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ARTICLE INFO ABSTRACT

Keywords: In the recent development of energy storage devices, the scientific study has demonstrated a
Hydrotl}ermal ) significant interest in the applications of the magnesium iron oxide (MgFe204) nanoparticles. In
Magnetic properties this work, we present synthesized novel MgFe,O4 nanoparticles at different molarities (0.1-0.5
;Z:Zg;%irg;c M), via hydrothermal technique. An X-ray Diffractometer was used to study the phase analysis of
MgFe,04 the prepared samples at different molarities. A pure cubic phase of the MgFe,04 is observed at

molar concentrations of 0.3 M and 0.4 M. However, the mixed phases consisting of (MgFe2O4 +
v-Fe203) were also observed at 0.1 M, 0.2 M, and 0.5 M. The pure cubic MgFe;04 nanoparticles
depict the large value of crystallite size, 19.5 nm, and the lowest dislocation density and strain.
The vibrating Sample Magnetometer shows the ferromagnetic nature of the pure MgFe,O4 with a
high saturation magnetization. The value of saturation magnetization surged from 36.88 emu/g
to 55.2 emu/g at 0.4 M concentration. The dielectric response of the materials as a function of
applied frequency was studied thoroughly by using an Impedance Analyzer. The highest value of
dielectric constant and low tangent loss was also reported at 0.4 M. Cole-Cole plots are the
affirmation of the contribution of both grains and grain boundaries in the charge mechanism.
These distinctive features make the synthesized material an excellent choice for future spintronics
and energy storage devices.

1. Introduction

There has been a resurgence of interest in the dielectric and magnetic properties of spinel MFe2O4 ferrites over the past few decades.
Use in optical devices, microwave electronics, tele-communication, magnetic data storage devices biomedical engineering, inductors,
and power supplies are just some of the possible fields where these properties could be put to use [1-5].

MgFe 04, in particular, has a structure of the spinel-type that is partly inverse cubic, possesses strong room-temperature chemical
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stability, and belongs to a member of the spatial Fd3m group with a8.388 value of lattice constant [6,7]. (Mgﬁ Fef*) A (Mg;%+ Fe%K)BO‘;
is a common formula for describing cationic distribution between (A) and (B) sites i.e. tetrahedral (A) and octahedral (B) sites of such a
material, that correlates with relative abundance of magnesium ions (Mg2+) and iron ions (Fe*") in the (A) and (B) sites [8,9]. The
parameter A denotes the extent of cation inversion within the structural arrangement. When A = 0, a normal spinel is produced. This
indicates that (A) and (B) positions are fully occupied by Mg?" and Fe3* ions, respectively. On the other hand, when A = 1, the spinel
exhibits an inverted crystal structure, with Mg2+ ions exclusively in the (B) site and both the (A) and (B) positions contain an equal
number of Fe** ions. When 0<\ < 1, however, Mg2+ and Fe3* ions coexist in (A) and (B) sites, creating a spinel structure that is
partially inverted [10]. The application of heat treatments to the sample has a considerable impact on the cation distribution between
(A) and (B) sites. This is primarily because Mg?" ions have a high degree of diffusibility between the two sites. The ferrite’s structural,
magnetic, and dielectric properties may be directly affected by this phenomenon [11].

In relation to magnetic characteristics, MgFe,04 ferrite possesses a comparatively lower T, (curie temperature) of around ~713.15
K, unlike other ferrites like NiFe304, CuFe304, BaFeo0y4, and Fe3O4 [12]. The material under consideration is characterized by its soft
ferromagnetic properties, exhibiting a low coercivity and a moderate saturation magnetization [12,13]. Particle size, shape, and
porosity all play crucial roles in determining the magnetic properties, which are themselves greatly impacted by the procedure used for
sample preparation [14]. Finally, from an electrical perspective, MgFe,0y4 is classified as an n-type semiconductor [15]. It is frequently
characterized by its high resistivity, low dielectric loss [16,17]. The spinel ferrites have been acknowledged for their better charac-
teristics compared to additional high-frequency magnetic materials, as a result of reduced dielectric losses and strong electrical re-
sistivity [18-20]. The academic literature contains a wide variety of articles that examine the structural and magnetic analysis with
dielectric properties of MgFe;04 ferrites that have been doped with a wide range of ions. Magnetic and dielectric analysis of pure
MgFe,04 ferrites have only been analyzed by a small number of studies so far. The ferrites are characterized by their chemical
configuration, cationic distribution, and crystallite size [21-23], as well as the manufacturing process, heat treatment, and sintering
conditions, all have an impact on these characteristics. Therefore, this fact paves the way for a new and dynamic area of study.

The production method that is used will determine the physical and chemical characteristics of the synthesized particles that are
produced. Therefore, it’s crucial to carefully evaluate the right production method in order to achieve the desired final qualities. The
usual method for producing magnesium ferrite involves combinations of oxides or carbonates in the solid state route that undergo
reactions at high temperatures, often at or above 1100 °C [24]. Nevertheless, the process of high temperature synthesis is not without
its downsides, including the uneven distribution of particle sizes and shapes, experiencing separation of phases, considerable energy
expenditure and reactant loss.

Various production techniques have been employed to address these above said limitations, including chemical co-precipitation
[25,26], sol gel route [27], self-combustion process [28], sol-gel auto-combustion route [29], microwave combustion process [30],
and hydrothermal approach [31-33]. Among the several technologies available, hydrothermal synthesis stands out as a particularly
promising approach. The practical application of this method has been demonstrated in the creation of several nanoparticles [34].
Hydrothermal synthesis is regarded as an environmentally sustainable method of synthesis, offering several advantages over tradi-
tional production methods. There are many benefits to using single step methods, such as increased efficiency, decreased energy
consumption, accelerated reaction times, and decreased residence time [35,36]. Particle size distribution, chemical configuration,
single step methods, energy consumption, reaction and residence times are also all positively affected.

Numerous researchers have documented the synthesis of magnesium iron oxide nanoparticles, as well as their characterization and
the different applications they have found for them. Using a hydrothermal process, Wang et al. [37] produced BaM using mineralizers
such as KOH and NaOH. On the other hand, BaM exhibited a slightly higher saturation magnetization value and a decreased coercivity
value. Chen et al. [38] reported the presence of hexagonal flake in a barium ferrite BaFe;,0,9@PVDF composite that was synthesized
through hydrothermal processing. Improvements in impedance matching and wave absorption performance were found to be pro-
portional to the mass ratio of BaFe;3019 to PVDF, and they were most noticeable when PVDF was used as the composites’ shell. The
ferrites with NiyMg;.\Fe2O4 substituents were created by Jabeen et al. [39] via hydrothermal preparation. Surface aggregation and
irregular distribution of particles were shown using scanning electron microscopy. Net magnetic moment increased from 1.52 to 1.98 B
and saturation magnetization value increased from 43.01 to 47.78 emu/g when the coercive field decreased. The MgFe; xCexO4 (x =
0.0-0.10) nanoparticles investigated by Kumar et al. [40] were synthesized using the microwave hydrothermal technique. The
magnetization values of MgFe; xCexO4 shown low ferromagnetic behavior, ranging from 8.83 emu/g to 18.91 emu/g. The dielectric
loss (tand) and dielectric constant (¢') values exhibited dispersive behavior at higher frequencies and reduced with increasing fre-
quency as a result of space-charge polarization. Using a hydrothermal technique at 80 °C, the researcher Thenila et al. [41] synthesized
MgFe,04 nanoparticles. Morphological imaging in this investigation revealed that the particles have a spherical spinel form.

The recent research is driven by a desire to understand energy storage and conduction phenomena as a function of molar con-
centration. Our aim is to suggest such a useful material recipe that has ultimate applications for energy storage systems. MgFe;O4
nanoparticles were synthesized by using a hydrothermal technique for first time with the variation of molar concentration (0.1M — 0.5
M). Afterwards, phase purification, magnetic and dielectric properties were studied thoroughly via different techniques for device
application.

2. Experimental details
2.1. Materials

Reagent chemicals employed in this study, namely Iron Nitrate nanohydrate (Fe(NO3)3.9H50; 99.99 %) and Magnesium Nitrate
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hexahydrate (Mg(NO3)2.6H20; 99.99 %), obtained from Sigma-Aldrich and were put to use without being filtered in any way.
Deionized water (DI water) is employed as the solvent in the synthesis process.

2.2. Synthesis of magnesium iron oxide nanoparticles

The hydrothermal method was employed to produce nanoparticles of magnesium iron oxide. This involved the use of magnesium
nitrate hexahydrate (Mg(NO3),-6H20) and iron nitrate nonahydrate (Fe(NO3)3.9H30) as the precursors for magnesium and iron,
respectively. It has been investigated how changing the reaction parameters, such as temperature and time, affects the resulting
nanoparticles. In the standard preparation procedure, magnetic stirring of 100 ml of DI water allows for the dissolution of 0.02 g Mg
(NO3)2-6H20 and 0.04g Fe(NO3)3.9H20 separately. After that, these two solutions were combined, and the final mixture rapidly
stirring at room temperature, till a white uniform suspension was produced. This process was repeated until the desired consistency
was reached. Eventually, the acquired suspension was placed in an autoclave made of stainless steel and Teflon, after which it was
sealed and subjected to hydrothermal treatment at a constant reaction temperature in the range of 180 °C for 6 h. The acquired
mixtures were permitted to cool down at RT (room temperature) before being separated in a centrifuge; a wash was carried out many
times with distilled water in order to eliminate the residual contaminants, which was then followed by a wash with ethanol, which was
utilized for the purpose of minimizing the agglomeration. Subsequently, the samples were exposed to a heat treatment process placed
in an oven at a specific temperature of 60 °C for a duration of 2 h for the purpose of drying. The steps involved in the synthesis are laid
forth in Fig. 1. After being allowed to dry, the material that had not been exposed to any moisture was then pounded into a powder
using a mortar and a pestle, and then material was molded into pellets by using a hydraulic press at the pressure of 40 kg/cm 2.

2.3. Characterizations

For the purpose of conducting phase analysis on magnesium iron oxide nanoparticles, an X-ray Diffractometer was operated in the
range of 26° = 20-80°, using a step size of 0.02°. Copper was employed as the target, and the wavelength used was 1.5406 A. The
diffractometer was operated at 35 kV as accelerating potential and 25 mA as tube current. For the purpose of analyzing the magnetic
properties, Lakeshore’s 7407 Vibrating Sample Magnetometer (VSM) was utilized. In order to investigate the dielectric and complex
impedance analysis of the material were investigated within the frequency range of log f = 1.3-7.4, which corresponds to f =
20Hz-20MHz, a 6500B Precision Impedance Analyzer was operated.

3. Results and discussion
3.1. XRD analysis

Fig. 2 (a) depicts the X-ray diffraction (XRD) patterns of magnesium iron oxide nanoparticles at different molar concentrations from
0.1 M to 0.5 M that were synthesized by the hydrothermal method. As shown in Fig. 2(a) magnesium iron oxide nanoparticles with 0.1
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Fig. 1. Schematic diagram of synthesis process.
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M-0.5 M molar concentration exhibit mixed (MgFe,O4 + y-FeoO3) phases. The process of structural rearrangement resulted in the
formation of mixed phases, one of which was a form of y-FepO3 [Fig. 2(0.1 and 0.2 M)]. The establishment of heterojunction between
various phases, which can effectively segregate the spatial charges [42], is thought to be the cause of the appearance of mixed phases.
Diffraction peaks for the cubic MgFe»04 and y-Fe,O3 phases were in excellent match with the JCPDS’ card numbers 01-071-1232 and
00-039-1346. These corresponding 26 values 35.5, 36.5, 37.1, 43.2, 53.4, 57.1, 74.2 are indexed as (311), (222), (440), (422), (511),
(533) planes for pure phase while for y-FeoO3 the 20 values 26.1 and 32.2 are indexed as (211) and (211) planes. Phase transformation
from mixed (MgFe204 + y-Fex03) to pure cubic phase MgFe;04 with the molar concentration of 0.3 M and 0.4 M was evidenced by the
appearance of (311), (400), (422) and (533) planes. The aforementioned change is characterized by a restructuring process, specif-
ically the transition from mixed phases to a pure cubic phase. Fig. 2 demonstrates that at 0.3 M and 0.4 M, magnesium iron oxide
nanoparticles strengthen as seen by an increase in peak intensity. The production of very pure magnesium iron oxide nanoparticles
necessitates the careful tuning of several parameters. These factors include the fluctuation of valence states in Mg?* and Fe®* ions, as
well as the maintenance of a low evaporation temperature for MgFe;O4 nanoparticles to prevent the sudden volatilization of mag-
nesium [43]. The evaporation of Mg during the initial phases of synthesis not only results in the formation of a phase that isn’t
stoichiometric, nonetheless, also leads to the generation of oxygen-free spaces, hence enhancing the conduction mechanism of
magnesium ferrite (MgFe;04) nanoparticles [44]. In addition, an ionic radius of MgZJr (0.085 nm) is substantially larger as compared to
Fe3* (0.64 nm), which is significantly smaller. Therefore, an excessive amount of Fe3* causes the creation of unoccupied cationic sites,
which results in MgFe504 spinel having a lower unit cell volume and becoming cation deficient. However, the spinel unit cell develops
oxygen empty sites when it is doped with an excess of magnesium oxide (MgO), which causes the cell to expand, thereby becoming
anion deficient [45]. A change from a purely phase-shifted to a state of mixed phase was once again observed when the molar con-
centration reached 0.5 M. This transition can be attributed to a restructuring process, as illustrated in Fig. 2(a)(0.5 M).

Rietveld’s refinement was carried out for further confirmation of the phase development as depicted in Fig. 2(b-f). The goodness of
fit (y2) was confirmed by R factors. These factors are tools to identify how pure the synthesized materials were. The goodness of fit is
estimated by the relation of y2 = Rwp:Rexp. As the value of 2 for all molar concentrations is closer to 1, it means that the material has a
pure phase. These R factor values are enlisted in Table 1.

Using Equations (1)-(3) [46], we found the crystallite size, dislocation density, and strain. These then shown in Fig. 3.
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o= 7 (2)
. b
St =e= 3
ram=¢ 4 tan 0 @
Where,

t indicates crystallite size, p depicts full width at half-maximum (FWHM)

k is the constant equals 0.94

A represents the wavelength radiation (0.15406 nm) of Cu Ka

0 is the Bragg’s angle.

Presence of different chemical or phase shifts can be observed by variations in crystallite size, as depicted in Fig. 3, in response to
changes in molar concentrations. When an increase from 0.1 M to 0.3 M in molar concentration, the first chemical/phase shift became
apparent. As a result of this chemical change, a change in crystal phase was noticed, from a mixed (MgFe;O4 + y-Fe2Os3) phase to a pure
MgFe»04 cubic phase. Fig. 3(a) demonstrates that at 0.3 M and 0.4 M, a steady response of increasing crystallite size was found. The
observed increase in crystallite size suggests an enhancement in phase strengthening and stability, which can be attributed to a
reduction in strain, as depicted in Fig. 3. At a molar concentration of 0.5 M, a second chemical or phase shift was observed. The
emergence of the unstable y-Fe,O3 phase was evidenced by a reduction in crystallite size at 0.5 M. This chemical shift resulted in the
development of mixed phases (MgFex04 + y-Fe2O3) once again. It’s possible that two structurally competing phases emerged as a
result of the provided conditions, which led to this decreasing response. Nanoparticle development is accompanied by the involvement
of surface ions, interface energy, and strain energy [47,48] that can also influence the formation of nanoparticles. Moreover, particle
sizes and shapes are also affected by the available energy during synthesis, which varies depending on the conditions [49]. The trend
described for crystallite size variation was also observed for the change in dislocation density and strain proposed in nanoparticles
[Fig. 3(b) and c)].

3.2. SEM analysis

A representation of the surface morphology of magnesium iron oxide nanoparticles can be found in Fig. 4. High molar concen-
trations of 0.1-0.2 M were found to result in the formation of agglomerated grains that were hard [Fig. 4(a and b)]. [Fig. 4(c-e)] shows
that a relatively increased level of molarity concentration (0.3-0.5 M) led to a reduction in grain size, with less or no agglomeration
and a spherical shape. The favorable synthesis circumstances have resulted in the observation of a grain with a spherical shape and
defined boundaries throughout the material. As part of the chemical synthesis process, the selection of precursors, concentrations,
solvents, and the methodology that is utilized are all extremely important for the nucleation of crystallites and the formation of grains
[50]. When the molar concentration was increased, the grain size was seen to be large, and it exhibited a hard agglomeration. It can be
concluded that the molar concentration not only had an effect on or reduced the growth of agglomerated grains, but it also assisted in
the regulation of the size and shape of the nanostructures.

3.3. Magnetization analysis

In order to examine the magnetic analyses of nanoparticles of magnesium iron oxide, a vibrating sample magnetometer was uti-
lized. Fig. 5 displays the M — H loop curves of magnesium iron oxide nanoparticles that were produced using the hydrothermal
technique, with molar concentrations ranging from 0.1 M to 0.5 M. The behavior of all samples was described as being soft ferro-
magnetic. Fig. 6 illustrates the relationship between molar concentrations ranging from 0.1M to 0.5 M, and the corresponding values of
saturation magnetization and coercivity. Chemical shift explained in light of XRD results [Fig. 2] led to a reduction in M; (saturation
magnetization) value and coercivity at a molar concentration of 0.2 M. Actually, the magnetic properties of the material are attributed
as a macroscopic property so, the reduction in the saturation magnetization is may be due to the interface area, grain shape, grain size
and interfacial action because these all have an effect to the magnetization. As interfacial area increase magnetic properties can be
affected due to large grain [51]. A large grain can possess multiple magnetic domains and magnetization caused by these domain walls,
requires less energy. Which is favorable for movement of walls to magnetize and demagnetize the material easily [52]. Nevertheless, a
rise in the saturation magnetization of the cubic MgFe,0O4 phase was observed when the molar concentration increased to 0.4 M, as
depicted in Fig. 2(c and d). The observed rise in M can be ascribed to the stability of the cubic MgFe204 phase, as previously explained

Table 1

Rietveld’s refinement data for the composite samples MgFe,04.
Molarity (M) 0.1 0.2 0.3 0.4 0.5
Rexp 5.68 38.30 5.58 4.54 11.91
R, 6.37 13.52 10.19 10.24 14.62
Rup 7.05 17.79 13.35 13.18 17.79
Dstaristics 0.03 0.06 0.03 0.03 0.05
X2 1.24 0.46 2.38 2.90 1.49
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Fig. 3. Variation in (a) Crystallite size (b) dislocation density and (c) strain of magnesium iron oxide nanoparticles.

[Fig. 2(a)]. Figs. 5-6 display the soft ferromagnetic results of MgFe;O4 nanoparticles at molar concentrations of 0.2 M and 0.3 M,
which were found to be in good agreement with the aforementioned phenomenon. The chemical transition from a mixed (MgFe»O4 +
y-Fe203) phase to a pure cubic phase MgFe;04 phase can be attributed to the high values of M and H, (coercivity) that were seen when
the molar concentration was increased to 0.4 M [Fig. 2]. A significant saturation magnetization value of around 55.2 emu/g was
observed at a concentration of 0.4 M. This value of M is highest reported value of MgFe,04 synthesized by the hydrothermal technique
to our best knowledge [53]. This observation can be attributed to the creation of a stable and strengthened cubic MgFe;O4 phase, as
depicted in Fig. 6. According to the reported literature, all of the spinel’s Fe3* ions are found in the octahedral (B) site, while all of the
spinel’s Mg?* ions are found in the tetrahedral (A) site. The magnetic moments that are connected with Fe3* ions are principally
responsible for the magnetism that is observed throughout. In addition to this, the locations that were discussed earlier are encircled by
six and four oxygen atoms, respectively. All of the Fe3" ions that are situated on B-sites have spin moments that are aligned in a
ferromagnetic direction. Fe>" ions move from tetrahedral positions carried by Mg?" ions to octahedral positions occupied by Mg>*
ions. The aforementioned process leads to rise in the concentration of Fe>" ions within octahedral sites, thus resulting in an increase of
magnetization within the sublattice of octahedral positions. This, on its own, amplifies the magnetization of the nanoparticles. The
shift in cationic concentration distribution [54] may account for the discrepancy in the reported value of Ms [55]. The observation is
that all of the Fe®* cations are ferromagnetically parallel aligned, however, provides the system with a net magnetism that is greater
than zero [56]. Therefore, due to the creation of a stable and strengthened MgFe;O4 phase, the Mg and H,. values of magnesium iron
oxide nanoparticles rise from 0.3 M to 0.4 M as depicted in Fig. 6(a and b).

3.4. Impedance analysis

Impedance spectroscopy is popularly recognized as a highly effective technique for evaluating the electrical behavior of thin film
surfaces, bulk materials, and interfaces.
Using Egs. (4) and (5) [571, we calculated DC (¢) and loss tangent (tan3).

e Cd
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Fig. 4. SEM images of magnesium iron oxide nanoparticles with variation in molar concentration (a) 0.1 M, (b) 0.2 M, (c) 0.3 M, (d) 0.4 M and (e)
0.5 M.

G))

tan 6 = ;

21fRC
Where, the symbol ‘C’ represents the quantity known as capacitance, while ‘d’ denotes thickness of the sample, ‘A’ represents cross-
sectional area of sample, ‘e, represents permittivity of free space and ‘R’ represents resistance.

The stoichiometry of a dielectric material is a primary cause of its conductive and polarizable properties. Dipolar, space charge
polarization, ionic and electronic polarization are all possible polarization events in dielectrics [58,59].

The dielectric constant (DC) and loss tangent are seen to reduce gradually in the low frequency region (Fig. 7). As the frequency
increases, however, the DC (dielectric constant) is shown to be constant. Dipole relaxation, which describes the slowed motion of
charge carriers within an applied electric field, is the primary cause of this dispersion in dielectric materials. In the low frequency
region, electrons produce polarization due to the accumulation of the charges at grain boundaries but at higher frequencies this
polarization vanishes due to the reverse direction of electron. Moreover, at higher frequencies, the contribution made by electrical
polarization is significant due to the different polarization mechanisms including electron and ion displacement mechanism [60,61].
The phenomenon of polarization is accountable for the decrease in the electric field strength within a given medium. The conduction
process at high frequencies involves the participation of grains, as proposed the theory by Koop and the two layered model by
Maxwell-Wagner [51,62,63]. In contrast, grain boundaries are only involved at very low frequencies. These simulations suggest that
the dielectric analysis/properties of magnesium iron oxide nanoparticles are due to a combination of the effects of grains that conduct
electricity and grain borders that do not conduct electricity. In order to carry out the exchange interaction, electrons in poly-crystalline
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materials must be able to tunnel between the grains and across the grain boundaries. The barrier that is generated by grain boundaries
can, on the other hand, make the hopping of electrons more difficult, which may lead to a reduction in conduction. This process causes
charge carriers to accumulate at grain boundaries, which in turn generates space charge polarization [64].

The calculation of losses in material applications is of utmost importance, and the loss tangent represents the dissipation of energy
that emerges owing to the applied electric field that leads the polarization. There could be three types of losses i.e conduction loss,
resonance and relaxation loss. In the measurement of frequency conduction loss plays a vital role. These conduction losses decreased at
high frequencies due to reduction of joule heating [65]. The structural and the chemical composition of material, the process used to
synthesize it, and the temperature all play a vital role in determining the value of the loss tangent. The dielectric loss is noticeable at
low frequencies, but it is unnoticeable at high frequencies [51,66]. When the rate at which electrons transition between Mg?* and Fe**
ions located at tetrahedral and octahedral sites exceeds the strength of the externally applied field, there is a significant increase in
losses due to the exchange interaction of electrons, which exhibits a strong response to the applied field. In addition to this, resistive
grain boundaries are another factor that contributes to high loss tangent. As a result, charge carriers need a greater amount of energy to
transition from the anionic state of Fe?" to the cationic state of Fe3* [67]. This is because the concentration of Fe>™ ions is higher. In
contrast, at higher frequencies, losses are reduced because the electron exchange process does not adopt the frequency of the applied
field. Here, though, there was no peak found for any of our samples, which further supports the idea that Fe?" ions are not contributive
to the response of dielectric. In addition, the distribution of cations, highly resistance samples and accordingly reduced values of DC
(dielectric constant) and factor of dielectric loss rule out the chances of the occurrence of Fe?' ions that would have an effect on the
dielectric performance of the magnesium ferrites that were examined in this study [68].

Fig. 7(c and d) illustrates plots of the DC and the loss tangent at log f 5.0 as functions of the molar concentration. Magnesium iron
oxide nanoparticles with a molar concentration of 0.1 M exhibited a DC (dielectric constant) of ~75 at about log f 5.0 [Fig. 7(c)]. The
dielectric constant was found to be relatively small at a molar concentration of 0.2 M. It is possible that the low availability of Fe>* ions
at octahedral (B) site, which is preferably occupied by Mg2* ions, was the cause of the drop in the dielectric constant that was seen in
response to rise in the concentration of Mg?" and Fe®* ions for 0.2 M. A significantly high dielectric constant value of around ~77 was
observed for MgFe;04 at a molar concentration of 0.4 M, specifically at log f 5.0. Phase stability and strengthening of MgFe;O4, as
mentioned in the structural results [Fig. 2], led to an increase in dielectric constant at 0.3 M and 0.4 M. Moreover, at a molar con-
centration of 0.5 M, the dielectric constant was found to be relatively small. The amount of time that is available for charge carriers in
space to align themselves in the direction of an electric field gets shorter as the frequency gets higher. This leads in lower polarization,
which in turn results in a decreased dielectric constant [69,70]. Due to the presence of both cations, Mngr and Fe3+, in MgFe 0y, it is
possible that this material will have a greater value of DC and a lower value of loss tangent when compared to 0.1 M, 0.2 M, and 0.5 M,
respectively. The nanoparticles of MgFe,04 are subjected to the combined influence of Mg?+ and Fe3* ions. Two examples of favorable
dielectric qualities exhibited by a material are a low value of loss tangent and a high value of dielectric constant. The application
possibilities of composites are affected by a variety of factors like the shape, size, and dielectric constants of constituent materials [71].

Dielectric constant (¢) and tangent loss (tand) were used in Eq. (6) [49-55] to determine the conductivity () of magnesium iron
oxide nanoparticles.

o =2mfee, tan § 6)
where frequency is represented by f, dielectric constant is €, the permittivity of free space is &,.

Fig. 8 displays the conductivity plots of magnesium iron oxide nanoparticles versus log f. The concept of frequency dependent
conductivity provides an explanation for the mechanisms and processes that are involved in transport through dielectrics. Both dc-like
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Fig. 8. Variation in conductivity with (a) frequency and (b) molar concentration of magnesium iron oxide nanoparticles for (i) 0.1 M, (ii) 0.2 M, (iii)
0.3 M, (iv) 0.4 M and (v) 0.5 M; inset depicts the variation in molar concentration.
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and ac conductivities contribute to the total conductivity. Due to band conduction at low frequencies, dc-like conductivity is frequency
independent. Instead, the ac conductivity is a frequency-dependent response caused by the transfer of electrons between cations with
different valences. In an ideal dielectric material, there are no free charge carriers so there is no possibility of dc like conduction
occurring. Tunneling allows charge carriers to be able to make transition from one bound state to another, which is the only mech-
anism that allows ac conduction to take place [65]. Though, in this work the dc-like conductivity that is observed arises as a result of
the presence of conduction between bound states, whilst the ac conductivity that is observed arises as a result of the hopping con-
duction mechanism that is observed among the various localized states. Because dielectric materials have very few charge carriers
available, their conductivity is a mixture of dc and ac conductivity, as stated in Eq. (7) [55]. As a result, the conductivity of dielectric
materials is the same as this combination.

6(0) =04, +0,. (0) ™

The term "universal dielectric response" refers to the phenomenon in which the conductivity of a material varies as a function of the
frequency; more specifically, the frequency causes an increase in the conductivity. The response is readily explained by the fact that at
high frequencies, the hopping process between the ions of Fe?>* and Fe®* is amplified. This enhanced hopping is the result of a rise in
the mobility of charge carriers originating from a variety of different trapping centers [63]. A significant rise in conductivity was found
when the log f reached 5.0, accompanied by an increase in molar concentration to 0.4 M, as depicted in Fig. 8(b). The decrease in
conductivity as the concentration of Mg?* ions increase can be explained by the greater number of Mg?* cations, which hinder the
conduction between Fe3* Fe?*ions because Mg+t ions occupy an octahedral site [64]. Since grain borders are more active than
grains, the hopping phenomena between Fe?" and Fe®" ions decrease in the low-frequency regime, leading to reduced conductivity
values. The conductivity values rise in the high-frequency area because the grains are more energetic than the grain borders, which
promotes hopping mechanism between the ions of Fe>* and Fe®*.

Following are some equations that were used to calculate real and imaginary impedances [71]:

Zx=7'+iZ" (8
6 = (i) 4.0 P
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Fig. 9. (a) Real, (b) Imaginary impedance and (c) Cole-Cole plots (inset shows the equivalent circuit) of magnesium iron oxide nanoparticles for
(i-v) 0.1M — 0.5 M molar concentration.
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Z'=7cos 0 ©)

Z7"=7sin 0 (10)

The resistive and reactive components of Z* are signified by Z' and Z" respectively. These components provide data pertaining to the
conductivity and resistivity of the material. The impedance characteristics of magnesium iron oxide nanoparticles are represented in
Fig. 9(a and b), illustrating both the real and imaginary components. As a result of predominate influence of space charge carrier
polarization [72], researchers found that real impedance exhibited nearly constant behavior at lower frequency values (log f > 4.0).
The discovery facilitated by this fact that the real impedance exhibited a reduction as the frequency increased. As can be seen in Fig. 9
(a)-as the frequency increases (log f > 4.0), the actual impedance (Z) decreases due to the considerable barrier qualities of materials
[68]. Therefore, as previously mentioned in the manuscript, grain boundaries that serve as obstacles to conduction have a reduced
impact on resistance. The impedance exhibits a decreasing trend that transitions to a virtually constant response at the highly region of
applied frequency. At higher frequency values, the relaxation time for space charge carriers is insufficient. As can be seen in Fig. 9, this
merging of plots is the result of the decreased polarization caused by the increased recombination rate in response to the space charge.
At long last, the value of the real impedance is shown to be independent of frequency. There was a clear correlation between the rise in
molar concentration and the Z' value. Maximum values for imaginary impedance were measured, as depicted in Fig. 9(b). The Z" plot
reveals 3 significant features, which are as follows: (i) there is a shift in the peak’s position to higher frequencies; (ii) a reduction in
peak’s height in response to an increase in molar concentration; and (iii) a reduction in peak breadth in response to an increase in
molar concentration. The relaxation process in magnesium iron oxide nanoparticles is characterized by a relative widening as well as a
shift in the position of the peak. At higher molar concentrations, the relaxation process is caused by immobile electrons in addition to
any defects that may be present. Because of the bulk resistance, one can detect a shift in the peak location towards higher frequencies as
the molar concentration increases. whereas an increase in molar concentration is responsible for a lower peak height as a result of
accumulating space charge carriers at low frequencies [73,74].

Fig. 9(c) depicts the study of Cole-Cole plots (Nyquist plots) to differentiate between the grains and grain boundaries’ contribution
to the conduction mechanism. Depending on the electrical properties of the materials being plotted, the Cole-Cole plots produce either
one, two, or three semicircles as a result. Resistance of grain boundaries is connected with the development of a semicircle at lower
frequencies. The development of distinct semicircles is dependent on the frequency, and the contribution/involvement of grains, grain
boundaries, and the interface between grains are all represented by these semicircles [75]. According to Fig. 9(c), there was one
semicircle that was observed during the course of this investigation that suggested significant resistance of grain boundary. The values
of grain boundary resistance and capacitance extracted from EC lab are given in Table 2. Keeping an eye on all the features discussed
above the material can be employed to data and energy storage devices.

4. Conclusions

In this paper, the magnesium iron oxide was convincingly studied with the variation in the molarities. The hydrothermal technique
was employed to achieve the synthesis of nanoparticles of MgFe;04. An X-ray diffractometer was used to investigate the structural
properties of the samples. Mixed phases MgFe;04 + FeO3 were observed at molar concentrations of 0.1 M, 0.2 M, and 0.5 M, while
Sharp intensities at 0.3 and 0.4 M confirmed the presence of a pure phase of cubic spinel MgFe,04 with the space group Fd-3m. At
different molarities, phase transitions result in tunable crystallite size, dislocation density, and strain energy. As a function of molarity,
maximum magnetization (M;) was increased first from 36.88 emu/g to 55.23 emu/g and then the value of magnetization dropped to
47.9 emu/g. The highest value of M is observed at 0.4 M concentration. The frequency dependent dielectric properties were studied.
Maxwell-Wagner theory demonstrated the frequency dispersion of these parameters. A high value of dielectric constant of ~75.5 (log f
5.0) was observed at 0.4 M concentration. The dielectric response of magnesium iron oxide nanoparticles was significantly influenced
by the resistance at grain boundaries. Conclusively, these valuable feature of the novel material makes the MgFe,O4 potential
candidate for the memory and data storage devices.
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Table 2
Grain boundary resistance and capacitance values extracted using EC lab software.
Sample ID Rgp (MQ) Cgp (PF)
i 2.83 20.2
ii 2.56 195.0
iii 4.33 116.0
iv 5.94 83.9
\4 3.4 147.0
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