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l properties of the Li0.5MgFe1.5O3.5

ferrite nanoparticles

Abddaim Jeidd, *a Mohamed Amghar, a A. Mabrouki, a A. Benali,acd A. Trabelsi,a

E. Dhahri,a K. Khirounib and B. F. O. Costac

In the present research study, the structural, optical, magnetic, electrical and dielectrical properties of the

spinel ferrite Li0.5MgFe1.5O3.5, synthesized using a sol–gel auto-combustion method were studied. X-ray

diffraction, Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy revealed that this

sample crystallizes in a cubic spinel structure with space group Fd�3m. Moreover, the optical investigation

by UV-visible spectroscopy has revealed that the band gap for our sample is (Eg = 2.87 eV), which shows

that our compound is a potential candidate for optoelectronic applications. The values of the remanent

magnetization Mr = 0.13 emu g−1, of the coercive field HC = 4.65 Oe deduced from the hysteresis loop,

are very low, suggesting the superparamagnetic behavior of our sample. Additionally, the temperature

coefficient of resistance (TCR) is −19% affirmed that Li0.5MgFe1.5O3.5 ferrite is a good candidate for

detecting infrared radiation and infrared bolometric applications. Indeed, the activation energies were

calculated from the imaginary part of the impedance, the electrical conductivity, and the imaginary part

of the modulus, thus demonstrating that the charge carriers involved in the processes of conduction and

relaxation are the same.
1. Introduction

Iron-based spinels with the general formula AFe2O4, where A is
a divalent transition metal (Ni, Cu, Mg, Zn, Co, Mn, Cd), have
attracted the attention of researchers due to their structural,
morphological, magnetic, optical, chemical, mechanical,
thermal, and electrical properties.1–6 These materials are
currently among the most successful magnetic nanoparticles
for medical and technological applications, namely solar water
oxidation, electrochemical supercapacitor applications,
magnetic uid hyperthermia, magnetic memory, biological
applications, gas sensors, and contrast enhancement in
magnetic resonance imaging.7–14 The magnesium ferrite
(MgFe2O4) ferrite belongs to the family of spinel ferrites, well
known for its use in magnetic technologies, sensors, heteroge-
neous catalysis, and adsorption.15 The introduction of metal
transition ions leads to signicant variations in physical prop-
erties depending on the method of synthesis and doping
concentration.16,20 Nanoparticles ferrite spinel are characterized
by an assembly of unrelated giant short range order (SRO)
magnetic moments that can uctuate when the thermal energy
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(KBT) exceeds the anisotropy energy is known as a super-
paramagnetic.17 These systems should ideally not exhibit
remanence magnetic moments, coercivity, or long-range
coherency; that is, the magnetization curve should not exhibit
a hysteresis loop above the so-called blocking temperature (TB).
Spinel cubic ferrimagnets, magnetic nanoparticles, and
magnetic superlattices all have well-known size-dependent (50
nm) superparamagnetic properties. Complex systems with
competing interactions between spin and charge ordering have
been studied extensively for several years for the exposition of
their multiferroic properties. Domains and domain wall sizes
and their related anisotropic energy of the magnetic nano-
particles are important factors which decide the critical
diameter.18

To highlight the dielectric response of Li–Mg mixed ferrites,
a systematic investigation of the dielectric properties as a func-
tion of temperature and frequency has been conducted.19 For
example, Li–Mn,20 Li–Zn,21 L–Cd,22 Li–Ni,23 and Li–Ti24 have
been found to generally exhibit excellent physicochemical
properties. Not only do these properties depend on the pro-
cessing parameters, but also on the preparation methods. An
overview of the literature reveals that when other metal cations
like (Co2+, Mg2+, Ni2+,.) are substituted for lithium, the char-
acteristics of lithium ferrites are signicantly altered. In fact, S.
E. Shirsath et al. have reported a decrease in permeability and
a decrease in saturation magnetization with Co2+ substitution
in Li0.5Fe2.5O4.25 To synthesize ferrite nanoparticles, hydro-
thermal chemical treatment, condensation under inert gas,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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microwave or sonochemical, electrochemical, mechanical
grinding, and sol–gel auto-combustion have been introduced.16

The reason behind using the sol–gel auto-combustion method
is that it offers products with high chemical homogeneity, even
at quite low temperatures.16 The present research work aims to
study the structural, morphological, optical, magnetic, elec-
trical and dielectric properties of the spinel ferrite oxide Li0.5-
MgFe1.5O3.5, which can be used in a variety of applications such
as optoelectronics, photovoltaics and gas sensors.
2. Experimental
2.1 Synthesis of Li0.5MgFe1.5O3.5 nanoparticles

The Li0.5MgFe1.5O3.5 nanoparticle is synthesized by the sol–gel
auto-combustion method,26 using nitrate precursors
Mg(NO3)2$6H2O (98% purity, Sigma-Aldrich), Fe(NO3)3$9H2O
(99% purity, Sigma-Aldrich) and LiNO3 (98% purity, Sigma-
Aldrich), purchased from Sigma-Aldrich. First, these nitrates
were dissolved separately in 100 ml of distilled water, followed
by the addition of citric acid (C6H8O7 99% purity, Sigma-
Aldrich) with a 1 : 1.5 molar ratio of the metal cation (Fe + Mg
+ Li). The resulting mixture was heated on a hot plate at 80 °C
with magnetic stirring until a viscous gel was formed. Then, the
gel was heated on a hot plate at 300 °C to obtain a dark powder,
which was ground in an agate mortar. Finally, the obtained
powder was annealed at 500 °C for 6 hours in an electric oven to
crystallize the sample.
Fig. 1 Refined XRD scheme of compound Li0.5MgFe1.5O3.5.
2.2 Characterization

The phase purity and crystal structure of the prepared sample
was veried by X-ray diffraction (XRD) using the Bruker D8
Advance diffractometer with CuKa radiation (l = 1.5406 Å). The
surface morphology and chemical compositions of the synthe-
sized compound were studied using a Merlin scanning electron
microscope (SEM) Hitachi S3500 Microanalysis EDS, Kevex (132
keV) equipped with a microanalyzer at energy dispersive X-rays
(EDX). Transmission electron microscopy (TEM) images were
obtained with an FEI Tecnai F20 microscope.

In addition, the FT-IR spectrum for the studied spinel
compound was recorded using a PerkinElmer Spectrum 1000
FT-IR spectrometer at room temperature, in the range of 400 to
4000 cm−1. The Raman spectroscopy was performed under
backscattering geometry, using a Jobin Yvon HR 800 system and
an excitation wavelength of 532 nm. For the RT absorption
experiments, a Shimadzu UV 2100 spectrometer was used in
transmission mode in a wavelength range from 170 to 800 nm.
The Raman spectra were recorded with a modular double
grating excitation spectrouorimeter with a TRIAX 320 emis-
sionmonochromator (Fluorolog-3, Horiba Scientic) coupled to
an HR 980 Hamamatsu photomultiplier, using a front face
acquisition mode. As an excitation source a 450 W X arc lamp
was used. Next, the UV-vis absorption spectrum was recorded
using a Shimadzu UV-3101PC UV-vis spectrophotometer. The
magnetic measurements were made using a cryogen free
Vibrating Sample Magnetometer (VSM) that allows measure-
ments as a function of temperature (between 0 and 300 K), with
© 2023 The Author(s). Published by the Royal Society of Chemistry
a maximum value of magnetic eld of 10 T. In addition, the
electrical measurements of the prepared sample were per-
formed by impedance spectroscopy using an Agilent 4294A
impedance analyzer. Before starting this characterization, the
sample must have the shape of dipoles; thus, we deposited
a thin layer of silver of a few nanometers on the face of the pellet
using a vacuum thermal evaporator. Then we glued a silver wire
using silver lacquer on each side. The frequency range explored
was between 40 Hz and 1 MHz. The temperature was 440 K to
600 K. The analyzed sample was characterized under an AC
excitation signal of 50 mV.
3. Results and discussion
3.1 X-ray diffraction study

The X-ray diffraction (XRD) pattern of Li0.5MgFe1.5O3.5 powder
recorded at room temperature is shown in Fig. 1. This gure
shows the reections allowed in the spinel cubic structure. In
addition, the XRD pattern conrmed the single-phase forma-
tion of the prepared ferrite sample. A regards the Rietveld
renement by FULLPROF27 soware, it conrmed the formation
of a single-phase cubic spinel structure with the Fd�3m space
group, without any additional peaks of a secondary phase, thus
indicating the high purity of our sample. The parameters ob-
tained by the Rietveld method of Li0.5MgFe1.5O3.5 are shown in
Table 1. The low value of c2, suggests that the renement of the
developed compound is effective, and that the sample is of good
quality.

Furthermore, the lattice constant (aexp) was calculated
using:28

aexp ¼ l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

2 sin q
(1)

where (h, k, and l) are Miller indices, l is X-ray wave length, and
q is the diffraction angle.

From the XRD data, the crystallite size Dsc of the Li0.5-
MgFe1.5O3.5 compound was calculated by the Scherrer method
using the strongest peak (311) and following this equation:29–31
RSC Adv., 2023, 13, 12906–12916 | 12907
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Table 1 The parameters calculated from the XRD patterns of
Li0.5MgFe1.5O3.5

Parameters Li0.5MgFe1.5O3.5

aR (Å) 8.3773
V (Å3) 587.9041
c2 1.449
aexp (Å) 8.3773
LA–A (Å) 3.6274
LB–B (Å) 3.4730
LA−B (Å) 2.9618
rX-ray (g cm−3) 3.966
rexp (g cm−3) 5.8976
P (%) 32.7438
S (m2 g−1) 31
d × 10−3 0.434
DDS (nm) 48
nB (mB) 0.56
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Dsc ¼ 0:9� l

b� cos q
(2)

where l is the wavelength of CuKa radiation (1.5406 Å), Dsc is the
size of the crystallites, b is the full width at half-maximum
(FWHM), and q is the diffraction angle of the most intense
peak (311).

The mean crystallite size value of the prepared compound is
48 nm, conrming the obtaining of nanometric crystallites.

The X-ray density (rX-ray) for the compound Li0.5MgFe1.5O3.5

was calculated taking into account that a basic unit cell of the
spinel cubic structure contains eight ions, using the following
relationship:

rΧ-ray ¼
8M

a3 �NA

(3)

where: NA is Avogadro's number, M is the molecular wight of
each compound, and a is the calculated lattice parameter.

The apparent density (rexp) was calculated using the
following relationship:32

rexp ¼
m

pr2h
(4)

where h, r, andm denote the thickness, the radius, and themass
of the pallet, respectively.

Porosity was dened as the difference between the X-ray
density (rX-ray) and the apparent density (rexp) using the
following relationship:33

Pð%Þ ¼ rX-ray � rexp

rX-ray

� 100 (5)

Assuming that the particles are spherical, the specic surface
S was determined by the following expression:34

S ¼ 6

DSC � rexp
(6)

where DSC is the diameter of the particle calculated from the
Scherrer model.
12908 | RSC Adv., 2023, 13, 12906–12916
The number of defects, known as the length of dislocation
lines per unit volume of the crystal, was calculated by the
formula:35

d ¼ 1

DSC
2

(7)

where DSC is the particle diameter expressed in nm.
The lowest value of dislocation density, shown in Table 1,

leads to an increase in the surface/volume ratio, and therefore
to the good crystallinity of the synthesized compound.

X-ray density (rX-ray), experimental density (rexp), porosity (P),
and specic surface (S), in the sample are listed in Table 1.

The notion of porosity and the specic surface area show
that the particle size is uniformly distributed and well
agglomerated over the entire surface of the sample Li0.5-
MgFe1.5O3.5. It is to be noted that the large surface area of spinel
nanoparticles is required for the detection and application of
gas sensors.32
3.2 SEM and EDX analysis

To obtain an accurate estimation of the microstructure and
morphology of the Li0.5MgFe1.5O3.5 compound, scanning elec-
tron microscopy (SEM) was used. A SEM image that shows the
surface of the Li0.5MgFe1.5O3.5 sample obtained at 500 °C is
shown in Fig. 2(a). Due to electrostatic forces, the grains in this
image have formed a sizable aggregation.

The chemical analysis of the synthesized compound was
performed by energy dispersive X-ray spectroscopy (EDX). The
Fig. 2(b) shows the elemental analysis of the Li0.5MgFe1.5O3.5

sample at room temperature using EDX, whose spectra conrm
the presence of all the constituent elements of Li0.5MgFe1.5O3.5,
such as Fe, Mg, and O. This substantiates that no integrated
elements were lost or contaminated. In fact, the small atomic
number (Z) of the element lithium (Li),which is lower than the
sensitivity of EDX, is the main cause of their invisibility in the
spectrum.36,37

The Fig. 2(c) shows the TEM images for the Li0.5MgFe1.5O3.5

sample. This gure shows a symmetrical particle morphology
with an almost spherical shape in the nanometer range with
some crystallite agglomeration.
3.3 FTIR spectra analysis

Fourier transform infrared (FTIR) spectroscopy of the
compound Li0.5MgFe1.5O3.5, taken at room temperature, was
presented in Fig. 3(a). This spectrum demonstrates that there
are two absorption bands that appear in the region of 400–
600 cm−1, as in the spinel ferrite structures.38 The absorption
band around 532 cm−1 corresponds to the vibration of ions
present in the tetrahedral site, and the absorption band around
402 cm−1 corresponds to the vibration of ions present in the
octahedral site.39 These absorption bands reveal the formation
of the spinel cubic structure, which is in agreement with the
XRD results. Even in this gure, the peaks obtained around
1439 cm−1 are responsible for C]O stretching vibrations,38 and
the peak near 930 cm−1 is attributed to C–H bending vibrations.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEMmorphology image, (b) EDX spectrum of the compound
Li0.5MgFe1.5O3.5, (c) TEM morphology image.
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3.4 Raman spectra analysis

The Raman spectrum of Li0.5MgFe1.5O3.5 has been studied at
room temperature and presented in Fig. 3(b). This Raman
spectrum has one feature in common, which is the presence of
© 2023 The Author(s). Published by the Royal Society of Chemistry
ve Raman peaks (A1g + Eg + 3F2g) that are known for the cubic
spinel structure belonging to the space group (Fd�3m).40,41 In
order to clarify the position of the peak, the experimental data
were tted with the Lorentzian function. While the (A1g) mode
that appears around 700 cm−1 is associated with Fe–O tetra-
hedral bonds, those of Eg centered around 333 cm−1 are
attributed to the symmetric curvature of O with respect to Fe.
Whereas the F2g(2) mode centered at 479 cm−1 corresponds to
asymmetric bending of Fe–O bonds, that of the F2g(1) mode
centered at 210 cm−1 corresponds to the transnational motion
of the whole tetrahedron. The F2g(3) modes at 550 cm−1 are
attributed to the asymmetric curvature of O with respect to Fe.

3.5 UV-visible absorption study

The Fig. 3(c) shows the absorption spectra of the compound
Li0.5MgFe1.5O3.5 in the 200–1900 nm range. The electronic
transition from the valence band to the conduction band can be
used to explain the strong absorption (O2p Fe3d). In other words,
the electronic excitation from the O2p level (valence band) to the
Fe3d level (conduction band) absorbed a signicant amount of
visible light.42

The optical band gap energy (Eg) was calculated by the
following Tauc relation:43,44

(ahn) = A[hn − Eg]
n (8)

where (a) is the absorption coefficient, (Eg) is the gap energy,
(hn) is the energy of the incident radiation expressed in (eV), (A)
is a constant, and (n) the exponent characterizes the type of
optical transition.

The band gap energy value (Eg) was calculated by plotting the
variation of [ahn]2 as a function of the photon energy [hn] as
shown in Fig. 3(d). However, 2.87 eV is equivalent to the gap
energy's (Eg) value. Our ferrite sample demonstrates semi-
conducting activity, according to the band gap energy value, and
can be used in a variety of technical domains, including opto-
electronics, photovoltaics, and gas sensors.

The refractive index (n0) is essential of semiconductor
materials to determine the optical and electrical properties of
the crystal. Understanding n0 is essential in the design of het-
erostructure lasers in optoelectronic devices and solar cell
applications.45 Using Moss' empirical relationship,46 the
refractive index (n0) can be calculated from the value of Eg:

Egn0
4 = 104 eV (9)

In addition, we used eqn (9) to determine the high frequency
dielectric constant (3a):47

3a = n0
2 (10)

The values of refractive index (n0) and (3a) of the studied
sample are 2.45 and 6.01, respectively.

3.6 Magnetic properties

To verify the existence of a magnetic order in Li–Mg ferrite
nanoparticles, we discussed the variation of magnetic
RSC Adv., 2023, 13, 12906–12916 | 12909
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Fig. 3 (a) FT-IR, (b) Raman spectra, (c) variation of absorbance versuswavelength, (d) variation [ahn]2 versus (hn) of Li0.5MgFe1.5O3.5 nanoparticle.
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properties as a function of the temperature of Li0.5MgFe1.5O3.5

nanoparticles. Measurements of magnetization as a function of
temperature, mode (ZFC) and mode (FC) under an applied eld
of 500 Oe in the temperature range of 5 to 300 K of our sample
are shown in Fig. 4(a). It is well known that in sets of magnetic
nanoparticles, the FC curve is superimposed on the ZFC curve,
and the system exhibits a behavior of magnetic irreversibility
below a given temperature (Tirr), which is related to the blockage
of larger particles.48,49 However, nanoparticles are characterized
by a large peak of the ZFC curve at Tmax temperature that
decreases rapidly during cooling, while the FC curve remains
roughly constant. Such a maximum characterizes a Tmax

temperature proportional to the TB blocking temperature.48

This characteristic is the sign of superparamagnetic behavior
with moderate dipolar interaction and easy random magneti-
zation axis orientations.50 This maximum temperature corre-
sponds to the blocking/freezing temperature of the super spins.
The presence of this peak is clearly associated with a transition
from the blocked state to the superparamagnetic state of indi-
vidual isolated nanoparticles without interaction. Beyond Tmax,
thermal energy (KBT) is superior to the magnetic energy barrier
and thus materials become superparamagnetic according to the
Curie–Weiss law. The effect of presence of nanoparticles and
short range ordering in bigger magnetic nanoparticles due to
broken chain may lead the magnetic frustration and spin uc-
tuation in the composite.17
12910 | RSC Adv., 2023, 13, 12906–12916
The Fig. 4(b) and (c) show the magnetic hysteresis loop (M–

H) for Li0.5MgFe1.5O3.5 sample measured under a magnetic eld
range up to 9 T at room temperature. In order to quantify the
magnetic parameters (MS saturation magnetization,Mr residual
magnetization and HC intrinsic coercive eld), we adjusted the
hysteresis loop (M–H) by the following equation:50,51

MðHÞ ¼ 2
MFM

s

p
� artan

��
H �Hc

Hc

�
� tan

�
p

2
� Mr

MFM
s

��
þ cH

(11)

The rst term quanties the FM contribution while the
second represents the AFM/PM contributions (linear
contributions).

The values of the residual magnetization Mr = 0.13 emu g−1

and the coercive eld HC = 4.65 Oe, and MFM
s = 18.83 emu g−1.

HC and Mr values are low, which also conrms the super-
paramagnetic character of our sample. In addition, we can
conclude that this sample could be a potential candidate in
many technological applications, such as recording heads,
transformers, induction cores, spintronic devices, micro-
devices waves because of its gentle nature.52,53

The magnetic moment nB (mB) calculated from the values of
the saturation magnetization MS (emu g−1) and the molecular
weigh MW (g mol−1) according to the following equation54 is
reported in Table 1.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07970d


Fig. 4 (a) ZFC/FC magnetization as a function of temperature, (b and
c) the hysteresis loops of the nanoparticle of the nanoparticle Li0.5-
MgFe1.5O3.5 measured at 4 K and 300 K.
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nBðmBÞ ¼
MSMW

5585
(12)

In order to determine whether our sample can be designed for
high frequency microwave applications, we estimated the
© 2023 The Author(s). Published by the Royal Society of Chemistry
microwave frequency value, given its crucial characteristic for
devices built from nano ferrites, using the following equation:55

um = g8p2MS (13)

Where, (g = 2.8 MHz Oe−1) and MS are the gyromagnetic ratio
and the saturation magnetization, respectively.

The studied compound Li0.5MgFe1.5O3.5 has a very signi-
cant value (4.158 GHz), showing that it can be used in high
frequency microwave applications (um), This Li–Mg nano ferrite
frequency value is within the ranges corresponding to the S and
C bands. In addition, the um value is comparable to those of
other ferrite systems, which can be considered as possible
candidates for use in microwave frequency bands 41.56. In light
of this, the Li0.5MgFe1.5O3.5 samples make excellent candidates
for radiofrequency microwave devices.

3.7 Electrical results

3.7.1 Complex impedance analysis
3.7.1.1 Real part of impedance. The Fig. 5(a) shows the

frequency dependence of the real part of the impedance (Z′) at
different temperatures of the sample Li0.5MgFe1.5O3.5. It can be
noted that the values of Z′ are higher at low frequencies and
gradually decrease with the increase in frequency. Indeed, the
plots demonstrate that Z′ reaches a temperature-independent
minimum value. According to the literature, this behavior can
be explained by the space charge, which occurs when the
material's potential barrier is reduced due to the temperature
increase.56,57 It is also important to point out that Z′ decreases
with the increase in temperature, which can be attributed to the
decrease in the density of charge carriers and the increase in
their mobility, suggesting a reduction in the localized character
of charge carriers.58,59

3.7.1.2 Imaginary part of impedance. The frequency and
temperature dependent plots of the imaginary part of the
impedance (Z′′) for the Li0.5MgFe1.5O3.5 sample under study is
shown in Fig. 5(b). These curves are characterized by the exis-
tence of a single peak that shis to high frequencies, proving
the presence of a relaxation phenomenon in the synthesized
sample.60 It can be noted that for all temperatures, Z′′ increases
and takes a maximum value that shis to higher frequencies
with the increase in temperature. This does not only indicate
the increase of the relaxation time, but also shows that the
decrease of the material's strength. Such a relaxation
phenomenon is likely to be explained by the presence of elec-
trons and/or immobile species at low temperature and defects
at high temperature.61 Moreover, the increase in the frequency
of relaxation peaks with the increase in temperature proves
a non-Debye type relaxation,62 described by Arrhenius' law:63,64

f ¼ f0 exp

�
Ea

KBT

�
(14)

where KB is the Boltzmann constant, f0 pre-exponential term,
and Ea activation energy.

The logarithmic variation of fmax as a function of 1000/T is
presented in Fig. 5(c). The obtained values of activation energy
(Ea) estimated from the slope of the linear tting curve are
RSC Adv., 2023, 13, 12906–12916 | 12911
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Fig. 5 (a and b) Dependence of the real part and the imaginary part of the impedance with frequency at different temperatures, (c) variation of
the versus, (d) Nyquist curvesmeasured at different temperatures, (e) example of Nyquist fit at T= 460 K, (f) electrical conductivity as a function of
frequency at different temperatures from 440 to 600 K, (g) temperature dependence, (h) variation of the versus, and (i) temperature dependence
of TCR parameter (%) for Li0.5MgFe1.5O3.5.
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0.354 eV for (I) and 1.960 eV for (II). This result is of the same
order as those of other spinel ferrite materials reported in the
literature.65

3.7.1.3 Equivalent circuit. The Fig. 5(d) represents the vari-
ation of the imaginary part (Z′′) of the complex impedance with
the real part (Z′) at different temperatures for the Li0.5MgFe1.5-
O3.5 compound. These curves, known as Nyquist diagrams,
allow us to distinguish the contributions of grain boundaries,
electrodes, and grains to the transport phenomenon in the
sample.66 The decrease in the diameters of the semicircles with
the increase in temperature conrms a thermally activated
conduction process,67 To better understand this process, the
experimental data of the Nyquist plots were tted using the Z-
view soware. Satisfactory ts are obtained using an equiva-
lent circuit formed by the parallel combination of a (Rg)//(CPEg)
and (Rbg)//(CPEbg) grain match and grain boundary respectively
as shown in Fig. 5(e).

3.7.2 Electrical conductivity
3.7.2.1 AC conductivity analysis. The spectra of conductivity

(ac) versus frequency at different temperatures for the
compound Li0.5MgFe1.5O3.5 are shown in Fig. 5(f). These
12912 | RSC Adv., 2023, 13, 12906–12916
conductivity spectra are composed of two distinct frequency
regions, the rst of which is at low frequency, where the
conductivity is virtually independent of frequency, and ther-
mally activated.68 As for the second frequency region, it is where
electrical conductivity increases with frequency as described by
Jonscher's law following this equation:69

sac(u) = sdc + Aus (15)

where: A the constant depends only on temperature, sac is the
dc conductivity, u is the angular frequency, and s is an exponent
that presents the degree of interaction between the mobile ions
and the surrounding lattices.70

3.7.2.2 DC conductivity analysis. The constant uctuation of
conductivity with temperature is shown in Fig. 5(g), demon-
strating that the produced compound's Li0.5MgFe1.5O3.5

conductivity grows continuously with temperature. This is likely
to conrm the behavior of a semiconducting material, which
could be attributed to the increase in dri mobility and the
charge carriers' jump frequency.

Usually, the conductivity of ferrites is described by the
charge carrier hopping (SPH) model expressed by:71
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of TCR (%) values obtained for the Li0.5-
MgFe1.5O3.5 sample with other published results

Samples TCR (%) References

Mg500 −19.25 Present work
Dy0.5(Sr1−xCax)0.5MnO3 −20 71
Co2MnBiO4 −10.6 72
VOx −2 73
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sdc � T ¼ s0 exp

�
� Ea

KBT

�
(16)

where,s0 is a pre-exponential factor, T is the temperature, Ea is
the activation energy, and KB is the Boltzmann constant (KB =

8.625.10−5 eV K−1).
Fig. 6 (a) Variation ofM′ with frequency at different temperatures, (b) Fre
ln(fmax) versus 1000/T for the Li0.5MgFe1.5O3.5 sample, (d) temperature de
and (e) temperature dependence of dielectric loss (tang d) at different fr

© 2023 The Author(s). Published by the Royal Society of Chemistry
In Fig. 5(h), we present the product sdc × T as a function of
1000/T. We estimated the value of the activation energy by
a linear t of the curve which turns out to be Ea = 0.793 eV (I)
and Ea = 1.843 eV (II), this value is similar to that found for
other ferrites.65

The temperature coefficient of resistance (TCR) is one of the
most important parameters for device applications involving
infrared (IR) detectors for night vision bolometer technologies,
determined by the following expression:72

TCR ð%Þ ¼ 1

r
�
�
dr

dT

�
� 100 (17)

where: r ¼ 1
sdc

and T are respectively the resistivity and the

absolute temperature.
In Fig. 5(i), the temperature coefficient of resistivity for the

compound is displayed along with calculation of the TCR factor.
quency dependence ofM′′ at different temperatures, (c) variation of the
pendence of imaginary part of permittivity (3′′) at different frequencies,
equencies of the Li0.5MgFe1.5O3.5 compound.
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As can be seen according to the Li0.5MgFe1.5O3.5 material,
a signicant negative TCR value is equal to −19%, indicating
a higher TCR value when compared to other TCR found in prior
works. A simple comparison with published results for similar
spinel materials is summarized in Table 2. Therefore, our
samples are good candidates for infrared radiation detection.

3.7.3 Electrical modulus analysis. The complex electric
modulus (M*), the purpose of which is to study the ion
dynamics and relaxation process as a function of frequency and
temperature of the synthesized sample. The M* can be deter-
mined from eqn (18):73

M* = M′ − iM′′ = i2pfC0Z* (18)

The real (M′), and imaginary (M′′) parts of the electric
complex modulus are given by:

M′ = 2pfC0Z
′′ (19)

M′′ = 2pfC0Z
′ (20)

with C0 = 30S/e denotes the cell's vacuum capacitance, 30 =

8.854 × 10−12 F m−1 is the permittivity for free space, e is the
thickness of the sample, and S is the surface area.

3.7.3.1 Real part of modulus. The frequency versus the real
part (M′) of the complex modulus at different temperatures for
the studied Li0.5MgFe1.5O3.5 compound is shown in Fig. 6(a). As
can be seen in this gure, at low frequencies, the values of M′

approach zero and then shows an increase in dispersion with
frequency, conrming that the electronic polarization has
a negligible value74,75 Aerwards, in the high frequency region,
M′ increases progressively with frequency, suggesting that the
conduction technique may be due to the short-range mobility of
charge carriers.74

3.7.3.2 Imaginary part of modulus. The Fig. 6(b) plots the
variation of the imaginary part of the electric modulus (M′′) as
a function of frequency at different temperatures for the
synthesized material in order to better understand the dielectric
relaxations. This gure shows that the M′′ plots show a single
relaxation peak associated with a specic frequency called the
relaxation frequency. The fact that this relaxation peak changed
to higher frequencies as the temperature rose suggests that our
compound experiences a relaxation phenomenon. Moreover,
this behavior shows the dominance of the thermally activated
jump process, which has been reported in several research
investigations.1,64

In order to estimate the activation energy for the studied
compound Li0.5MgFe1.5O3.5, we have plotted in Fig. 6(c) the
logarithmic variation of the relaxation frequency (fmax) as
a function of the inverse of the temperature 1000/T (K), from the
data of the imaginary part of the modulus (M′′). This curve
shows that this variation presents an activated behavior,
according to the Arrhenius law:79

fmax ¼ f0 exp

�
� Ea

KBT

�
(21)
12914 | RSC Adv., 2023, 13, 12906–12916
where: Ea denotes the activation energy, KB is Boltzmann's
constant, and f0 is the pre-exponential factor.

The extracted values of the activation energy are Ea =

0.512 eV (I) and Ea = 1.823 eV (II), respectively. We can see that
all these values are quite similar to those calculated from the
imaginary part of the impedance (Z′′) and the conductivity dc
(sdc).

3.7.4 Dielectric studies. The temperature dependencies of
the imaginary part of the dielectric permittivity (3′′) and dielec-
tric loss (tang d) at different frequencies of the Li0.5MgFe1.5O3.5

compound is shown in Fig. 6(c) and (d), respectively.
As can be clearly seen in Fig. 6(c), the variation of the

imaginary part of the dielectric permittivity (3′′) is independent
of frequencies and temperatures over a small temperature
range, and then it gradually increases with the increase in
temperature. This behavior conrms the dominance of the
interfacial polarization contribution in the studied material.76

However, the dielectric loss increases with the increase in
temperature as shown in Fig. 6(d), which could be due to an
increase in electronic conduction attributed to thermal activa-
tion of electrons.77 It is trusty to mention that similar behaviors
have been reported in the literature.77,78,79

4. Conclusion

In conclusion, we have studied the structural, morphological,
optical, magnetic, electrical, and dielectric properties of Li0.5-
MgFe1.5O3.5 ferrite, synthesized by the sol–gel auto-combustion
route. The X-ray diffraction, FTIR spectroscopy, and RAMAN
spectroscopy show that this compound crystallizes in a cubic
structure at room temperature with the space group Fd�3m. The
scanning electron microscopy has proven that our material
consists of grain agglomerates. Energy dispersive spectroscopy
analysis conrmed the purity of the synthesized sample.
Besides, the studied material exhibits a ferrimagnetic behavior
at room temperature. The values of the remanent magnetiza-
tion Mr, of the coercive eld HC and of the magnetization at
saturation deduced from the hysteresis loop are respectively Mr

= 0,13 emu g−1, and HC = 4,65 Oe. These values of HC and Mr

are very low, which suggests the superparamagnetic behavior of
our sample. Finally, the impedance spectroscopy of this mate-
rial was studied in the frequency range (40 Hz–1 MHz), in the
thermal range (440 K to 470 K). Traces of the Nyquist diagram
revealed semicircles not centered on the true axis, showing that
the conduction of this material follows the Cole–Cole model.
The equivalent electrical circuit is formed by a parallel R-CPE
combination representing the grain and grain boundary
contributions.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by national funds from FCT –

Fundação para a Ciência e a Tecnologia, I. P., within the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07970d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

9:
15

:3
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
projects UIDB/04564/2020 and UIDP/04564/2020. Access to
TAIL-UC facility funded under QREN-Mais Centro Project No.
ICT_2009_02_012_1890 is gratefully acknowledged.
References

1 A. Omri, E. Dhahri, B. F. O. Costa and M. A. Valente, J. Magn.
Magn. Mater., 2020, 499, 166243.

2 T. Hyeon, Chem. Commun., 2003, 927–934.
3 F. Elleuch, M. Triki, M. Bekri, E. Dhahri and E. K. Hlil, J.
Alloys Compd., 2015, 620, 249–255.

4 M. A. Willard, L. K. Kurihara, E. E. Carpenter, S. Calvin and
V. G. Harris, Int. Mater. Rev, 2004, 49, 125–170.

5 A. Dhahri, F. I. H. Rhouma, J. Dhahri, E. Dhahri and
M. A. Valente, Solid State Commun., 2011, 151, 738–742.

6 M. A. Ahmed, E. Dhahri, S. I. El-Dek and M. S. Ayoub, Solid
State Sci., 2013, 20, 23–28.

7 B. Rabi, A. Essoumhi, M. Sajieddine, J. M. Greneche,
E. K. Hlil, A. Razouk and M. A. Valente, Appl. Phys. A, 2020,
126, 174.

8 A. C. Gandhi, P. M. Reddy, T.-S. Chan, Y.-P. Ho and S. Y. Wu,
RSC Adv., 2015, 5, 84782–84789.

9 N. Guijarro, P. Bornoz, M. Prévot, X. Yu, X. Zhu, M. Johnson,
X. Jeanbourquin, F. Le Formal and K. Sivula, Sustainable
Energy Fuels, 2018, 2, 103–117.

10 A. M. Popov, T. A. Labutin, A. E. Goldt, O. V. Usovich,
S. E. Bozhenko and N. B. Zorov, J. Anal. At. Spectrom., 2014,
29, 176–184.

11 M. Colombo, S. Carregal-Romero, M. F. Casula, L. Gutiérrez,
M. P. Morales, I. B. Böhm, J. T. Heverhagen, D. Prosperi and
W. J. Parak, Chem. Soc. Rev., 2012, 41, 4306–4334.

12 A. E. Reddy, T. Anitha, C. V. M. Gopi, S. S. Rao, B. Naresh and
H.-J. Kim, Anal. Methods, 2018, 10, 223–229.

13 J. Xie, K. Chen, H.-Y. Lee, C. Xu, A. R. Hsu, S. Peng, X. Chen
and S. Sun, J. Am. Chem. Soc., 2008, 130, 7542–7543.
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