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he structural, magnetic, and
electrical characteristics of the
La0.7Sr0.25Na0.05Mn0.8Ti0.2O3

Y. Moualhi, *a Mona A. Alamri,b S. El Kossi,c R. Dhahri,d A. M. Al-Syadi,de

Elkenany Brens Elkenanyd and H. Rahmouni a

This article reveals the crucial structural, magnetic, and electrical properties of La0.7Sr0.25Na0.05Mn0.8Ti0.2O3

(LSNMTO) manganite, highlighting the significance of this material in the field of materials science. Gain

a deeper understanding of the promising properties of LSNMTO and its potential for technological

advancement by delving into this informative article. The X-ray diffraction data of the LSNMTO indicate

that this ceramic solid solution crystallizes in the R�3c rhombohedral structure. The magnetic results

confidently demonstrate that the LSNMTO ceramic undergoes a transition from paramagnetic to

ferromagnetic phases around 125 K. This significant finding could pave the way for further progress in

the field of materials science. The DC conductivity response confirms the semiconductor nature of the

elaborated compound over the studied temperature domain. Such behavior is linked to the contribution

of the small polaron hopping mechanism at elevated temperatures and the Shklovskii Efros variable

range hopping process at low temperatures. In the limit of the AC regime, the temperature-dependent

AC conductivity confirms the appearance of a metal–semiconductor behavior at TM–S = 120 K that

confirms the strong correlations between the transport and the magnetic properties of the sample. Over

the explored temperature domain, the conductivity spectra follow a power law-like behavior. The scaled

conductivity curve of LSNMTO is not superimposed on the particle grains' restricted reaction area. The

Summerfield scaling of the electrical conductivity confirms with confidence the significant contribution

of carrier concentration to the overall conduction of the material.
1. Introduction

Because of its many uses, rare earth-dopedmanganite structures,
with the general formula R1−xAxMnO3 (where R stands for rare
earth and A for divalent ion), have been the focal point of
advanced materials research for almost 50 years.1–3 The chemical
exibility of these materials4–6 makes it easier to use them for
multiple purposes. According to the literature, the physical
characteristics and the crystallographic structure of manganites
can be intentionally controlled by substituting a divalent ion for
a portion of the rare earth.7–10 The interaction between their
special qualities, such as magnetocaloric effects and colossal
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magnetoresistance (CMR), makes them advantageous for
potential applications.11,12 The metal–insulator and ferromag-
netic–paramagnetic transitions that are governed by double-
exchange (DE) interactions (DE), characteristically accompany
the appearance of the CMR effect.11–14 For manganite structures,
the intimate interaction between electric and magnetic proper-
ties is largely explained by the DE transport mechanism, which
regulates the amount of Mn3+/Mn4+ ratio.11,15 It has been
conrmed that the creation of themixed valence state in LaMnO3

can be achieved when bivalent strontium ions substitute the La-
site of the material.10,16,17 For the Sr-doped LaMnO3 (LSMO)
systems, it has been observed that the physical properties are
governed by the strong impact of both structural distortions and
charge carrier motions between the Mn3+ and Mn4+ ion
states.10,16,17 The hopping motions between Mn3+ and Mn4+ ions
consist of ferroelectricity and magnetism simultaneously
emerging into the structure by the resulting coupling between
electric dipoles and spins. Recently, the LSMO structure has
attracted great interest in multiferroic applications due to its
CMR effects, its broad range of stable structures, and greater
exibility characteristics.10,16,17 The physical properties of this
material family are directly related to the Mn4+/Mn3+ mixed-
valence states that depend in turn on the synthesis method
RSC Adv., 2024, 14, 29271–29281 | 29271
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and the inhomogeneous composition within the microstructure.
In this context, it has been found that doped La1−xSrxMnO3

(LSMO) compounds are regrouped as materials that exhibit
a range of fascinating physical characteristics, mostly when the
trivalent La ions are doped with the Sr bivalent element at various
concentration levels.10,16,17 Accordingly, substituting the La triva-
lent with Sr bivalent ions induces a cationic disorder in the A-site
of the manganite lattice, affecting the bandwidth, structural
properties, and electronic interactions. This inuences in turn
the electronic structure, the magnetic behavior, and the
dynamics of the charge carriers in manganites. Under certain
doping and temperature conditions, the increase of the Sr level
leads to the appearance of structural phase transitions. More-
over, the increase of the Sr level in the LSMO perovskite structure
can imply the variation of the metal–insulator transition
temperature. Furthermore, the increase of the Sr level affects the
electrical conductivity. Early investigation on the magnetic
properties of the manganite materials has shown that the varia-
tion of the Sr level affects strongly the ferromagnetism of the
LSMO perovskites.10,16,17 Accordingly, it is found that the Curie
temperature (TC) attains its maximum value of TC = 370 K when
the Sr level attains a concentration of x= 0.3. In the same context,
it is concluded that LSMOmanganites exhibit a CMR that ismore
pronounced at around the transition temperature. Depending on
the Sr doping level and temperature, it is found that the LSMO
systems can show various types of magnetic ordering, like the
ferromagnetic, antiferromagnetic, or even mixed-phase regions.
Due to lattice mismatch between the La and the Sr ions, it has
been found that the variation of the Sr doping concentration
modies mainly the strain that signicantly affects the magnetic
and electrical properties of the materials. Versus the increase of
the Sr concentration level, it is found that the material behavior
shis from the insulating antiferromagnetic state (low Sr content
level) to the ferromagnetic metallic state (around x = 0.3). Addi-
tional rises in the Sr concentration can lead to the reemergence of
insulating behavior due to the presence of both disorder and
phase separation effects. The LSMO is suitable for storage energy
systems because it has a high conductivity compared to pure
silicon and a signicant permittivity value of up to 105 F
m−1.10,16,17 Typically, the coupling of the spin-phonon and the DE
phenomena, connected directly to dynamic Jahn–Teller distor-
tions produced from the coupling of a strong electron–phonon,
have been employed to clarify the origin of the rare phenomena
of manganite structures.11–15 Based on the aforementioned
discussion, we can assume that sample substitution of manga-
nites in A and/or B sites affectsmainly the electrical andmagnetic
properties of various systems, which are strongly dependent on
the structural and microstructural characteristics of those
compounds. The substitution process is an effective conservative
factor for improving the physicochemical properties and the
magnetic features of manganites.1,2 It changes the Mn–O
distances and the Mn–O–Mn angles of materials.1,2 In addition,
the substitution process changes the internal chemical pressure
that is the main intrinsic characteristic of a material and the DE
interaction talent in manganites. For the LSMO system, the
crystallographic structure is characteristically orthorhombic or
rhombohedral, depending on the precise doping stoichiometry
29272 | RSC Adv., 2024, 14, 29271–29281
and elaboration conditions. Mainly, the substitution of
a manganite with Ti ions tends to distort its lattice structure. The
increase of the Ti doping level can affect the material's structure,
with possible phase transitions. In addition, such kind of
substitutions affects mainly the electrical conductivity order.
Accordingly, the electrical conductivity of the LaSrMn1−xTixO3

system changes mainly with the Ti doping level. At low Ti doping
levels, the manganite typically reveals a metallic behavior due to
the existence of Mn mixed-valence states. Nevertheless, raising
the Ti level can imply a conductivity decrease due to the substi-
tution ofMn3+ orMn4+ ions with Ti4+, which disrupts the electron
hopping mechanism. For materials with metal–insulator transi-
tion, the variation of the Ti concentration level affects the tran-
sition temperature value. In addition, the substitution with Ti
usually suppresses the ferromagnetic ordering because Ti ions do
not participate in the DE mechanism that is responsible for
ferromagnetism in manganites. In addition, this kind of substi-
tution reduces the TC value. In recent decades, there have been
numerous investigations aimed at improving the transport
performance of manganite oxides.1,2 For various ceramic
manganites, the transport characteristics of this material family
are mainly linked to the microstructure that contains conductive
grain size separated by more resistive grain boundary zones.1,2

The electrical conductivity of the manganites is dependent on
charge type (electron, bi-polaron, and polaron), carrier mobility
and density, and porosity of the material. To investigate the
origin of the charge carrier displacement and the transport
phenomenon within manganites, various electrical models have
been employed based on Mott's theory.18–20 Among the most
employed conduction mechanisms in the limit of the DC regime,
we cite the variable range hopping process that describes the
electrical semiconductor property at low temperatures. Moreover,
we mention the small polaron hopping conduction process that
describes the transport phenomena’ origins at high tempera-
tures. In addition, in the limit of the AC regime, the conductivity
dispersion response of the manganite compounds has usually
been explained via hopping, tunneling, and jumping conduction
processes.21–23 Mainly, the conductivity spectra reveal single and
double Jonscher power law responses or metallic variation.21–23

For materials with dispersive conductivity variation, the scaling
models are important for developing and optimizing materials
for applications like solid oxide fuel cells, oxygen sensors, and
other devices that rely on oxide perovskites. Understanding the
electrical conductivity inmanganites allows for better design and
improvement of materials with motivating electrical conduc-
tivity. In this context, the scalingmodels are fundamental tools in
the eld ofmaterials science, providing insights into the complex
behaviors of various materials like the disordered ionic conduc-
tors and the oxide perovskites.

Alterations to the electronic structure and the distribution of
charges have the potential to inuence the electrical and
magnetic behaviors of manganites. In this work, structural,
microstructural, magnetic, and complex impedance analyses
are adopted to get information about the strong correlations
between the electrical andmagnetic properties of LSNMTO. The
magnetic and AC conductivity results condently demonstrate
that LSNMTO undergoes a transition from paramagnetic to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ferromagnetic phases and from metallic to semiconductor
behaviors at around 125 K. This conrms the strong relation-
ships between the electrical and magnetic characteristics of
LSNMTO and makes this material a candidate for future low-
temperature applications. AC and DC conductivity analyses
are used to release a complete study of the charge carriers'
dynamics and the material's complex behaviors (multiple
conduction mechanisms). The Summereld scaling model is
proposed to get detailed evidence about the dynamics of the
charge carriers in LSNMTO and interactions within the ceramic.
In addition, this model provides a deeper understanding of the
material properties and aids in developing new materials with
tailored electronic and magnetic properties. A comparison of
the obtained structural, electrical, and magnetic results with
some previous investigations is conducted to search for the
possible applications of LSNMTO.

2. Experimental part

We used a solid-state process to elaborate the LSNMTO ceramic
system's solid solution. Accordingly, La2O3, SrCO3, Na2O3,
MnO2, and TiO2 precursors have been suggested as the starting
materials. Fine powders are obtained by mixing the aforemen-
tioned powders according to the proposed stoichiometry and
milling them in an agate mortar. Subsequently, the attained
material has been imperiled to a calcination step, via
a programmable muffle furnace. In the same context, to achieve
the formation of the proposed ceramic structure, the material is
pressed into a circular pellet form via a hydraulic press. Aer
that, the pressed powder is sintered for 48 hours at a tempera-
ture of 1350 °C in the air. Both phase purity and crystal structure
of the prepared ceramic manganite have been observed via the
well-known X-ray diffraction (XRD) characterization and using
the theoretical Rietveld analysis. The room temperature XRD
experimental data are obtained through an XPERT-PRO
diffractometer that exhibits a radiation CuKa with lCuKa =

1.5406 Å. The achievement of the results is recorded in the 2q
angular region that varies between 15 and 100° with an acqui-
sition time of 18 s. The electrical data are obtained using an
Agilent 4294 A analyzer. Each measurement is conducted under
darkness and vacuum. The conductivity characterization is
achieved in the angular frequency domain between 251 rad s−1

and 7 × 106 rad s−1 and for a temperature range between 80 K
and 360 K. The magnetic measurements are performed in eld-
cooled circumstances (under an applied magnetic eld of (H =

500 Oe.)) using a BS1 magnetometer developed in Louis Néel
Laboratory at Grenoble. In this study, we measured the
magnetization versus the temperature near the Curie tempera-
ture TC and in the temperature range between 10 K and 330 K.

3. Results and discussions
3.1 Structural and microstructural investigation

Fig. 1(a) reveals the X-ray diffraction pattern (Yobs) that is con-
ducted at room temperature for the studied LSNMTO system.
The calculated X-ray data (Ycal), using the Rietveld renement
and the difference between the observed and the calculated
© 2024 The Author(s). Published by the Royal Society of Chemistry
results (Yobs − Ycal) that are shown in Fig. 1 indicate that the
elaborated ceramic reveals a perovskite structure. The studied
LSNMTO perovskite crystallizes in a rhombohedral R�3c struc-
ture. The attendance of ne and intense peaks reects the good
crystallization of the prepared powder. Using the Rietveld
renement results, the deduced structural parameters are
illustrated in Table 1. The simulated diffraction renement and
the difference between the experimental and the theoretical
data indicate a good structural adjustment (c2 = 4.83, RF =

6.55%, Rp = 4.9% and Rwp = 7.6%). The calculated structural
lattice parameters are a = b = 5.531 (2) Å, c = 13.416 (1) Å, and
the cell volume V = 355.56 (1) Å3. The deduced bond angles and
bond distances values are respectively qMn/Ti–O–Mn/Ti = 165.13°
and dMn/Ti–O = 1.965 Å. For our case, the substitution in the Mn
site by diamagnetic Ti ions raises the lattice structural param-
eters. This result is mainly accompanied by the distortion of the
hexagonal structure due to the appearance of elongation along
both the ‘a’ and ‘c’ axes (raising the cell volume).2 As compared
with the La0.7Sr0.25Na0.05MnO3 system,2,12 we found from Table
1 that the substitution of the material with a concentration of x
= 0.2 has affected the average cationic radius (hrB>i = 0.629 Å),
the tolerance factor tG = 0.941, and the parameter W = 9.32 ×

10−2 that control mainly the hopping conductivity and the
electrical behavior of the material. To gain more insight into the
microstructural response of LSNMTO, scanning electron
microscopy (SEM) characterization combined with energy
dispersive analysis of X-rays (EDAX) is conducted to study the
microstructures and the chemical composition of the material.
From Fig. 1(b), the obtained SEM photograph indicates that
a dense microstructure with large grains and clear grain
boundary regions characterize the sample. Besides, the esti-
mated average grain size for LSNMTO is around 230 nm. From
Fig. 1(c) (expected chemical composition of the used elements),
the measurements conrm the correspondence between the
expected and the nominal cationic compositions for LSNMTO.
Therefore, it is reasonable to assume that the Ti element is
substituted for Mn in the studied sample.
3.2 Magnetic investigation

To evaluate the characteristic Curie temperature TC of LSNMTO,
the evolution of the magnetization M(T) as a function of the
temperature is measured over a large temperature range from
10 K to 330 K. In the present work, the curve of M(T) is
demonstrated in Fig. 2. We found that LSNMTO displays only
one magnetic transition from the ferromagnetic (FM) to the
paramagnetic (PM) states. A sharp increase in the magnetiza-
tion is detected near TC that can be attributed to the alignment
of spins to FM order. To estimate the value of TC, the evolution
of dM/dT versus the temperature has been shown in Fig. 2.
Accordingly, the plotted curve shows that the Curie tempera-
ture, which is dened as the inection point of the dM/dT curve,
is in the order of TC = 125 K. For LSNMTO, the low value of TC
can be attributed to the decrease of the Ti4+ content, and the
ensuing Mn3+–O–Mn4+ DE-FM interaction decrease. As a result,
the Mn4+–O2−–Mn4+ super-exchange (SE) interaction effect in
LSNMTO is improved aer the substitution of Mn by Ti cations.
RSC Adv., 2024, 14, 29271–29281 | 29273
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Fig. 1 X-ray diffraction results of the elaborated manganite structure (a). The scanning electron microscopy (SEM) image of the studied material
(b). Results of EDAX analysis of La0.7Sr0.25Na0.05Mn0.8Ti0.2O3 manganite (c).

Table 1 Rietveld refinements results for LSNMTO compound

a (Å) 5.531 (2)
c (Å) 13.416 (1)
Cell volume (Å3) 355.56 (1)
B(La/Sr/Na) (Å2) 0.604 (3)
B(Mn/Ti) (Å2) 0.218 (2)
B(O) (Å2) 1.489 (5)
dMn/Ti–O (Å) 1.965
qMn/Ti–O–Mn/Ti (°) 165.13
hrB>i (Å) 0.629
tG 0.941
W (10−2) 9.32
Rwp (%) 7.6
Rp (%) 4.9
RF (%) 6.55
c2 4.83

Fig. 2 Evolution of the magnetization M(T) and its derivate dM/dT
versus the temperature for the studied system.
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The presence of Ti in LSNMTO reduces the number of available
hopping sites and modies the Mn3+/Mn4+ ratio. Because the
Ti4+ cations are non-magnetic ions, there are no exchange
29274 | RSC Adv., 2024, 14, 29271–29281
interactions between Ti4+–O–Mn4+/3+. This favors the SE inter-
actions via oxygen 2p orbital. In this case, we can conclude that
introducing a transition metal element in the Mn-site gives
a negative contribution to the DE mechanism and reduces TC.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Mainly, the value of TC is an essential factor in dening the
potential applications of manganites, essentially in magnetic
and electronic devices. For the LSNMTO, the obtained TC of
around 125 K (approximately −148 °C) has practical advantages
and implications. Accordingly, a TC = 125 K recommends that
LSNMTO maintain its FM properties at relatively low tempera-
tures, which makes it suitable for applications requiring oper-
ation in cryogenic environments (space technologies or other
low-temperature environments). Generally, in manganite
compounds a TC = 125 K is benecial for applications that
necessitate low-temperature operation, important magnetore-
sistance effects, and the potential integration with super-
conducting materials. These characteristics make the LSNMTO
manganite valuable in elds like cryogenics, spintronics, and
advanced magnetic storage technologies.

3.3 Electrical investigation

3.3.1 Direct current conductivity regime. To understand
the transport characteristics of the elaborated LSNMTO
substituted manganite, it is necessary to study the evolution of
the electrical DC conductivity versus the temperature. Over the
investigated temperature domain, the obtained results in Fig. 3
show that the conductivity sdc has increased versus the
temperature increase, which conrms that the prepared mate-
rial exhibits a semi-conductor nature over a large temperature
domain (between 80 K and 360 K). Due to the strong correlation
between the current transport mechanisms in the studied
temperature domain, the electrical conductivity is constantly
increasing.1,2 Therefore, according to the literature, the DC
electrical conductivity response and the appearance of semi-
conductor behavior in ceramics-type manganite are mainly
related to the effects of the cationic disorder at low tempera-
tures. In addition and based on Mott's theory, the electrical
conductivity responses of the ceramics-type oxides originate
from the contribution of the small polaron hopping conduction
mechanism at elevated temperature values. According to Mott
et al. works,18,19 the presence of hopping mechanisms like the
Fig. 3 Thermal evolution of the DC electrical conductivity of the
compound from 80 K to 360 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
motion of small polarons to nearest neighboring sites (SPH)
and variable range states (VRH) may be considered as the
principal origin for the occurrence of a semiconductor nature in
the materials. For numerous perovskite systems like the Lan-
tanium manganites, that exhibit a general formula LaCaMnO3,
the activation of the small polaron hopping conduction
processes has been conrmed beyond a certain characteristic
temperature value named the half of the Debye temperature (qD/
2). In this context, the formation of polaron charges with small
size arises through the link of the disorder (ED/2) and the
binding energy values (EP/2). Moreover, the remarkable effect of
the cationic disorder contributes mainly to the activation of the
variable range hopping conduction mechanism below qD/4, in
which only a small amount of electrons exist around the Fermi
level. As suggested by Mott et al.18,19 and according to previous
experimental investigations, the contribution of the SPH
conduction process to the enhancement of the electrical
conductivity behavior can be conrmed by plotting the variation
of ln(sdcT) versus 1/(kBT). In this case, the evolution of the
electrical conductivity follows the relation below:18,19

sdcðTÞ ¼ s0

ðTÞ exp
��Ea

kBT

�

T is the absolute temperature, the factor s0 is a pre-exponential
index, the parameter kB represents the Boltzmann constant, Ea
is the activation energy needed by each conduction process to
be activated. The following relation gives the temperature
dependence of such energy:24

Ea ¼ kBT

�
T0

T

�p

T0 is a characteristic temperature proposed by Mott to get an
idea about the density of states around the Fermi level.18,19 The
parameter p is a temperature exponent that gives information
about the nature of the activated conduction process in the
material. When the electrical conductivity is governed by the
hopping over the nearest sites (NSH) the exponent p is nearly
equal to one (p = 1). Therefore, the activation energy can be
dened by the relation Ea = kBT0. However, when the electrical
conductivity is governed by the Mott-VRH regime the exponent
is equal to p = 1/4. This exponent is equal to p = 0.5 for the SE-
VRH regime. For the under-investigated solid solution, the
variation of ln(sdcT) as a function of 1/(kBT) is shown in Fig. 4.
The obtained curve displays the presence of two linear slopes at
two different temperature domains. This kind of behavior
indicates the activation of two main conduction mechanisms at
two different temperature regions. The observed result for the
studied system is similarly reported for another manganite
system like the Pr0.7Ca0.3Mn0.95Fe0.05O3 ceramic.24 For our case,
the observed linearity at high temperatures (region I) conrms
the activation of the small polaron hopping conduction process
via an activation energy Ea1= 162meV. In this case, the deduced
value of the energy Ea1 is dened by the expression Ea1 = EH +
ED/2. The deduced energy Ea2 = 22 meV is attributed to the
activation of the variable range hopping conduction mecha-
nism below a certain characteristic temperature value. At low
temperatures and below qD/4 it has been reported that various
RSC Adv., 2024, 14, 29271–29281 | 29275
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Fig. 4 The evolution of the logarithm of the conductivity versus the
inverse of the temperature and the deduced activation energy values.

Fig. 5 Evolution of ln(sdc) as a function of T−1/4 and ln(sdcT
1/2) versus

T−1/2.
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types of mixed valence systems like the manganite oxides reveal
a negligible hopping and binding energy value, as compared to
the signicant disorder energy that is related to the presence of
cationic disorder in the material. Therefore, we can assume that
the conduction properties of the materials, according to Mott's
theory, are appropriately claried via the cationic disorder
ensuing from the difference in the local ions arrangement in the
compounds.18,19 As a result, we can propose the variable range
hopping conduction process to examine the origin of the charge
carrier displacement in the compound under investigation. In
Fig. 5(a and b), we can conclude from the linear variation of
ln(sdc) versus T−1/4 that the variable range hopping transport
process governs the electrical conduction of the studied ceramic
solution. Two kinds of variable range hopping models are used
in the literature to explain the behavior of the hopping of charge
carriers in mixed-valence systems. For the case of the manga-
nite, oxides both Mott-VRH18 and Shklovskii Efros-VRH models
are used to interpret the electrical conductivity response below
qD/2. The relations below respectively describe the DC conduc-
tivity below qD/2 for the Mott-VRH and the SE-VRH models:18–20

sdcðTÞ ¼ s0exp

�
C

T1=2

�

sdcðTÞ ¼ s0exp

 �
�
�
T0

T

��1=4
!

The parameter s0 is a pre-exponential factor. C and T0 are the
SE-VRH and the Mott-VRH characteristic factors. In the case of
the SE-VRH model, the Coulomb interaction between charges
becomes important, which is not the case for the Mott-VRH
model. In the literature, to estimate the exact nature of the
VRH process below the temperature qD/2, it is necessary to plot
the evolution of ln(sdc) versus T

−1/4 and ln(sdcT
1/2) versus T−1/2.

Aer that, it is important to compare the quality R2 of the linear
tting slopes. According to the obtained results, we found that
the application of both Mott-VRH18 and SE-VRH19 models gives
the same linear slope quality of R2 = 0.97. For similar curves
29276 | RSC Adv., 2024, 14, 29271–29281
(the same R2), it is essential to investigate the evolution of the
local energy (Eloc(T)) versus the temperature. The determination
of the temperature dependence of this energy can be effectuated
using the following equation:

ElocðTÞ ¼ dlnðrðTÞÞ
d

�
1

kBT

�

The function r(T) is the electrical resistivity. For our case, the
exact nature of the VRH hopping process is determined from
the linear slope of the local energy ln(Eloc(T)/kBT) versus ln(T),
which is plotted in Fig. 6. We found that the curve exhibits
a linearity with a slope of p = 0.47 and an error of 0.03. Such
result demonstrates the evidence of the contribution of the SE-
VRH regime in the conductivity variation of the prepared
sample below qD/2.

3.3.2 Investigation of the conductivity spectra at various
temperatures. On a variety of ceramic materials, the electrical
conductivity spectra at numerous temperatures show charac-
teristic evolutions characterized by universal power laws. The
attendance of a dynamic electrical conduction domain in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature dependence of the local energy.
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various material types, in which the conductivity increases
versus the frequency can be, investigated through the Bruce and
the Jonscher power laws.21–23

Fig. 7 shows the AC-conductivity spectra of the under-
investigated sample in a large angular frequency domain from
251 rad s−1 to 7 × 106 rad s−1 and for a temperature range
between 80 K and 360 K. According to the obtained results, all
the plotted spectra are characterized by the occurrence of
a frequency dispersion domain and a DC conductivity plateau at
low frequencies. Unusual behavior is observed at T = 80 K, in
which we found the absence of the DC plateau. This kind of
variation could be attributed to the presence of the electrode
contribution at a low-frequency range. As a function of the
frequency increase, the occurrence of a crossover from the low
frequency-independent conductivity variation to the high
frequency-dependent spectra shows the presence of a conduc-
tivity relaxation phenomenon, which moves towards higher
frequency domains with increasing temperature. The material
has uneven distribution, resulting in a remarkable conductivity
dispersion. Mainly, the frequency dependence of the electrical
Fig. 7 Electrical conductivity spectra at various temperatures for the
prepared compound.

© 2024 The Author(s). Published by the Royal Society of Chemistry
conductivity can be investigated using the following power laws
of Bruce and Jonscher:21,23

s(u,T) = sdc(T) + A1(T)u
s1 + A2(T)u

s2

s(u,T) = sdc(T) + A2(T)u
s2

A1 and A2 are two temperature-dependent factors. Parameters
“s1” and “s2” are temperature-dependent frequency exponents.
In our case, the occurrence of double Jonscher evolution has
been reported for temperatures below 200 K. Aer that, the
electrical conductivity spectra exhibit only a large conductivity
plateau (sdc) and a superlinear-linear dynamic domain with
only one power law variation. In this case, the electrical
conductivity can be investigated using the Jump relaxation
model. Therefore, the AC-conductivity spectra establish
a considerable increase with the frequency increase, which is
related to the short-range motion of free charge carriers in the
studied sample.

3.3.3 Investigation of the evolution of the AC conductivity
versus temperature. Fig. 8 shows the variation of the AC
conductivity of the material versus the temperature and at
selected frequency values from 251 to 5 × 105 rad s−1. It is
appreciated that the electrical AC conductivity at u = 251 rad
s−1 rises as the temperature increases, conrming the semi-
conductor behavior of the material at very low frequencies. By
increasing the frequency, we found that the electrical conduc-
tivity is improved over the explored temperature range, espe-
cially at low temperatures. The impact of the frequency
variation is less pronounced at high temperatures. On this
temperature side, the consequence of the frequency variation
on the electrical conductivity is determined by the effect of the
SPH conduction process. As a second effect, the frequency
increase leads to the appearance of a meal–semiconductor
transition at low temperatures and 120 K. This temperature
value is very close to the deduced Curie temperature TC from the
magnetic results. Since the electrical conductivity of LSNMTO
can switch between metallic and insulating states based on
temperature, this property can be exploited in resistive
Fig. 8 Thermal evolution of the AC electrical conductivity of the
compound at various frequency values.
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switching devices and memory elements, providing non-volatile
memory solutions. In correlation with the magnetic character-
istics of manganites, the low TC= 125 K for LSNMTOmakes this
compound ideal for temperature-sensing applications. As the
material transitions from FM to paramagnetic at TC= 125 K, the
change in electrical conductivity can be used to detect temper-
ature variations precisely. In this work, the increase of the
electrical conductivity versus the frequency increase can be
attributed to the increase in the density of hopping sites. At
high temperatures and for u < 5 × 105 rad s−1, the electrical AC
conductivity is frequency independent. The frequency variation
mainly affects the material's electrical response, especially at
low temperatures.25,26

Fig. 9(a) shows the variation of ln(sacT) with temperature at
various angular frequencies for the studied system. The
resulting curves are used to determine the contribution of the
SPH process to the electrical conductivity over the explored
frequency range and to compare the disorder energy at low
temperatures and the activation energy at high temperatures for
each angular frequency value. It should be noted that the
plotted curves at various frequencies reveal linear slopes that
conrm the thermal activation of the SPH process at high
temperatures. Via the frequency increase, we found that the
slope of all curves does not mainly change. However,
Fig. 9 Dependence of the AC conductivity on the inverse of the
temperature at various frequency values (a); evolution of the activation
energy versus the angular frequency (b).

29278 | RSC Adv., 2024, 14, 29271–29281
a remarkable change in the linear slope is observed in the
second temperature region (R-II). For the studied compound,
the deduced energy values at low and high temperatures (R-I,
and R-II) at various frequencies are shown in Fig. 9(b). From
the reported curves, we found that the frequency increase
affects mainly the energy at low temperatures (disorder energy).
Accordingly, Ea (low) has decreased from 128 meV at u = 251
rad s−1 to reach 29 meV at u = 5 × 105 rad s−1. In the literature
and according to Miller-Abraham's theory,27 the observed vari-
ation in the energy can be attributed to changes in the mean
separation path between the hop centers.
3.4 Application of the Summereld scaling approach on the
electrical conductivity spectra

To characterize the grain relaxation mechanisms and grain
boundaries in frequency-dependent behavior, we analyzed
a growth model based on AC conduction data at low
temperatures.

Fig. 10 demonstrates the scaled conductivity spectra of the
LSNMTO compound from 200 to 360 K. The conductivity
spectrum appears to be different from the single master curve.
Deviation from Summereld scaling conrms that the
concentration of carriers is not constant and the relaxation
mechanism is temperature dependent in the studied tempera-
ture range.28–33 The same behavior is observed in other
manganite compounds like the doped La-manganites. In the
literature, Moualhi et al.25,28,33 attributed the observed deviation
of the electrical conductivity at high frequencies to changes in
the number of carriers and changes in the number of available
heat transfer channels.
3.5 Correlation of the physical properties of LSNMTO with
some works of literature

In the literature,2,6,28 it has been found that controlling the
physical properties of manganites is crucial for optimizing their
performance in various applications, especially where magne-
toresistance, spin-dependent transport, and phase stability.
This material family exhibits a wide domain of attractive
Fig. 10 Summerfield scaling of the electrical conductivity between
200 and 360 K for the studied system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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physical characteristics, like CMR, charge ordering, and metal–
insulator transitions, which make them candidates for
numerous technological applications. As reported in Table 2, it
is found that the physical properties of manganites are inu-
enced by various factors like the substitution level, site, and the
nature of the doping element. In this context, we can assume
that the aforementioned factors control mainly the lattice, the
space group, theMn–O distance, theMn–O–Mn angle, the A-site
cation size, the cationic disorder, and the Mn3+/Mn4+ ratio. All
those parameters are themain keys for designingmaterials with
specic characteristics. Based on the results of Table 2, we can
nd that the ionic radii of the A-site cations affect the lattice
parameters and the distortion degree in the Mn–O bond angles
and lengths. This distortion modies the bandwidth and elec-
tronic structure, affecting the electrical properties like the
metal–insulator transition temperature. From Table 2, it is
found that the nature of the existing cations in the A-site of
manganites controls the space group. For LSNMTO, this mate-
rial crystallizes in the rhombohedral structure with an R�3c space
group. As compared with the reported investigation by El. Kossi
et al.12 it is found that the substitution of the La0.7Sr0.25Na0.05-
MnO3 manganite by the Ti cation does not affect the space
group of LSNMTO. Nevertheless, it modies strongly the lattice
and the structural characteristics of this compound. Accord-
ingly, previous investigations conrm that the substitution with
the Ti cations increases the lattice parameters.2,12 As compared
with La0.7Sr0.25Na0.05MnO3, our results indicate that the pres-
ence of Ti affects mainly the structural parameters (Mn–O–Mn
angle (°) and Mn–O distance). Since the Ti4+ ionic radius is
higher than that of Mn4+, the substitution of Ti4+ for Mn4+

distorts the hexagonal structure by an elongation along both the
a and c axes, and therefore the presence of this element
increases the cell volume. This increase is induced by the
increase of the Mn–O bond length (Mn–O = 1.953 Å for La0.7-
Sr0.25Na0.05MnO3 and Mn–O = 1.965 Å for LSNMTO). Based on
Table 2, it is observed that the material space group can change
Table 2 Comparison of the physical results (structural, electrical, magnet
literature

Material

Structural properties

Space
group

Mn–O–Mn
angle (°)

Mn–O
distance (Å)

La0.7Sr0.25Na0.05Mn0.8Ti0.2O3 R�3c 165.13 1.965

La0.7Sr0.25Na0.05Mn0.8Ti0.3O3 R�3c 164.24 (3) 1.97 (1)

La0.7Sr0.25Na0.05MnO3 R�3c 166.67 1.953
La0.5Ca0.5MnO3 Pnma 161.16 (2) 1.937 (6)
La0.5Ca0.3Ag0.2MnO3 Pnma 160.59 (8) 1.951 (1)
La0.5CaMn0.8Nb0.2O3 Pnma 157.0847 (2) 1.9576 (6)

Sm0.45Pr0.1Sr0.45MnO3 Pbnm 159 1.954

La0.7Sr0.25Ka0.05MnO3 R�3c — —
La0.7Sr0.25Na0.05Mn0.85Ti0.10O3 R�3c 165.87 1.964

© 2024 The Author(s). Published by the Royal Society of Chemistry
when we replace the Sr with the calcium Ca (migration from the
R�3c to the Pnma). When the Samarium Sm replaces the trivalent
La, the crystallographic space group of manganites that contain
the Sr element migrate from the R�3c to the Pbnm space group.
The aforementioned variations are due to the change in the
distortion degree that depends in turn on the ionic radii of the
A-site elements. The variation of the crystallographic space
group is mainly accompanied by a strong variation in the elec-
trical and magnetic properties of the manganite systems.
Accordingly, introducing x = 0.2 of Ti in La0.7Sr0.25Na0.05MnO3

decreases TC from 363 K to 125 K. More increases in Ti content x
= 0.3 remain TC in the order of 65 K, which makes this material
family a candidate for cryogenic temperature sensing applica-
tions. In the same context, Table 2 shows that the Ti doping
level increase affects the manganite behavior and the activation
energy value. In the limit of the DC limit, LSNMTO exhibits
a semiconductor behavior. As compared with other compounds
like the La0.7Sr0.25Na0.05Mn0.8Ti0.3O3, we found that the varia-
tion of the Ti level favors the appearance of a metal–semi-
conductor transition at 415 K. For all the mentioned
compounds in Table 2, we can found that the doping level in
both La and Mn sites controls the Mn3+/Mn4+ ratio, inuencing
the electronic structure, the balance between the Mn–Mn, Mn–
O–Mn interactions and the different magnetic interactions (FM,
antiferromagnetic). This affects the activation energy needed by
the small polaron charges to move between the nearest neigh-
boring sites. Therefore, we can conclude from Table 2 that
varying the nature, the site, and the level of the substitution
alters the electronic bandwidth and hopping probability,
affecting the manganite conductivity, including transitions
betweenmetallic and insulating states and the activation energy
value. In this case, the conduction mechanism may shi from
band-like conduction in the metallic phase to small polaron
hopping or variable-range hopping in the insulating phase at
higher Ti concentrations. The unique combination of tunable
magnetic and electrical properties in doped manganites,
ic, activation energy, etc.) of the preparedmaterial with results from the

Magnetic properties Electrical behavior

ReferencesTC (K)

Magnetic
behaviors
(below TC)

Electrical
behavior TM–S (K)

Ea
(meV)

125 FM SC beyond
120 K

120 K (AC
limit)

162 This work

65 FM SC below 415
K

415 147 2

363 FM — — — 12
222 FM + AFM SC — 153 6
264 FM SC — 54 28
232 � 5
K

FM SC — 249 34 and 35

132 FM SC below 140
K

140 K 168 36

332 FM SC 260 K 120 37 and 38
155 FM SC — 190 39
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especially with a low TC, positions the manganites as promising
candidates for a large range of future applications. From spin-
tronic and energy-efficient sensor devices to advanced memory
technologies, these oxides offer a versatile platform for inno-
vation in both current and emerging technologies.

4. Conclusion

To summarize, we conduct a comprehensive examination of the
structural, magnetic, and electrical characteristics of LSNMTO
manganite derived from a solid-state reaction. The magnetic
results indicate that the elaborated ceramic reveals a magnetic
transition from the paramagnetic to ferromagnetic transition at
TC = 125 K. The conductivity isotherms are found to obey the
double Jonscher power law. The DC-conductivity investigation
shows the semiconductor nature of the studied system. The
aforementioned behavior is investigated based on the small
polaron hopping and the Shklovskii Efros variable range
hopping models. The impact of the frequency variation on the
activation energies is more pronounced at low temperatures.
Deviations from the Summereld scale conrm that the inves-
tigated solid solution has higher conductivity at high temper-
atures and frequencies. This is not only due to the increase in
ion mobility but is closely related to a signicant increase in
carrier concentration.
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4 A. López, J. Tornos, A. Peralta, I. Barbero, F. Fernandez-
Canizares, G. Sanchez-Santolino, M. Varela, A. Rivera,
J. Camarero, C. León and J. Santamaŕıa, Miguel romera,
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