C, and 200°C) for Ni1−xMgxFe2O4: (a) 0.00, (b) 0.20, (c) 
0.40, and (d) comparison of tangent loss plots at room temperature.
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With increasing temperature, the Nyquist curve almost 
becomes minimal or resistance becomes almost negligible. 
The change in the intercept of the Cole–Cole plot with the 
subsequent rise in temperature confirms the occurrence of 
the non-Debye relaxation process in the Mg-doped nickel 
ferrites.31 This effect is basically due to the presence of 
oxygen vacancies and defects present in the crystal lattice. 
The decreasing ionic radii with the increasing temperatures 
exhibit the negative temperature coefficient of the resistance 
characteristic present in the ferrite.

Fitting of Nyquist Plots

The fitting of the Nyquist’s plots has been carried out to 
calculate the values of the grain, grain boundary resistance, 
and constant phase element using ESimp Win software, as 
shown in Fig. 12a, b, and c. Series of a parallel RC circuit 
containing separate grains and grain boundaries as shown in 
Fig. 12d. The fitted values of the grain and grain boundary 
resistances and capacitances are set out in Table V. High 

values of grain boundary resistance signifies the production 
of defects trapping the conducting charges.32 The contribu-
tion of the grain capacitance, Cg , was in the nF range and 
the Rg varies in the KΩ range contributed to the least defec-
tive structure obtained upon the doping of the magnesium.

AC Conductivity

The plots of AC conductivity against frequency have been 
obtained at room temperature for all the prepared com-
positions of Mg-doped nickel ferrites (Ni1−xMgxFe2O4, 
x  =  0.00, 0.20 and 0.40), as shown in Fig. 13a, b, and c. 
The Jonscher power law fitting has also been carried out for 
all the plots to obtain the values of P1 (DC conductivity), P2 
(A), and P3 (s), as shown in Table VI.

The Jonscher power law fitting equation is:

(10)�(�) = �
DC

+ A�s

Fig. 10   Variation of Z´´ against frequency with varying temperatures for Ni1−xMgxFe2O4: (a) 0.00, (b) 0.20 and (c) 0.40.
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where �
DC

 represents DC conductivity, A is a constant, ω 
represents the frequency given by 2Πf (f denoted the applied 
frequency), and s is the power exponent.

AC conductivity plots show linear behavior with fre-
quency which is in good agreement with the normal behav-
ior of dielectrics. It has been observed that, with increas-
ing the concentration of magnesium ions, the value of DC 
conductivity has also been increased, from 6.425E−09 to 
3.03E−08. This increase in the conductivity values mainly 
occurs due to the rise in the rate of the hopping mecha-
nism of Fe2+ and Fe3+ ions.32 The hopping of charge car-
riers between Fe atoms is n-type, while p-type hopping 
has occurred on adding the Mg ions in the nickel ferrite. 
This p-type hopping has been taking place due to the 
Mg doping between the two charged states of Mg+ and 
Mg2+ , and hence contributes towards the increase in con-
ductivity of the samples with increasing magnesium ion 
concentration.33

Plot of DC Conductivity with Temperature

The variation of DC conductivity with temperature for Mg-
substituted nickel ferrites is shown in Fig. 14 obtained at 
room temperature. The activation energy for pure nickel 
ferrite is 1.14 eV corresponding to the motion of oxygen 
vacancies, while for Mg-substituted nickel ferrites (20% 
and 40%), the activation energy values have been reduced 
from 1.08 to 1.068 eV. The existence of oxygen vacancies 
is due to the mixing of ions (Fe2+/Fe3+) during the sintering 
process.34 The activation energy for 40% Mg-doped nickel 
ferrite is the lowest around 1.06 eV, which is associated with 
the increased hopping conduction mechanism.

VSM Analysis

The magnetic properties of the Mg-doped nickel ferrite 
nanoparticles (Ni1−xMgxFe2O4, x  =  0.00, 0.20 and 0.40) 
have been analyzed with the help of VSM. Figure 15 shows 
the variation of magnetization (M) against the applied mag-
netic field (H) of 1 T (−  1 KOe to  +  1 KOe). The values 

Fig. 11   Nyquist plots for the Ni1−xMgxFe2O4 ferrites: (a) 0.00, (b) 0.20, and (c) 0.40 at different temperatures.
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of coercive field (Hc), remanent magnetization (Mr), satu-
ration magnetization (Ms), and squareness ratio are shown 
in Table VII. The results exhibit a decrease in the Hc and 
Ms values with the increase in the concentration of Mg2+ 
ions. The smaller values of Hc and Mr contribute towards 
the superparamagnetic behavior in the prepared composi-
tion.35 It has been shown that most of the magnetic nano-
particles exhibit much lower values of Ms compared to the 
bulk form.36

The reduction in magnetic properties is related to the 
cationic distribution of ions among the A as well as the B 
sites. In a ferromagnetic spinel ferrite, magnetization mainly 
arises due to the superexchange interaction between metal 

ions present at the octahedral (B) and tetrahedral (A) sites. 
This mainly gets attributed due to the migration of Fe3+ 
ions from the A to the B sites with rising Mg content. This 
migration of ions will  lead to more Fe3+ content at the B 
sites which initiates a spin-canting phenomenon, resulting 
in the weakening of the A–B interaction. Hence, it will lead 
to a reduction in the saturation magnetization from 27.90 
to 16.39 emu/g.37 According to Neel’s theory of ferrimag-
netism, there are three main types of interaction occurring 
between unpaired electrons of cations located at the A and B 
lattice sites. They are called, A–A interaction, A–B interac-
tion, and B–B interaction. Among them, A–B interactions 
are the strongest. The exchange interaction between the A 
and B sites is the main reason behind the variation in the 
magnetic properties of spinel ferrites

Stoner and Wohlfarth have reported that, if this ratio is less 
than 0.5, then it indicates that the interaction between particles 
take place only through magnetostatic interactions. The formula 
for calculating the squareness ratio is given by Eq. (11). If this 

(11)Squareness ratio =
M

r

M
s

Fig. 12   Fitted Nyquist plots for the Ni1−xMgxFe2O4 ferrites: (a) x  =  0.00, (b) x  =  0.20, (c) x  =  0.40, and (d) equivalent circuit diagram.

Table V   Fitted parameters (Rg, Rgb, Cg and CPEg) obtained for Mg-
doped nickel ferrite nanoparticles, Ni1−xMgxFe2O4 ferrite (x  =  0.00, 
0.20, and 0.4)]

Composition Rg (Ω) Cg (F) Rgb (Ω) CPEg (F)

x  =  0.00 3.2 × 10
4

10.5 × 10
−99100000 6.5 × 10

−9

x  =  0.20 0.85 × 10
4

5.50 × 10
−97300000 3.91 × 10

−8

x  =  0.40 0.70 × 10
4

2.78 × 10
−94780000 2.81 × 10

−7
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ratio is greater than 0.5, then it means there are randomly ori-

ented particles that undergo rotation under an applied magnetic 
field.38 All the prepared samples have their squareness ratio in 
the range of 0.2–0.3 or less than 0.5, which means that they 
all possess interactions taking place only as magnetostatic 
interactions.

The measurement of superparamagnetic behavior is justi-
fied by calculating the squareness ratio (SQR). The values 
of SQR have been found to be in good agreement with the 

recent reported literature,39 including the fact that the values 

of saturation magnetization and coercivity are both decreas-
ing with the rise in the doping% of Mg2+ ion in the nickel 
ferrites. The superparamagnetic behavior is more prominent 
for the samples having SQR values as small as possible. If 
the value of the SQR or the ratio of Mr/Ms  <  0.5, then the 
prepared samples are very less anisotropic and contain more 
pronounced spin-canting effects, which lead to the produc-
tion of more superparamagnetic nanoparticles.40

Conclusions

Mg-doped nickel ferrite nanoparticles (Ni1−xMgxFe2O4; 
0 ≤ x ≤ 0.40 ) were prepared using a sol–gel auto-combustion 
route and correspondingly, the changes in the structural, electri-
cal, and magnetic properties of pure nickel ferrites on adding 
Mg2+ ions have been studied. The XRD analysis revealed the 

Fig. 13   Variation of AC conductivity against frequency for Ni1−xMgxFe2O4 ferrites: (a) 0.00, (b) 0.20, and (c) 0.40 obtained at room tempera-
ture.

Table VI   Enlisted values of DC conductivity, A, and s (exp factor) for 
Mg2+ -doped nickel ferrites, Ni1−xMgxFe2O4

Composition P1 (σdc) P2 (A) P3 (S) Eg(eV)

X  =  0.00 3.03799E−08 1.18391E−10 0.58364 1.14
X  =  0.20 1.87724E−9 1.26856E−11 0.56093 1.08
X  =  0.40 6.481825E−09 1.17322E−10 0.49549 1.07
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Fig. 14   Variation of DC conductivity against 1000/T for Ni1−xMgxFe2O4 ferrites: (a) 0.00, (b) 0.20, and (c) 0.40 obtained at room temperature.

Fig. 15   Magnetic hysteresis loops for Mg-doped nickel ferrites, Ni1−xMgxFe2O4 : (a) 0.00, 0.20, and 0.40, (b) enlarged view of M–H loop of the 
samples at room temperature.
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cubic structure of the prepared spinel ferrites with the crystal-
lite size varying between 27 and 36 nm. The particle size of 
the prepared nanoparticles has been found to be in the range of 
37–69 nm. A single phase cubic structure has been confirmed 
from the FTIR absorption bands observed around 400 cm−1 
and 547 cm−1 , which correspond to the vibrations due to the 
tetrahedral and octahedral sites. Dielectric studies revealed the 
presence of Maxwell–Wagner polarization. AC conductivity 
increases with the increase in the frequency due to the hopping 
of charge carriers. Magnetization has been reduced from 27.744 
to 16.752 emu/g with the doping of magnesium with the suc-
cessive reduction in the coercivity. The radii of the semicircles 
obtained in the Cole–Cole plots also reduce with the subse-
quent rise in temperature, indicating the increase in the hopping 
mechanism of the Fe3+ ions. Smaller values of coercivity lead to 
the soft magnetic behavior of the prepared nanoparticles, which 
have shown low dielectric losses in the high-frequency range and 
hence can be preferred for high-frequency device applications.
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