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physical properties of
LiMn0.5Fe2O4 spinel ferrites by the combination of
optical, magnetic, and dielectric behaviors

Ibtihel Soudani, a Khawla Ben Brahim, *b Abderrazek Oueslati, b

Abdelhedi Aydi,a Kamel Khirouni,c A. Benali,de E. Dhahri d and M. A. Valente e

Ferrite compounds have recently attracted significant interest because of their multifunctional properties.

This work investigates the optical, magnetic, and dielectric properties of a LiMn0.5Fe2O4 ferrite prepared by

a solid-state reaction. Raman spectroscopy analysis substantiated the presence of the 5 active modes

representing the vibration of the oxygen anion at both tetrahedral and octahedral sites. The direct optical

band gap was estimated to be 3.51 eV, which indicates the semiconductor behavior of the compound. A

theoretical modulation of the hysteresis loop was done to confirm the dominance of the ferromagnetic

contribution over the antiferromagnetic one. Furthermore, the dielectric permittivity result indicated

a colossal value of the order of 103. The dielectric losses are characterized by the Giuntini law to extract

the relaxation process, which is hidden by the DC-conductivity process. Our results indicate the

potential of LiMn0.5Fe2O4 for applications in multifunctional devices.
1 Introduction

Research in nanotechnology is a fast-growing eld at the fore-
front of physics and is attracting special interest from the
scientic community.1 Multifunctional materials, in particular,
are investigated for their advantageous properties that are
combined in one smart compound.2,3 A broad range of intelli-
gent materials have been proposed and among them, ferrites
have drawn signicant attention and are deemed to be
promoter hosts due to their extremely prominent features.4,5

Signicant ndings in this category of ceramics generally
reveal excellent physicochemical properties, such as environ-
mental benignity,6 chemical stability,7 high electrical resis-
tivity,8 and availability at low cost.9 It is noteworthy to mention
that a promising path has been paved for spinel ferrites to be
useful for potential technological applications. Some
outstanding review articles have indicated that using spinel
ferrites for biomedical applications may become inevitable due
to their high biocompatibility10 and low toxicity.6 It has also
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been shown that they have special properties for magnetic
hyperthermia, and magnetic resonance imaging.11,12 Similarly,
many discoveries have conrmed the development of this type
of material as a suitable approach for ferrouid technology,13

wastewater treatment,14 catalysts,14 selective sun absorbers,15

and medical tools.16

Some achievements and review reports relating to different
spinel ferrites are proposed and investigated in detail for their
properties, including lithium-based ferrites Li-Co,17 Li-Zn,18 Li-
Mg,19 and Ni–Li.20 Lithium ferrites are among the striking chief
ferrite materials on account of their low eddy current losses,
high spontaneous magnetization, excellent ferromagnetic
squareness, high Curie temperature, and catalytic behavior.21–24

Various reports have indicated that Li-based ferrites are usually
electrically highly resistive.25 However, under an applied
external electric eld in the microwave and radio frequency
ranges, they provoke high dielectric losses.

Several strategies and synthesis pathways are used for the
formation of Li-based spinel ferrites, including solid-state
reactions, co-precipitation,26 hydrothermal,27 microemulsion,28

and sol–gel methods,29 and the cation distribution and crystal
structure change from one ferrite to another. All these factors
prevent the materials from keeping the usual properties of
a typical spinel ferrite structure10 but different preparation
processes and thermal treatment allow such difficulties to be
overcome.

Lithium manganese ferrite is one of the most interesting
ferrite materials. The XRD diffraction peaks correspond to those
of the cubic LiMn0.5Fe2O4 spinel.30 Our previous results30

revealed that the compound could be a multifunctional
© 2023 The Author(s). Published by the Royal Society of Chemistry
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material with the potential to drive technological innovation
forward. The electrical properties of the compound have proven
that it can be used in various applications such as optoelec-
tronics, photodetectors, photovoltaics, and full-cell low
temperature-co-red ceramics (LTCCs).30 Moreover, our sample
can be suitable for device performance ameliorating the sensi-
tivity of uncooled infrared bolometers aer comparing its (TCR)
with other previous works. It also represents anomalous
behaviors because it combines magnetic and non-magnetic
elements. In this kind of ferrite, the magnetic properties are
governed by the spin coupling of the 3d electrons.31

Our previous electrical search30 is insufficient to evaluate,
describe, and clarify all possible elds where it is suitable for
use. Therefore, in this scientic report, an attempt has been
made to analyze the magnetic, and optical properties. Besides,
we have undertaken further studies about dielectric relaxation
and modulus formalism depending on temperature and we
present an exhaustive idea about the studied sample to make it
useful in diverse applications.
2 Experimental details
2.1 Preparation method

The conventional solid-state method was used to prepare the
LiMn0.5Fe2O4 spinel ferrite ceramic. The protocol for prepara-
tion is depicted in detail in our previous paper.30

All precursors (Li2CO2, MnO, Fe2O3) were purchased from
Sigma-Aldrich (purity of 99.99%) and utilized without further
purication. The pure chemical reactants were at rst dried and
intimately mixed in stoichiometric quantities according to the
reaction as follows:

1/2Li2CO3 + 1/2MnO + Fe2O3 / LiMn0.5Fe2O4 + 1/2CO2

The obtained mixture was well-ground and pressed into
a pellet (disk-shaped) of about 1 mm in thickness, which is
essential for a homogenous mixture of reactants and to facili-
tate element diffusion. The pellet was calcined at 850 °C in an
electrical muffle furnace for 7 h. In the nal step, it was sub-
jected to many sintering heating cycles up to 1100 °C for 2 h,
accompanied by grinding and pelletizing yields to obtain
a homogenous, pure, and compact crystallized sample.
Fig. 1 XRD pattern of LiMn0.5Fe2O4.
2.2 Characterization techniques

Raman scattering measurements were recorded at room
temperature using a SENTERRA Spectrometer (Bruker) with
green laser excitation of 540 nm. Fourier-transform infrared
(FTIR) spectra were obtained on a Bruker Tensor 27
spectrophotometer.

To determine the energy bandgap (Eg) and conrm the
semiconductor nature of the sintered sample from the
absorption spectra, UV-vis spectroscopy analysis was employed.
The hysteresis cycle of the ferrite was carried out using a SQUID
magnetometer at 5 K and the ambient temperature (300 K)
under a magnetic eld up to 10 T.
© 2023 The Author(s). Published by the Royal Society of Chemistry
To prepare the sample for dielectric measurement, a thin
layer of silver was coated on both faces of the LiMn0.5Fe2O4

pellet by a vacuum thermal evaporator. The measurements were
deduced from impedance spectroscopy with a Janis VPF800
cryostat and an Agilent 4294A analyzer in the explored range of
frequency [100–10 MHz]. We measured the real and imaginary
parts of the complex impedance Z* versus the frequency.

3 Results and discussion
3.1 X-ray diffraction analysis

The X-ray diffractogram patterns of the LiMn0.5Fe2O4 sample
were recorded at room temperature, as shown in Fig. 1. All the
reection peaks are well indexed in the cubic system with Fd�3m
space group. The absence of impurity peaks proves the pure and
high quality of the produced compound. All the structural
parameters deduced from the Rietveld analysis were mentioned
in our previous work.30

3.2 Scanning electron microscopy analysis

The morphology of the LiMn0.5Fe2O4 sample, carried out by
scanning electron microscopy (SEM), is depicted in Fig. 2. The
grains are polygonal-shaped and polyhedron-shaped. The
average estimated diameter of the grain was relatively large, of
the order of 2.48 mm, as detailed in our preceding paper.30

3.3 Raman spectroscopy

Raman spectroscopy is broadly used as an effective microscopic
technique to determine more structural properties and
complementary details of the prepared compounds. It is also
used to explore the short-range cationic disorder due to its high
sensitivity and its loy spatial resolution to investigate the
vibrational levels in spinel ferrites.32

The factor group process foretells the subsequent vibrational
modes in spinel by the following:

G = A1g(R) + Eg(R) + 3F2g(R) (1)
RSC Adv., 2023, 13, 9260–9272 | 9261
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Fig. 2 SEM images of LiMn0.5Fe2O4 at scales of 5 mm and 2 mm.

Table 1 Raman vibrational modes of LiMn0.5Fe2O4 with the assigned
polyhedron

Position (cm−1) Raman mode FWHM (cm−1)
Assigned
polyhedron

192 F2g (1) 118 FeO6

Octahedron
259 Eg 120 FeO6

Octahedron
360 F2g (2) 120 FeO6

Octahedron
490 F2g (3) 121 FeO6

Octahedron
611 A1g 120 FeO4

Tetrahedron
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where (R) represents Raman active vibrational modes.
LiMn0.5Fe2O4 has a cubic structure belonging to the Fd�3m space
group30 and according to group theory, 5 Raman active modes
(A1g + Eg + 3F2g), acquired under ambient conditions, are
recognized for this structure space group. They are dependent
on the motion of both A and B site cations and oxygen ions.33

The Raman spectrum was acquired at room temperature in
the spectral range varying from 150 to 800 cm−1 and illustrated
in Fig. 3. It was properly analyzed and deconvoluted via tting
by the Lorentzian peak shape function to evaluate the full width
at half maximum (FWHM), and the positions of obtained
bands. The different peaks were assigned pursuant to the
theoretical vibrational mode. The detected Raman modes
match well with the literature reports. They were centered at
192, 259, 360, 490, and 612 cm−1 and allocated to F2g (1), Eg, F2g
(2), F2g (3), and A1g (1) Raman vibrational modes, respectively, as
shown in Table 1.

The A1g mode attributed to the uppermost frequency is
represented as though a symmetric stretching exists between
the oxygen atom and the iron metal ion located in tetrahedral
sites.34 The Eg Raman mode is assigned to the symmetric
bending motion of the oxygen anion with respect to the iron
situated at the octahedral site. The second highest frequency F2g
(3) mode is the anti-symmetric bending motion of the oxygen
anion within the octahedral site. F2g (2) is the mode antisym-
metric stretching vibration mode of the oxygen anion with
respect to the iron at the octahedral site (it is displaced in
Fig. 3 Raman spectra of the LiMn0.5Fe2O4.

9262 | RSC Adv., 2023, 13, 9260–9272
differing directions) and the h active Raman mode F2g (1)
represents a complete translation development of the whole at
the octahedral unit in the spinel lattice.

Raman peak frequencies higher than 600 cm−1 were
assigned to the Raman active mode A1g, related to the motion of
O2− ions within the tetrahedral sublattice (site A), while the rest
of the peaks are due to the vibration of the oxygen atom and
octahedral group (site B).35 The absence of peaks attributed to
any foreign oxide phase (iron oxide phase) is probing the
chemical purity of the sample.

The Raman spectrum detects the attendance of extra peaks
at 611 cm−1 and 705 cm−1 attributed to A1g (1) and A1g (2).
Biplab K. Chatterjee et al.36,37 suggested that they are probably
linked to a breakdown of the momentum conservation rule
because the wavelength of exciting radiation is higher than the
diameter of the particle. Other authors estimate that this
behavior is a typical feature of a mixed or inverse spinel
structure.38
3.4 FTIR studies

Fourier transform infrared (FTIR) measurements aid in deter-
mining and monitoring the degree of crystallization in the
studied crystalline compound. The FTIR results of LiMn0.5Fe2O4

aer absorption in the wave number range of 400–2500 cm−1

can be viewed in Fig. 4. The presence of two infrared absorption
bands in the high-energy region (at low frequency) proves that
our sample is well-crystallized and conrms the presence of the
spinel structure, as reported in Waldron's classication.39 The
absorption band (nB) observed at 425 cm−1 is attributed to
metal–oxygen stretching in the octahedral site while the second
band (nA) at 555 cm−1 is related to the stretching of metal–
oxygen at the tetrahedral site. Given that the bond length in the
octahedral is longer than that in the tetrahedral site, this can
explain the fact that the band frequency of the stretching
vibration in the tetrahedral site is higher than that of the
octahedral site.40
3.5 Absorption study

Our target in this section is to estimate the light efficiency and
the quality of our prepared spinel ferrite compound by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fourier transformation infrared spectrum of LiMn0.5Fe2O4.
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presenting and discussing its fundamental optical properties.
The ultraviolet-visible absorbance spectrum was registered in
the range extending from 200 to 800 nm at ambient tempera-
ture (Fig. 5). According to previous reports on spinel ferrites, the
absorption can be related to the Fe3+ transitions (from 3d5 to
3d4 4s1) or the photoexcitation process, which appears where
the electron leaves the valence band (VB) (O2p level) to go to the
conduction band (CB) (Fe3d level) aer excitation by visible
light.41

The optical bandgap ðE0
gÞ denotes the photon energy that

should be absorbed by the electron to transit from the (VB) to
Fig. 5 UV-visible absorbance spectra of LiMn0.5Fe2O4 at room temperatu
value for the LiMn0.5Fe2O4 compound.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(CB). This value is obtained by using both the Kubelka–Munk
function and the Tauc plot.42

On the one hand, the Kubelka–Munk function is as follows:

FðRÞ ¼ ð1� RÞ2
2R

¼ a

s
(2)

where R is the reection factor, a is the absorption coefficient,
and s is a scattering factor.

On the other hand, FðRÞhn ¼ A1½hn� E0
g�n, where A1 is

a steady parameter that reveals the degree of disorder in the
structure of our compound, hn is the incident photon's energy
re; the inset shows the Tauc plot for the determination of the bandgap

RSC Adv., 2023, 13, 9260–9272 | 9263
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and the exponent n has 2 values (1/2, and 2) according to the
type of allowed optical transition. n is equal to 1/2 in the direct
transition and equal to 2 for the indirect transition. LiMn0.5-
Fe2O4 shows a direct band gap like other compounds belonging
to the spinel ferrite family.41,43,44 The inset in Fig. 5 exhibits the
variation of (F(R)hn)2 as a function of hn, the forbidden band
value (Eg) is obtained by the extrapolation line of the curve to the
energy axis (at the origin of the y-axis). The optical bandgap of
the sample is 3.51 eV which falls in the range of a semi-
conductor bandgap. The semiconducting nature of this mate-
rial makes it a promising candidate for photodetectors and
photovoltaics applications.44

To ensure the value of the energy gap, the curve of dR/dl
versus wavelength was plotted in Fig. 6. It gives a shred of
evidence for the presence of an optical bandgap that lies at
3.57 eV, close to what is obtained by Kubelka–Munk. Thereby,
we conrmed the direct type of transition and the semi-
conducting nature of the synthesized ceramic.

The energy gap value is signicantly higher than the energy
prerequisite for water splitting (E > 1.23 eV). This allows the use
of the material for photocatalysis under visible light.41 The
refractive index (n0) has an essential role in the control of the
optical and electric properties of the studied material. Also, the
knowledge of the index n0 indicates the compactness of our
sample and aids in gaining insight into its good quality.45

In this paper, the refractive index of ferrite is determined
according to Moss's empirical relation as reported:32

E
0
gn0

4 ¼ 104 eV (3)

The obtained value of the refractive index was 2.37. This
reects the good quality of our compound. Likewise, the high-
frequency optical dielectric constant (3N) of our prepared
ferrite is related to the refractive index (n0) as stated in the
following relation:32

3N = n0
2 (4)

The optical dielectric is equal to 5.62. The refractive index
and high-frequency dielectric constant are similar to those
Fig. 6 The smoothed reflectance spectra of LiMn0.5Fe2O4 with its first
derivative (1/R) (dR/dl) curve.

9264 | RSC Adv., 2023, 13, 9260–9272
obtained for the material, which is considered a good candidate
in the modeling of heterostructure solar cells as well as in laser
optoelectronic devices.46 Ultimately, the prepared spinel ferrite
LiMn0.5Fe2O4 is full of promise in the optical domain.
3.6 Magnetic study

The magnetic hysteresis loop M(H) of the LiMn0.5Fe2O4 powder
at 5 K and 300 K are depicted in Fig. 7a and b, respectively, with
the applied eld reaching 10 T. At room temperature, the
hysteresis loop shows a small surface area that highlights the
low energy loss over the magnetization–demagnetization
procedure.47 Hence, the LiMn0.5Fe2O4 is suitable for magnetic
refrigeration application.

The hysteresis cycle at 5 K showed a signicant remanence
which became negligible at 300 K (Fig. 7(b)). The coercivity is
low, whichmay be related to the superparamagnetic behavior of
this material. The large size of particles DSEM deduced from
scanning emission microscopy (DSEM is about 2.48 mm (ref. 30))
indicates great potential for developing and improving super-
paramagnetic nanoparticles from metal oxide material, espe-
cially spinel ferrite.48

This makes the studied sample suitable for the biomedical
domain as a contrast improvement instrument for magnetic
resonance imaging (MRI) and hypothermia, as well as for
designing polyvalent tools to change magnetization with a low
outer magnetic eld.47

We found that the magnetization reached saturation at weak
elds below 0.5 T. This behavior is explained by the alignment
of the spins of the ne nanoparticles in the direction of the
applied eld. Two types of interactions can exist in the sample,
namely, antiferromagnetism (AFM) and ferromagnetism (FM).
In the next step, we aspired to better understand the origin of
magnetization and segregate the antiferromagnetic (AFM) and
ferromagnetic (FM) contributions in the synthesized sample. A
theoretical modulation of hysteresis loops was done according
to the following equation:49

MðHÞ ¼ cH þ 2
MS

FM

p
tan�1

��
H þHCI

HCI

�
tan

�
pMR

FM

2MS
FM

��
(5)

where the rst part put forward the linear antiferromagnetic
contributions (AFM) and the second represents the ferromag-
netic quote-part (FM).49 MS

FM and MR
FM represent the FM satu-

ration and remanant magnetization, respectively. HCI is an
intrinsic coercive eld. c is the AFM susceptibility. All adjusted
parameters are reported in Table 2. It shows that the magneti-
zation of LiMn0.5Fe2O4 is due to the FM contribution, which
represents ∼90% vs. the AFM contribution and does not exceed
∼10% of the total magnetization at both temperatures 5 K and
300 K.

In the framework of investigation in the relation between the
saturation magnetization (Ms) and coercive eld (Hc), Stoner–
Wohlfarth estimates the value of constant anisotropy related to
the coercivity using the below relation:50

K1 ¼ 0:98HC

MS

(6)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The magnetization curves versus magnetic field at 5 K (a) and 300 K (b) for LiMn0.5Fe2O4.
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This relation shows that constant anisotropy K1 is propor-
tional toHC and inversely proportional toMs which is conrmed
by other studies.32

To go further, we ascertained whether our sample is useful
for high-frequency microwave devices. Here, we determined the
microwave frequency (um) utilizing the given relation:32
Table 2 Theoretical parameters obtained from fitting the hysteresis loo

AFM contribution

HCI (Oe g−1)

FM cont

c

(10−5 emu × Oe g−1) M (10 T)

5 (K) 2.776 4241 76.62
300 (K) 3.1267 40 59.10

© 2023 The Author(s). Published by the Royal Society of Chemistry
um = d18p
2MS (7)

where d1 designates the gyromagnetic ratio (d1= 2.8 MHz Oe−1).
The obtained value is 11.6 GHz, which is in the same range as
those found in other materials used in this application.51,52
ps of LiMn0.5Fe2O4

ribution %

MS
FM (emu g−1) MR

FM (emu g−1) FM AFM

73.02 68.51 95.3 4.7
54.97 1.01 93 7

RSC Adv., 2023, 13, 9260–9272 | 9265
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LiMn0.5Fe2O4 can, therefore, be considered an aspiring candi-
date for the domain of microwave frequency bands.
3.7 Dielectric study

The dielectric permittivity affords important insight into the
prepared material. It represents the ability of the material to
polarize under the effects of applied electric elds.53 Spinel
ferrites are usually good dielectric materials,54 depending rmly
on some variables such as the cation distribution among the
interstitial sites, grain size, stoichiometries, and the synthesis
procedure. The complex permittivity of the studiedmaterial was
expressed by the following relation:53

3* ¼ 3
0 � j300 ¼ 1

juC0Z*
(8)

It is well known that 3′ is the real part of the dielectric
permittivity that gives an idea of the stored energy and 3′′ is the
imaginary part that describes dissipation energy in the mate-
rial. C0 denotes the vacuum capacitance and u is the angular
frequency (=2pf).

The recorded dielectric data of the real permittivity 3′ is
plotted in Fig. 8. A high dielectric permittivity value is presented
in the low-frequency region, which is promising in many tech-
nological applications.55 The dielectric constant diminishes
continuously with increasing frequency. This decreasing trend
is observed in many investigations of different spinel mate-
rials.56,57 Exploring the structure of ferrites, which are generally
composed of grains separated by grain boundaries, aids in
understanding the behavior of 3′. Pubby et al.58 suggested that
grain boundaries impose dielectric properties at low frequen-
cies.59 Mostly, the grains are good conductors and the grain
boundaries are poor conductors. This conductivity difference
induces an accumulation of load carriers at boundaries, which
creates space charge polarization. The authors explain the effect
Fig. 8 The dielectric data of the real permittivity (3′) at several
temperatures [200–380 K] for the synthesized ferrite. The inset shows
the temperature dependence of the real part 3′ of the permittivity at
selected frequencies.

9266 | RSC Adv., 2023, 13, 9260–9272
of the behavior of the real part of the permittivity with the
variation of the temperature and the frequency by the reduction
of the polarization.60 There exist 4 types of polarization, namely,
interfacial, electronic, ionic, and dipolar polarization, which
have an apparent effect on the dielectric constant evolution but
their contribution declines with frequency.61

On our measurement frequency range, we can only identify
dipolar or interfacial polarization. These types of polarization
are highly temperature-dependent.

Fig. 8 (inset) depicts the temperature dependence of the
dielectric constant of our compound at selected frequencies. In
the range [200–250 K], 3′ increases gradually with temperature
but its variation is less marked and almost invariant with the
increase in frequency. This result may be due to the orientation
of polarization, which is related to the molecule's thermal
motion.62 It is explained by the fact that the dipoles remain
frozen and cannot orient themselves at low temperatures.63 In
the temperature range (>250 K), the dipoles can rotate loosely
and the molecular interaction energy effect becomes lower than
the thermal energy. The bound load carriers gradually obtained
thermal excitation energy. This in turnmakes them able to reply
to the change in the externally applied eld more easily.62

Therefore, it enhances their contribution to the polarization,
resulting in an increase in the dielectric constant with
temperature.

Fig. 9 shows the variation of 3′′ as a function of frequency in
a temperature range of [200–380 K]. It is clear that 3′′ also
decreases with the frequency until it becomes stable in the high-
frequency range (above 104 Hz). This behavior can be explained
by the migration of electrons between Fe2+ and Fe3+ and the ion
polarization loss, which can be considered as the cause of the
very high value of dielectric loss 3′′ at low frequency. Above
104 Hz, only the exchange ions can go along with the applied
electric eld frequency guide to the decrease in 3′′ across the
studied temperature range.

Fig. 10 shows the evolution of 3′′ as a function of frequency at
serval temperatures on a logarithmic scale. ln 3′′ can be analyzed
according to Guitini's theory, as given by the following:64
Fig. 9 The recorded dielectric data of the imaginary permittivity (3′′) at
several temperatures [200–380 K] for the synthesized ferrite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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300 ¼ ð3s � 3NÞ2p2N

�
nq2

30

�3

KTums0ðWmÞ4 (9)

where 3S is the dielectric constant at the low frequencies, 3N is
the dielectric constant at the high frequencies, N is the state
concentration, n is the hopping electron number, Wm is the
barrier height, q is the elementary electron charge and s0
signies the relaxation time.

This law can be simplied in another form:65

3′′ = C(T)um (10)

where C(T) is a constant that depends only on temperature and
m is an exponent describing the interaction between electric
dipoles, which is expressed as follows:65

m ¼ �4kBT

Wm

(11)

In this expression, kB is the Boltzmann constant and Wm is
the energy required for charge carriers to leap above the
potential barrier. The obtained values of parameter m versus
temperature are shown in the inset in Fig. 10. We observed that
the variation of m was proportional to the temperature. The
exponent m decreased with increasing temperature in the
intervals [200–270 K] and [340–380 K], which matches well with
the correlated barrier hopping (CBH) model. Nevertheless, m
increases with temperature in the intermediary region, so the
nonoverlapping small polaron tunneling (NSPT) mechanism is
predominant. These results are well correlated with our
previous electrical ndings for this material.30

Studying the temperature effect on the evolution of the
imaginary part of the dielectric permittivity can give us a clear
insight into the dielectric relaxation number within a system.
From Fig. 10, we observed the absence of the relaxation
phenomenon in the frequency range, which was concealed by
Fig. 10 The frequency dependence of ln(3′′) at several temperatures
[200–380 K] for the synthesized ferrite. The black solid line depicts the
fit of the data with relation (11). The temperature evolution of the
exponent (m) is shown in the inset of the figure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the DC-conductivity mechanism. It can be elicited using the
following relation:66

3001 ¼ 300mesaured � 300DC (12)

where 300DC is the contribution of DC-conductivity to the imag-
inary part of the dielectric permittivity, it can be calculated by
the following equation:66

300DC ¼ sDC

30u
(13)

where sDC is the static component of the conductivity, and 30 is
the vacuum permittivity. As expected, Fig. 11 illustrates peaks
that are shiing toward high frequencies with the increase in
temperature. The obtained result asserts that this approach is
an advisable tool for studying the dielectric relaxation
phenomenon in the material.67
3.8 Polarizability study

A new method was suggested by Scaife68 to investigate the
dielectric response of the sample. It is based on the substitution
of the complex permittivity by the polarizability according to the
relation:69

a* = a′ − ia′′ (14)

where the imaginary part a′′ can be easily obtained as follows:

a00 ¼ 3300

ð30 þ 2Þ2 þ ð300Þ2 (15)

Complex polarizability usually refers to the tendency of the
studied material to polarize and ease the analysis of the
dielectric results of various samples. It unveils the new relaxa-
tions and claries the previous ones. The dependence temper-
ature of a′′ is plotted in Fig. 12(a). It exhibits well-separated
relaxation peaks that are centered at angular frequency ua

(where ua = 2pfa) and move towards the high frequency with
the increase in temperature.
Fig. 11 The variation of 3001 at various temperatures for the prepared
compound.
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Fig. 12 The frequency dependence of polarizability at different
temperatures (a). The variation of lnðf 00amaxÞ vs. (1000/T) (b).

Fig. 13 The variation of dielectric loss as a function of frequencies at
various temperatures.
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The logarithmic variation of ua versus the inverse of the
temperature is illustrated in Fig. 12(b). This curve can be
described according to the Arrhenius relation:61

ua ¼ u0 exp

�
� Ea

kBT

�
(16)

where u0 is a constant and Ea is the activation energy. The
evaluated activation energies are 202 meV for [200–270 K] and
310 meV for [280–310 K].

The quantitative loss of energy (the dielectric loss tangent) in
an assorted dielectric material is generally caused by different
physical processes, for example, electrical conduction, or
dielectric relaxation.69 Fig. 13 exhibits the temperature-
dependent loss tangent (tan q). tan q increases with the
increase in temperature. The peaking behavior may be related
to the arising relaxation effect.70 The applied electric eld period
ts well with those of the relaxation process. The peaks move
towards the higher frequency side (>104 Hz) with increasing
9268 | RSC Adv., 2023, 13, 9260–9272
temperatures, showing a pronounced thermally activated
relaxation phenomenon. The latter is associated with the
curtailment of resistance with the increasing frequencies.61
3.9 Modulus study

In this section, we pay attention to the utility of modulus
formalism. Its main role is to supply us with an idea about the
electrical process implicated in our investigated material and to
study the same as the function of temperature over a broad
range of frequencies.

The total complex electric modulus follows the equation71

M* = M′ + M′′ = iuC0Z* (17)

where M′and M′′ are the real and imaginary parts of the
modulus, respectively. C0 denotes the geometrical capacitance
and Z* is the complex impedance. The variation of the real part
of the electrical modulus as a function of frequency with the
rising of temperature is depicted in Fig. 14. As shown, the real
part of the modulus exhibits a weak value (bring closer to zero)
at the low frequencies for all temperatures. This corroborates
that the contribution of the electrode polarization is almost
absent in the structure.71 M′ increased with the increase in
frequency, showing a dispersive region assigned to the short-
range mobility of load carriers in our compound that is attrib-
uted to the conduction process.72 Then, it achieved a maximum
at a high frequency of around 106 Hz.

Fig. 14 depicts the frequency dependence of the imaginary
part of the modulus at different temperatures. The curves of M′

illustrate a broad peak that represents the assembly of the two
peaks at temperatures below 310 K. For the rest, we assume the
presence of a broad peak in the high frequencies exceeding the
scale of our available impedance analyzer. The peak in the lower
frequency range is related to the grain boundaries effect.73 The
pronounced peaks in the higher frequency range are associated
with the bulk effect (the grain's effect).67 The more the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 The real part of the modulus plot as a function of frequency at different temperatures, (a) and the imaginary part of the modulus plot as
a function of frequency at different temperatures (b), with black solid lines showing the fit of the recording data using relation (22).
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temperatures increase, the peaks shi towards the higher
region of frequencies, indicating the existence of a thermally
activated relaxation process. Thus, we can differentiate two
frequency regions according to the frequency corresponding to
the modulus peak maxima positions. At the frequency region
below the peak, there is the pure conduction process,74 where
the load carrier dris loosely across long distances. However, in
the second region above the peak, the load carriers are spatially
restricted and can move only over short distances.75

The experimental data of the imaginary part of the
modulus plot can be interpreted by the modied function
© 2023 The Author(s). Published by the Royal Society of Chemistry
Kohlraush–Williams–Watts (KWW). This tting approach
(KWW) is proposed by Bergman according to the following
formula:76

M 00 ¼ M 00
gmax

�
1� bg

�þ bg

1þ bg

2
4bg

�
fgmax

f

�
þ
 

f

fgmax

!bg
3
5

þ M 00
gbmax�

1� bgb

�þ bgb

1þ bgb

2
4bgb

�
fgbmax

f

�
þ
 

f

fgbmax

!bgb
3
5

(18)
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Table 3 Parameters extracted from the fitted data of the imaginary
part of the modulus versus frequency at several temperatures

T (K) M 00
max ð10�2Þ b fmax (Hz)

200 2.767 0.502 3162
210 2.785 0.534 5623
220 2.806 0.501 10 000
230 2.828 0.537 17 783
240 2.849 0.550 31 623
250 2.869 0.542 56 234
260 2.889 0.560 100 000
270 2.910 0.578 177 828
280 2.930 0.570 281 838
290 2.947 0.559 446 684
300 2.960 0.530 630 957
310 2.970 0.490 972 117

Fig. 15 The evolution of ln(fmax) with 1000/T to evaluate the activation
energies for LiMn0.5Fe2O4.

Fig. 16 The variation of capacity (C) as a function of frequency at
different temperatures.

9270 | RSC Adv., 2023, 13, 9260–9272
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where M 00
gmax and M 00

gbmax
are the maximum peaks value of the

imaginary part of modulus match to grain and grain boundary,
respectively. bg and bgb designate the deviation of the line from
the linear exponential, known as the stretching factor corre-
sponding to the grain and grain boundary, respectively. It is
broadly placed in the range 0 <b < 1.

The theoretical parameters deduced from the tting of
modulus data are summarized in Table 3. The value of the
stretching factor does not exceed unity, and this kind of infor-
mation bears out the non-Debye behavior of the examined
compound. Fig. 15 illustrates the variation of ln(fmax) versus the
temperature, which obeys the Arrhenius relation. The values of
activation energy estimated from the slopes of lines in the plot
are 288 meV and 192 meV for [200–270 K] and [280–310 K],
respectively. These values are almost the same as those ob-
tained from the imaginary part of the polarizability. This
suggests that transport in the studied sample is decided by the
electron-hopping mechanism.42

The variation of capacitance versus frequency at various
temperatures is shown in Fig. 16. The high value of capacitance
can be obtained in the region of lower frequencies that can be
related to the existence of interface states that can follow the
alternating current (AC) signal.77 The capacitance decreases
with frequency. This behavior is typically similar to that of
a material with traps. This can be explained by the interface
states' inability to follow the applied electric eld.67

Finally, these results prove that the investigated sample
could be suitable for many technological applications (Li-ion
batteries, electronic devices, microwaves, fuel cells, and low-
temperature cored ceramics applications).42

4 Conclusion

This study has examined the optical, magnetic, and dielectric
properties of LiMn0.5Fe2O4 prepared by the solid-state reaction.
Vibrational modes were further analyzed by Raman spectra
conrming the bonding of oxygen with cations in the octahe-
dral and tetrahedral sites. The optical band gap value shows
semiconductor behavior that was estimated at 3.51 eV, which
was deduced from the absorption spectrum. Hence, the sample
can be considered good candidates for various applications
such as optoelectronics, photodetectors, photovoltaics, and gas
sensors. Themagnetic hysteresis loops were well investigated by
the ferromagnetic (FM) and antiferromagnetic (AFM) contri-
butions to understanding the origin of our studied sample. It
was found that the ferromagnetic contribution is the most
dominant. It depicts the presence of superparamagnetic
behavior and a high value of microwave frequency. Therefore,
the LiMn0.5Fe2O4 ferrite material is a promising compound for
the domain of microwave frequency bands and biomedical
applications. The dielectric results represent a colossal value of
dielectric permittivity, which proves the importance of ferrites
as promising materials for electronic devices. The dielectric
relaxations are hidden by the direct current conductivity (sdc)
process and can be extracted from dielectric measurements.

This study is just a step that can be taken further. It gives
interesting perspectives and makes way for new horizons to be
© 2023 The Author(s). Published by the Royal Society of Chemistry
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explored, exploited, and for practical applications of this family
of ferrites compounds in multiple technological elds.
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