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In this work, we investigated the relationship between the electrical and magnetic properties of the
superparamagnetic (SPM) Lag ¢Sro.4MnOs3 (S1CO) compound prepared by the sol-gel method. The (S1CO0)
sample displayed a ferromagnetic metallic (FMM) behavior at low temperatures and a paramagnetic
semiconductor (PMSC) behavior at high temperatures. The FMM behavior was described by the Zener
Double Exchange (ZDE) polynomial law containing the contributions of the electron—electron (e-e)
interactions and the electron—-magnon (e—m) scattering. The PMSC behavior was described by the Mott
Variable Range Hopping (Mott-VRH) transport model. The semiconductor/metallic transition
temperature has been approximated at the blocking temperature. The Thermal Coefficient of Resistivity
(TCR), which exhibits a linear variation around ambient temperature, can be used as a calibration curve
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1. Introduction

The manganites of perovskite structure, having the general
formula RE; ,AE,MnO; (RE = trivalent Rare-Earth, AE = biva-
lent Alkaline Earth Ca, Sr and Ba), offer a high degree of
chemical flexibility with a complex interplay between structure
and the electronic and magnetic properties. This leads to a very
rich phase diagram involving various metallic, insulating and
magnetic phases.” At high temperature, the paramagnetic
(PM) phase has been detected. However, at low temperatures,
both antiferromagnetic (AFM) and ferromagnetic (FM) phases
have been observed. The FM phase can be either insulating for x
< 0.2, or metallic for 0.2 < x < 0.45. For the higher concentration
values (0.45 < x < 1), the ground state was found to be AFM and
nonmetallic.® In this type of compounds, manganese presents
the Mn**/Mn*" mixed valence, which is controlled by the rate of
substitution x. This valence is considered as a crucial parameter
controlling the structural, electrical and magnetic properties of
manganites. Jonker and Santen’® showed that, in this type of

“Laboratoire de Physique Appliquée, Faculté des Sciences, Université de Sfax, B. P.
1171, 3000 Sfax, Tunisia. E-mail: bejar_moez@yahoo.fr; Fax: +216 74 676 609; Tel:
+216 98 333 873

“Institut Préparatoire aux Etudes d'Ingénieur de Sfax, Université de Sfax, BP 1172,
3018 Sfax, Tunisia

‘Faculté des Sciences de Monastir, Université de Monastir, Avenue de l'environnement,
5019 Monastir, Tunisia

‘Department of Mechanical Engineering, King Fahd University of Petroleum and
Minerals, Dhahran, Saudi Arabia

DOI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra03528c

(ES)

21692 | RSC Adv, 2024, 14, 21692-21705

radiation used in night vision bolometer technologies.

compounds, the FM properties can be understood as the result
of a strong positive Mn**/Mn*" exchange interaction combined
with a weak Mn*/Mn®* interaction and a negative Mn**/Mn**
interaction. These mixed valence manganites have attracted
a lot of attention, since the middle of the twentieth century, due
to their potential magnetic applications using their high
magnetoresistance effect (MR) defined as a decrease of the
resistivity when a magnetic field is applied.'*'* Also, these
manganites are considered of great interest due to their specific
features, such as metal-insulator transition, ferromagnetic-
(FM-PM) phase transition, charge and orbital ordering and
lattice degree of freedom.'™** These materials are found to
exhibit a ferromagnetic-metal (FMM) to paramagnetic-insulator
(PMI) transition near the Curie temperature Tc.

From the last decade of the 20th century, numerous studies
have been published on the magnetic and magnetoresistive
properties of lanthanum manganites. The La; ,Sr,MnO;
compounds are among those which have been the subject of the
greatest number of publications concerning the properties of
substituted lanthanum manganites."*® In fact, the phase
diagram of La; ,Sr,MnO; (ref. 16) show that these compounds
can exist in different magnetic and electric phases according to
the value of the concentration (x) of the AE bivalent element.

Magnetic nanoparticles display physical and chemical
properties different to those found in their corresponding bulk
materials. These properties make them attractive in widespread
applications, such as energy, electronics, sensor designs of all
kinds, catalysts, magnetic refrigeration, optics and in various
biomedical applications.’”*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For the reasons previously mentioned, we will study in this
paper, the correlation between the electrical and magnetic
properties of super-paramagnetic (SPM) nanoparticles La -
Sry.4MnO; (S1C0), who exhibits the highest FM/PM temperature
transition of the La;_,Sr,MnQO; series.

2. Experiment

2.1. Sample preparation

The polycrystalline La, S, 4MnOj; (S1C0) sample was prepared by
the citric-gel method using La(NOs);-6H,0, Sr(NO;3), and
Mn(NO3),-4H,0 as precursors These precursors were dissolved in
deionized water in a separate beaker and mixed with the solution
of citric acid and ethylene glycol, at constant stirring, in the ratio
of (1[Mn(NO;),-4H,0])/1[citric acid]Z[ethylene glycol] to get
a transparent stable solution. The obtained solution was then
heated at 80 °C to eliminate excess water. The resulting solution
was converted into viscous glassy gels and dried at 120 °C to get
dark grayish products. In order to ensure the decomposition of
nitrate/citrate complexes, the organic components and the
residual organic compounds of the precursors, the obtained
products were ground, calcined at 700 °C for 12 h and converted
into pellets. Finally, these pellets were annealed at 900 °C for 18 h
to get the desired nanoparticles manganite.>

2.2. Characterizations

The morphology of the surface and fracture surfaces of the
sample as well as an elemental analysis by X-ray microanalysis
(Energy Dispersion Spectroscopy EDS) were carried out by
Transmission Electron Microscopy (TEM) at the Beni-Mellal
Materials Physics Laboratory of the Faculty of Science and Tech-
nology; Sultan Moulay Slimane University (Morocco). A small
amount of the sample was dissolved in ethanol and then exposed
to ultrasound to ensure good dispersion. A drop is then deposited
on a copper grid, which serves as a sample holder. Finally, the
drop is dried by a lamp in order to evaporate the ethanol. Surfaces
were covered with carbon before microscopic observation.

The crystalline structure and phase purity of the prepared
sample were examined by powder X-ray Diffraction (XRD) with
Cu Ko radiation (A = 1.5406 A), at room temperature, by a step
scanning of 0.016° in the range of 20° = 20 = 90°. The data were
analyzed by the Rietveld method using the Fullproof
SOFTWARE.*"**

Magnetic measurements of magnetization (M) as a function
of temperature (7), under different values of an applied
magnetic field (uoH), have been carried out with the BS1 and
BS2 developed at the Louis Néel Laboratory in Grenoble. The
isothermal magnetization curves M(uyH), at a temperature of 5
K, were carried out under a magnetic field between 0 and 10 T.
The hysteresis cycles, at different temperatures below the Curie
temperature and at magnetic fields between (—10 T) and (10 T),
were performed.

The temperature dependence of electrical resistance was
measured with standard four-probe method in a commercial
Physical Property Measurement System (Quantum Design
PPMS) under different magnetic field.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Purity, homogeneity and structure

The elemental composition and the homogeneity of our (S1C0)
sample were studied by X-ray microanalysis (Energy Dispersion
Spectroscopy: EDS). Fig. 1(a) shows the presence of the char-
acteristic peaks of the La, Sr, Mn and O chemical elements
introduced during the elaboration. These elements have prac-
tically the same proportions at different locations,* which
confirms the homogeneity of the sample. The characteristic
copper (Cu) peaks correspond to the sample holders, while the
carbon is used to prepare the sample for observation.

In order to study the grain size distribution, we have used the
images provided by (TEM). Fig. 1(b) shows an example of the top
view of the surface morphologies of (S1C0) sample. A manual
statistical count of the grain size was performed on this image
using the Image-] software. The results, showed in Fig. 1(c) as
grain number (counts) versus grain size (nm), reveal a disper-
sion in the grain size following a Lorentzian law with a most
common size around 78 nm and an average value of 96 nm. The
goodness of fit was assessed by the square of the linear corre-
lation coefficient (R*). The obtained value of (R*) reaches 99.9%.

The refinement of the structure as well as the lattice
parameters were carried out by the Rietveld method," using the
“Full Prof” program. As mentioned in our previous work,* the
Rietveld refinements of the XRD data revealed that our sample
is indexed in the orthorhombic structure with the Phnm space
group. The Rietveld refinement of the XRD Pattern is presented
in Fig. 1(d) showing the most intense reflections (hkl) peaks.
The related refined structural parameters are given in Table S1
(seeESI).T

The crystallite size (Dgc) and the micro strain (¢) were
determined, using the following relationships:**~¢

0.9 x A

Dsc = B x cos(6)

(1)

B

T 4x tang(6) )

where 1 is the used wavelength (2 = 1.5406 A), 26 = 32.704° is
the position of the most intense peak (112) reflection, and § =
0.30232° is the full width at half maximum (FWHM) of the same
peak.

The obtained values are then Dgc = 27 nm and ¢ = 4.50 X
1073‘20,27

The agglomeration rate, defined as the ratio of the average
grain size to that of the crystallites, is about 3.59. This can
explain the relatively high value of micro strain compared to
those obtained with thin films, in TiSiN, having micro strain
varying from 1.6 x 107> to 2.58 x 107>, as mentioned by
Bushroa et al.*®

3.2. Magnetic properties

Fig. 2(a) shows the variation of magnetization as a function of
temperature in Zero-Field-Cooled (ZFC) and Field-Cooled (FC)
modes, under an applied magnetic field of 0.05 T. From the FC
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(a) X-ray microanalysis (Energy Dispersion Spectroscopy: EDS). (b) TEM micrograph of particle size. (c) The dispersion in the number of

grains (counts) according to their size (nm). (d) X-ray diffraction pattern: The observed (red circle), calculated (continuous black line) and
difference patterns (blue line at the bottom) of X-ray diffraction data. Asterisks show the presence of the minority secondary phase MnzOg,.

mode, it is clear that (S1C0) sample exhibits a PM behavior at
high temperatures and a FM order at low temperatures. This FM
behavior is confirmed by the evolution, at 5 K, of the magneti-
zation as a function of the applied magnetic field, in the inset of
Fig. 2(a). In fact, the magnetization increases abruptly by
application of weak fields and saturates for fields greater than 1
T. The transition temperature T, called Curie temperature,
corresponding to the minimum of the first derivative dMgc/dT
was found to be equal to T¢ = 365 K.

The irreversibility between the M(T) curves in FC and ZFC
modes, below a so-called irreversibility temperature T; = 350 K,
indicates the presence of a magnetic anisotropy within (S1C0)
sample.*”** The ZFC curve describes a broad peak centered on
the blocking temperature Ty = 195 K. This magnetic anisotropy
is observed with nanoparticles, having the stable monodomain
configuration, where the magnetization has a preferential
direction.*® This magnetization can reverse spontaneously
under the effect of thermal agitation or magnetic field. This
regime of magnetic fluctuations is quite simply the para-
magnetism of the macro spin of the monodomain and it is thus
called superparamagnetism (SPM). For temperatures below the
blocking temperature (7g), the magnetic anisotropy energy

21694 | RSC Adv, 2024, 14, 21692-21705

outweighs the thermal agitation energy, which explain the
increase of the magnetization when the temperature rises. For
temperatures above the blocking temperature, the thermal
agitation energy predominates leading to the usual decrease in
magnetization when increasing the temperature, characteristic
of the SPM phenomenon. These observations are confirmed by
the variation of the inverse of the magnetic susceptibility (x ")
as a function of the temperature (7), represented in Fig. S1 (see
ESI).t The x~'(T) curve presents two linear branches. The first
one is fitted with the Curie-Weiss law,*' indicating the PM-FM
transition at fwc = 368 K value quite equal to the Curie
temperature Tc = 365 K. On the other hand, the linear
adjustment of the second branch, shows the existence of
another temperature characteristic of the magnetic properties
T; = 350 K. This indicates the existence of (SPM) clusters within
the (FM) phase in the temperature interval between Ty and Tc.
So, the irreversibility temperature 7; can be defined as the
temperature of a SPM/PM transition.

In order to confirm the single-domain configuration and the
existence of (SPM) clusters in the (FM) phase in the temperature
range between Ty and Tg, hysteresis cycles, for magnetic fields
ranging from —10 T to 10 T at different temperatures, were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The temperature dependence of the magnetization

measured under a magnetic field of 0.05 T, in the ZFC and FC modes.
In the insert, the applied magnetic field-dependence of the magneti-
zation measured at temperature of 5 K. (b) The complete M(uoH)
hysteresis loop for S1CO at 5 and 300 K. The inset of (b) a zoom of the
hysteresis cycles for weak magnetic fields.

performed in Fig. 2(b). These curves clearly indicate very low
hysteresis losses for very low temperatures, which justifies the
monodomain configuration of our sample. The inset of Fig. 2(b)
shows that, when the temperature increases between Ty and T,
the remanent magnetization and the coercive field decrease and
become zero, confirming the presence of a SPM behavior. These
results are similar to those obtained by Manh et al.,* revealing
that nanometric particles, of La, ;Sry sMnOj solution sintered at
700 °C, are the site of a superparamagnetism phenomenon.

3.3. Magneto-transport study

The temperature dependence of electrical resistance R(T)
(proportional to the resistivity p(T)) of the (S1C0) sample is
shown in Fig. 3(a), for the temperature range of 100 to 500 K and
under different applied magnetic fields of 0, 2 and 5 T. By
decreasing temperature, (S1C0) sample exhibits a single insu-
lator (or semiconductor)-metallic (I-M) transition at Tk. This
transition temperature is found to increase from 200 K in the
absence of the magnetic field, to 235 K for 5 T. We can also note
the decrease in resistance by the increase of the magnetic field
(Table 1) revealing that a magnetic field promotes the electrical
conduction. This transition is the result of the competition
between the double exchange (DE) mechanism, favoring the FM
interaction, and the super exchange (SE) one, approving the
AFM interaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Temperature dependence of resistance R(T) for (S1CO)
under different applied magnetic fields of 0, 2 and 5 T. (b) The variation
of MRy, (T, uoH), as a function of temperature for 2 Tand 5 T.

Table 1 Summary of the magneto transport properties of LaggSro4-
MnOs (S1CO0), for different values of the magnetic field 0, 2and 5T

toH (T) 0 2 5

Tx (K) 200 222 235
Rinax (Q) 37.907 34.266 29.632
Runax (o H) 100 90.39 78.17
- (%)

Rmax (0 T)

MR (%) 20.1 34.1
T(MRinax) (K) 100 100
100 X |TCR (K™%)|max 0.88 0.84 0.75
T(TCR|imax) (K) 370 370 370

The (DE) model introduced by Zener**** and taken up by
Anderson and De Gennest**** aims to explain the FMM behavior
of certain doped compounds.*® This coupling considers the hop
of electrons e, between Mn®* (3t,51e,) and Mn*" (3t,,) ions,
using oxygen as the jump intermediate. Thus, an electron e,
from Mn>" jumps to the O~ ion, at the same time as an electron
from the O*~ ion jumps to the Mn** cation. The hop probability
of the electrons e; being governed by the scalar product between
the core spins of the electrons t,, of the Mn®* and Mn"" ions in
order to satisfy Hund's rule. As a result, the hop of an electron e,
will be all the easier if the spins of the two considered Mn** and
Mn*" ions are parallels. This leads to a very strong parallel
between magnetism and transport properties, where ferro-
magnetism favoring electronic conduction and vice versa.

The (SE) theory was developed by several physicists as early
as 1934 by Kramers,* Anderson,*®**® Van Vleck* and Good-
enough.*>* The super exchange, explained by the Goodenough-

RSC Adv, 2024, 14, 21692-21705 | 21695
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Kanamori rules for a Mn-O-Mn bond,** makes it possible to
explain, among other things, the AFM coupling between the
manganese ions Mn®"-0®"-Mn*". In fact, the e, orbitals of Mn>"
cations each have one electron. Electrons placed on the 2p
orbitals of oxygen can occupy the e, orbitals, provided that each
of their spins is in an antiparallel configuration with respect to
the e, electrons, and this in accordance with the Pauli principle.
We can therefore predict AFM and strong Mn’"-0° -Mn’*
interactions due to the strong hybridization of the e, orbitals.
SE theory assumes localized electrons. Therefore, a compound
in which the magnetic structure is dominated by SE shows, at
the level of electrical conductivity, the behavior of an insulator.
These explanations are perfectly illustrated in Fig. S2(a)—(c) (see
ESI),T where we have represented, on the same graph, the
variations according to the temperature of the magnetization
and the electrical resistance of (S1C0) sample. At low tempera-
tures, the metallic behavior (dp(7)/dT > 0) is associated with
a FM comportment. While the insulator behavior (or semi-
conductor) (dp(7)/dT < 0), at high temperatures, is associated
with a magnetic disorder. It remains to be noted that the metal/
insulator (M/I) transition temperature is significantly lower
than that of the magnetic (FM/PM) one. The same comportment
has been observed for many studies.****¢ In our case, Tc = 365
K for a magnetic field of 0.05 T and Tz = 200 K for a zero
magnetic field. This last temperature is substantially equal to
the Blocking temperature Ty = 195 K. This seems to be logical,
since this temperature Ty is the limit of dominance of the
magnetic anisotropy energy (for T lower than Tg) which favors
the orientation of the macro spins along a preferential direc-
tion. Under these conditions, electrical conduction is favored.
Hence the metallic behavior for T lower than Tg. For tempera-
tures higher than Ty, it is the energy of thermal agitation which
prevails, hence the fluctuation of the macro spins and the SPM
behavior of the material for such temperatures. This explains
the insulating (or semi-conducting) dependence of the material
at high temperatures and hence the increase of the Ty
temperature value with increasing the magnetic field (uoH).

The coexistence of the FM order and the metallic behavior, at
low temperatures, causes a relative decrease of the resistance
under the effect of a magnetic field known under the name of
the magnetoresistance (MR) effect (Fig. 3(a)). This effect can be
evaluated by the following relationship:***>*¢

RO,T) — Ra,H,T)
R(0, T) (3)

MRy,(T, uoH) = 100 x

where R(0,T) and R(uoH,T) are the resistances at zero magnetic
field and at an applied magnetic field uqH, respectively. The
variation of MRy, (T,uH), as a function of temperature for 2 and
5T, is shown in Fig. 3(b). It is clear that MR, (T,u,H) does not
exceed a few percent in the PM phase where our (S1C0) sample
behaves like an insulator or a semiconductor. By decreasing the
temperature, MRy, (T,uoH) increases to reach its maximum,
which is about 20.1% at 100 K for a magnetic field of 2 T and
34.1% at 100 K for a magnetic field of 5 T (Table 1).

These values and this behavior are similar to those obtained
by Fu Yonglai and C. K. Ong,” in the bulk polycrystalline
samples of La, ;Cag 3_,Sr,MnO; for x = 0.05, 0.15 and 0.2. Also,

21696 | RSC Adv, 2024, 14, 21692-21705
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these characteristics are similar to those obtained by Y. K.
Lakshmi and P. V. Reddy,”® in the case of nanocrystalline
Lay ;Cag3_xAgMnO; for x = 0 over the entire temperature
range of the measurements, but different for x = 0.1, 0.2 and
0.3, where we note the existence of a peak around the (M/I)
transition temperature.

The MR observed at low temperatures, qualified as extrinsic
MR (EMR), is due to the spin tunneling effect through the grain
boundaries.*** However, the MR observed near the transition
temperature Ty, qualified as intrinsic MR (IMR), takes place in
the volume of the grain and is governed by the DE
mechanism.*>**** A comparative study of the electrical prop-
erties of (S1C0) with those of the compound mentioned above
as well as other compounds has been summarized in Table S2
(See ESIT)‘45—48,52—55

To probe the sensitivity of infrared detector to temperature,
in oxide-based manganites, a key requirement is to have
materials with high thermal coefficient of resistivity (TCR)
value, expressed by equation:

TCR(T) = 2 g7 (4)

The (TCR) represents an important parameter for device
applications concerning the infrared detectors (IR) for night
vision technologies (bolometer).”** The temperature depen-
dence of (TCR), for 0, 2 and 5 T, have been plotted in Fig. 4(a).

0T

— 5T

100xTCR (K™

-1.0 . - :
100 200 300 400 500
T(K)
0.5 Equation y=a+bx
Plot TCR(S1C0,0T)
Weight No Weighting
Intercept 0.89321 £ 001279
— Slope -0.00453 + 4.41E-5
i Residual Sum of Squares 0.00718
g 0.0+ Pearson's r 099835 |1
bl R-Square (COD) 0.9967
[ dj. R-Square 0.9966
O
~
X
S 0.5 ]
0.0T
—&— Experimental
Fit (b)
100 200 300 400 500
T(K)

Fig. 4 (a) The temperature dependence of (TCR), for 0, 2 and 5 T. (b)
The adjustment of the TCR, in the absence of a magnetic field,
according to the temperature shows a linear evolution between 195
and 375 K. This curve can therefore be used to calibrate a measuring
thermometer in the temperature range indicated above. Thus, our
sample can be considered as a good candidate for the detection of
infrared radiation used in night vision bolometer technologies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Our (S1C0) sample is characterized by a positive (TCR) value for
low temperatures (related to metallic behavior) and a negative
(TCR) one for high temperatures (related to insulating or
semiconductor behavior). We can remark that the (TCR) values,
for our compound, are not very sensitives to the application of
an external magnetic field (Fig. 4(a)). In fact, it's clear that the
application of an external magnetic field leads to a slightly
increase of the (TCR) value in the (FM) phase without any effect
in the (PM) one. Over the entire measurement temperatures
range, [TCR| does not exceed 1%. For a zero magnetic field, the
maximums of |TCR| is obtained around the FM/PM transition
Curie temperature: [TCR|peqi (0 T, 375 K) = 0.0080 K.

In the presence of a magnetic field, we obtain practically the
same maximum value of |[TCR|peak, for FM/PM transition
temperatures (|TCR|peax (2 T, 385 K) = 0.0080 K 'and ITCR|peak
(5 T, 400 K) = 0.0076 K™ ") (Table 2) slightly higher than that
obtained in the absence of the magnetic field. This is predict-
able, since the application of a magnetic field favors magnetic
order in favor of magnetic disorder. We also note that the
variation of the TCR, as a function of temperature, is practically
linear over a wide temperature range around room temperature,
whatever the magnetic field applied. For example, the adjust-
ment of the TCR, in the absence of a magnetic field, according
to the temperature shows a linear evolution between 195 and
375 K (Fig. 4(b)). This curve can therefore be used to calibrate
a measuring thermometer in the temperature range indicated
above. Thus, our sample can be considered as a good candidate
for the detection of infrared radiation used in night vision
bolometer technologies. A comparative study of the sensitivity,
of our (S1C0) compound with other samples, to infrared radi-
ation has been summarized in Table S2 (see ESI).T

3.4. Transport mechanism

To better understand the transport mechanism in the (S1C0)
compound, we tried to test the validity of some theoretical
model.
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At low temperatures, the behavior is metallic and the resis-
tivity is therefore interpreted in terms of elastic and inelastic
scattering. The different diffusion mechanisms are generally
temperature dependent with particular power laws. Thus, the
resistivity is often described by a polynomial in 7, of the form
o(T) = po + >_p.T", where p, is the residual resistivity, at T= 0K,
caused by grain boundaries.®**> Based on previous work,*** we
choose to work with the models described by the eqn (5) and (6)
based on the Zener Double Exchange (ZDE) polynomial law and
eqn (7) based on the Small Polaron Conduction Mechanism
(SPCM):"®

p(T) = po + paT° + pssT* (5)
p(T) = po + poT° + psT° (6)
PT) = py +——Fr+p,T" 7)
sinhz( : )
2kyT

where po, p2, p4.5 and ps are parameters, function of the applied
magnetic field, which are expressed in Q m, @ m K™%, Q m K~
and Q m K, respectively, while ks = 1.38 x 10 >*J s~ " is one of
the fundamental constants: it is the Boltzmann constant.

The variation in 7° has been attributed to the electron-
electron (e-€) interactions.**® The term p, 57" is caused by the
contribution of the electron-magnon (e-m) scattering.*>*®
However, the psT° term is due to the electron-phonon (e-ph)
interactions.*”* Finally, in the (SPCM) model proposed by
Alexandrov and Bratkovsky,” where E is a constant proportional
to the effective mass of polarons; ie., the (e-ph) coupling
strength; s is the average frequency of the softest optical mode
and p, is the fitting coefficient.

The fittings of the experimental curves of resistance R(T),
with the eqn (5)-(7), show, in Fig. S3 (see ESI),} a good agree-
ment between the experiment and the chosen model. The
quality of these fittings was evaluated by the squared linear

Table 2 The best fit parameters, for Lag ¢Srg.4MnO3 (S1CO), obtained from the experimental resistance data of the metallic behavior

HoH (T) 0 2 5
Model ® R(T) = Ry + R,T* + R, sT*®
R, (Q) 29.09 21.66 17.57
R, (QK?) 4.44 x 107* 5.22 x 10°* 4.57 x 10°*
Rys (QK™*) —0.41 x 107° —0.40 x 107° —0.31 x 107°
Model @ R(T) = Ry + R,T* + RsT°
R, (Q) 29.30 21.86 17.73
R, (QK?) 4.09 x 107* 4.88 x 107* 4.30 x 107*
Rs (QK ) —0.26 x 10~ *° —0.25 x 10°*° —0.20 x 10 *°
Model © RT) =Ry +—L% =Ry +— R R

sinh? ( hos ) sinh? (E)

kg T T

R, (Q) 16.66 8.53 6.39
R, (QK?) 93.78 x 10* 30.72 x 10* 3.05 x 10*
T, (K) 25182 8226 10309
R, (QK™ 2.17 1.48 1.02
n 0.44 0.54 0.54

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exp
for the three models under the zero applied magnetic field.

correlation coefficients (R*). The obtained values of (R?), for all
field, were as high as 99.9%. Plots of the best fits to the data are
shown by red solid lines in the main panels of Fig. 5 and the
corresponding parameters are listed in Table 2. At first sight,
the three models are suitably adapted to describe the
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mechanism responsible for electrical conduction in the metallic
region of our sample. To select the most appropriate model, the

Rexp - Rtheory) in the
b
Rexp

relative difference in resistance (
absence of the magnetic field, was plotted in Fig. 5, using the
adjustment parameters listed in Table 2. According to Fig. 5, the
relative error for the (ZDE) polynomial, with (e-m) interactions,
is the smallest. So, we can suggest that this model is the better
one to describe the charge transport behavior in the metallic
region.

The coefficients Ry, R, and R, s, relating to this model, have
different signs (Table 2). In fact, coefficients R, and R, have
a positive contribution in the electrical resistance of the studied
material while the R,s one has a negative contribution.
Fig. 6(a)-(c) show that the R, residual term presents the main
contribution in the electrical resistance. The term R,7>, relating
to (e—e) interactions, comes second while the lowest contribu-
tion is that of the term R, 57", relating to (e-m) interactions.
Fig. 6(d) shows that the residual term R, decreases with both
temperature and the applied magnetic field. This decrease is for

90
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Fig. 6 Evolution, as a function of temperature, of the different terms and, of the (ZDE) polynomial model with (e—m) interactions, under different
applied magnetic fields of 0, 2 and 5 T, respectively. (a)—(c) Applied magnetic field was maintained constant for different n values. (d)-(f) n value

was maintained constant for different applied magnetic field values.
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the benefit of the (e-e) interactions which increase with both
temperature and the applied magnetic field (Fig. 6(d)). Fig. 6(e)
shows that the negative contribution of (e-m) interactions is
negligible at low temperatures, whether in the absence of the
applied field or under a field of 2 or 5 T. By increasing the
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temperature, this term promotes electrical conduction. The
influence of the applied magnetic field is random.

At high temperatures, the behavior is that of an insulator or
a semiconductor, where the electrical conductivity is governed
by electron jumps. Three major mechanisms are possible: the
thermally activated hopping (TAH) model,””> the model of
small polaron hopping (SPH) between nearest neighbors® and
the Mott Variable Range hopping (Mott-VRH) transport
model.”

- The (TAH) model, governed by the Boltzmann factor, is
written by the relation:

p(T) = ps exp (ka) (8)

- The model, of (SPH) between nearest neighbors in an
adiabatic limit, is governed by the equation:

o(T) = 5T exp (kET) ©)

The strong electron-polaron coupling, in a non-adiabatic
limit, causes a slow motion of the charge carriers and leads to
the following law:

(10)

E
3/2 a
p(T) = p3p TV exp (_kBT)

- In the (Mott-VRH) transport model, the resistivity is gov-

erned by the law:
T 1/4
o(T) = p. p<(T> ) (1)

Table 3 The best fit parameters, for Lag ¢Srg 4MnO3 (S1C0), obtained from the experimental resistance data of the semiconductor behavior

toH (T) 0

2 5

Model @

In(R(T)) = In(Rs ) +

E,(eV) x 1.16 x 10*
T

In(R..) —0.19203 —0.18252 —0.13683
E, (meV) 100.50 100.07 98.04
Model @ R(T E,(eV) x 1.16 x 10*

m(ﬁ) —In(R)) + fo
In(p,) —7.27236 —7.21314 —7.15460
E, (meV) 138.06 135.70 133.16
Model ® R(T) E,(eV) x 1.16 x 10*
In(Rs/,) —10.8023 —10.67394 —10.49935
E, (meV) 156.44 151.43 144.43
Model ® o\ 4

In(R(T)) = In(Rx ) + <7>
In(R.) —8.39416 —8.14518 —7.93170
T, (10° K) 6.12013 5.57338 5.11946
Ngr (10" (V)™ em™) 4.48064 4.92019 5.35644

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where, E, is the activation or gap energy (width of the forbidden

band), p. is the value of the residual resistivity at an infinite
18

kg x N (Ep) x &

istic temperature of Mott. A/(Eg) is the density of state at the

Fermi level and & represents the localization length dyi,-o.

On the different components of Fig. S4 (see ESI),T we tried to
model the experimental data of the resistance, at high
temperatures, by the four eqn (8)-(11).

In order to search for the model giving the best fit of the
experimental data, a fit with the three relations (12), (13), (14)
and (15) was performed on Fig. 7(a), (b), (c) and (d), respectively.

E,(eV) x 1.16 x 10*

temperature, and Ty = denotes the character-

In(R(T)) = In(R..) + - (12)
. (R(TT)) () + FaleV) le.16 % 10* 13)
n(%) ~in(Ry) + BEY) le.16 A0y

In(R(T) = (&) + (7)) (1) " (15)

The fit of the experimental curves, shows a good agreement
between the experiment and the models mentioned above. The
obtained values of the squared linear correlation coefficients
(R?), for all field, were as high as 99.9% and are listed in Table 3.

21700 | RSC Adv, 2024, 14, 21692-21705

Using the adjustment parameters, the curves of eqn (8)-(11),
relative to the resistance R(T) were plotted on the same graph
with the experimental curve (Fig. 7(a)). We note a good agree-
ment between the experiment and the models studied for high
temperatures. The divergence of the theoretical models is ob-
tained at temperatures 355, 365, 367 and 340 K for the laws
described by eqn (8)-(11), respectively. It is therefore clear that
the (Mott-VRH) model is the most appropriate to describe the
electrical resistance in the (PM) phase. This is confirmed by the

Rexp - Rtheory

curve giving the evolution of < ) as a function of

Rexp

Rexp — R,
temperature in Fig. 7(b). In fact, (eXPR;theory) of the (Mott-
exp

VRH) model is the smallest and does not exceed 1% over the
extended temperature range between 345 and 500 K. The
resistance in the (PM) phase is so characterized by a semi-
conductor behavior, which is best described by the (Mott-VRH)
mechanism. This model describes low-temperature conduction
in strongly disordered systems with localized charge-carrier

states.”*”> From values of the characteristic temperature
18

To= kg x N (Eg) x &3
determine the state density A (Er) at the Fermi level, for
different values of the magnetic field listed in Table 3. Fig. 8(a)
shows that N (Ep), which is of the order of 10*' (eV) ™ em 2,
increases slightly with the magnetic field. This evolution,
confirms the previous findings. In fact, even in the PM phase,
the application of an external magnetic field increases the
magnetization, due to the suppression of magnetic domain

of Mott, listed in Table 3, we are able to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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scattering,”® which promotes conduction and gives a positive
MR even if it is weak. These results are similar to those obtained
by Venkataiah and Venugopal Reddy’” in the orthorhombic
Ndg.6,40.33Mn0O;3, (A = Ca, Sr, Pb and Ba), and those obtained
by N. Hasanli et al.”® in the orthorhombic Lags SrosA 5 Rho 503,
(A =Mn and Fe). In the (Mott-VRH) model, the activation energy
is a function of temperature.” We have examined the temper-
ature variation of the local activation energy, using the
following low:

d(In(R(7)))

Ea-loca(T) = d(l/kBT)

(16)
In Fig. 8(b), we show the plot of E, oca(T) vs. temperature. This
curve reveals that this energy varies between 60 and 120 meV,
for temperatures above 350 K, for all magnetic field values.
Moreover, we can note that for a magnetic field of 5 T and for
temperatures above 400 K this energy gradually increases in
a quasi-linear manner. In the absence of the magnetic field
(noH) and even for a poH = 2 T, the local activation energy
performs fluctuations, around E, joca (T, 5 T). These fluctuations
can be explained by the cation disorder ¢ in A-site,} occupied
by La®" and Sr** cations with respective radii of 1.216 and 1.310
A In fact, the size difference between different cations located
in the A-site®* induces local distortions distributed randomly
in the sample volume and, consequently, causes considerable
variations of Mn-O-Mn bond lengths and angles.*** Thus, we
have both the variance in the distribution of Mn-O and A-O
distances ¢*(Mn-0) and ¢*(A-0), respectively.*® The ¢*(Mn-0)
quantifies the orthorhombic distortion and ¢*(A-O) quantifies
the local one. An orthorhombic distortion induces the locali-
zation of the carriers, and therefore leads to the reduction of the
FM behavior leading to the increase of the super-exchange AFM
interactions. The application of an enough strong magnetic
field is able to overcome these AFM interactions and suppress
these fluctuations.

In order to confirm these results, we have plotted on Fig. 8(c),
the evolution of In(E,.j0ca(7)/ksT) as a function of In(T). These
curves show, for high temperatures and for zero and 2 T

magnetic field, the presence of fluctuations around
Ej,. T, 5T
In (%) The fit of the linear part Fig. 8 (d), fora 5T
B

magnetic field, shows a negative slope of (—1/4). This confirms
the validity of the (Mott-VRH) model to describe the conduction
mechanism in the studied compound at high temperatures®®

Thus, there is a FMM at low temperatures and a semi-
conducting-paramagnetic one (PMSC) at high ones.

In the intermediate temperatures range, around the transi-
tion, there is coexistence of (FM), (PM) or (SPM) clusters (macro
spin paramagnetism). This can be justified by the second-order

 The cation disorder ¢* is given by ¢ = 3 x;r;> — ry? where x; and r; are the
atomic fraction and ionic radii of i-type ions'at A-site, respectively.

0% = (0.6 x r*(La*") + 0.4 x r2(Sr*")) — (0.6 x r(La’") + 0.4 x
HSr?h)? = 21.20 x 1074 A?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Fit of the temperature dependence of resistance, over the
whole temperature range, under different applied magnetic fields of O,
2 and 5 T, with the theoretical models: of percolation. (b) The
temperature dependence on the volume fraction of the ferromagnetic
phase femm under different magnetic fields of 0, 2 and 5 T, (c) the
evolution of T2°? and of Uy according to applied magnetic field. (d)
The fit of the linear part at high temperatures, for a 5 T field, of

In(ﬁM) as a function of In(7).
ks T

transition width, which is manifested by a dispersion in the
temperature transition. To describe the behavior of the resis-
tivity between the (FMM) and (PMSC) transition, we will adopt
the percolation model, based on the phase segregation mech-
anism. This model, proposed by Li et al.,** assumes that mate-
rials are composed by FMMand PMSC regions, of volume

Table 4 The best fit parameters, for LageSrg4MnOz (S1C0O) sample,
obtained from the experimental resistance data and the percolation
model, over the entire temperature ran

toH (T) 0 2 5
Uy (meV) 471.20 402.97 337.08
T304 (K) 309.37 322.72 340.59
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fractions (f) and (1 — f), respectively. Thus, the electrical resis-
tance of the system at any temperature is determined by the
following expression:

R(T) = f x Remm(T) + (1 = H)Rpmsc(T) (17)
where:
Remm(T) = Ry + RyT” + Ry sT* (18)
N\
Remse(T) = R CXP<(7) ) (19)

The f function satisfies well the Fermi-Dirac distribution
1

given by:
Uy T
1 — | =—=-1
con(i (k1))

where U, is the energy difference between the FM and PM states
at T = 0 K and T3°? is the PM/FM transition temperature used
in the model.

/= (20)

So, we have:
P < T2 = 1
MO 1
f(T =Tc d) =3
F(T>TE) =0
which give:

R(T < T&*Y) = Remm(T)
1
R(T =1g>) = 5 % (Remm(T) + Remsc(T))

R(T>TE) = Remsc(T)

The adjustment of the experimental resistance curves over
the entire temperature range, using the eqn (17)-(20), allows us
to determine the U, and 759 parameters. After, we can go back
up to the ffunction given by eqn (20) and afterwards determine
the volume fractions of each phase. The Ry, R, Ry5 , Tp and R
parameters are initiated with those listed in Tables 2 and 3.

Fig. 9(a) presents the experimental results of R(T) as well as
the simulated curves (red line) obtained at magnetic field of 0, 2
and 5 T. The good agreement between the experimental data
and the simulated curves affirm that the percolation model
describes well the behavior of the resistivity in a wide temper-
ature range including the phase transition region whatever the
applied magnetic field. The best fit of the U, and
7@ parameters are given in Table 4. With these two parame-
ters only, we have drawn using relation 20, in Fig. 9(b), the
curves giving, the temperature dependence on the volume
fraction of the FM phase fryy under different magnetic fields.
The application of an external magnetic field has practically no
effect on the volume fractions of the FMM and PMSC phase, at
low and at high temperatures. In the transition temperature

21702 | RSC Adv, 2024, 14, 21692-21705
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range, a magnetic field favors the volume fraction of the FMM
phase over the PMSC phase, leading to the increase in the
conductivity and, as consequence, the appearance of the
colossal magnetoresistance around the transition. These inter-
pretations are in agreement with the evolution of
T&°? according to applied magnetic field, in the inset of
Fig. 9(b). The PMSC/FMM transition temperature
T84, increases with the application of the magnetic field
(Fig. 9(b) and (c)), which favors the FMM phase. These inter-
pretations are in good consistency with the evolution of U,
according to applied magnetic field, traced in Fig. 9(c). The
energy difference U, between the FM and PM states at 7= 0 K,
proved to decrease with the application of the magnetic field,
which promotes electrical conduction. However, the PMSC/
FMM transition temperature T5°¢, increases with the applica-
tion of the magnetic field, which favors the FMM phase. All
these results prove the strong correlation between magnetic and
electrical properties.

4. Conclusion

The correlation between the electrical and the magnetic prop-
erties of nanoparticles Lag ¢Sro4MnO;z (S1C0) compound has
been studied. By decreasing the temperature, the (S1CO0)
compound was found to undergo a transition, of a second
order, from a paramagnetic (PM) phase to a ferromagnetic (FM)
one. The images, obtained using a transmission electron
microscope, have showed a dispersion in grain size. The
dispersion in the transition (PM/FM) temperature has been
related to the presence of an irreversibility between the
magnetization in (ZFC) and (FC) modes. This irreversibility, at
the temperature T; = 350 K below the critical temperature of the
PM/FM transition T¢ = 365 K, indicated a magnetic anisotropy
around this temperature. So, we have deduced that our
compound is the seat of a superparamagnetism (SPM)
phenomenon justified by the absence of hysteresis losses.

The study of the electrical properties showed a semi-
conductor behavior (SC) at high temperatures and a metallic
one (M) at low temperatures. The SC/M transition temperature,
which was found to increase under the effect of a magnetic field,
has been approximated at the Blocking temperature. The
conduction mechanisms have been tested by three models at
low temperatures as well as at high ones. The Zener double
exchange (ZDE) polynomial model, with the electron-magnon
interaction, was found to be the best one to describe the elec-
trical conduction in the metallic region, verifying a deviation
relative to the experimental data closest to zero.

At high temperatures, the Mott variable range hopping
(Mott-VRH) transport model was considered as the most
appropriate one to describe the electrical conduction. Finally,
we have adopted the percolation model R(T) = f X Repm(7) + (1
— fRpmsc(T), based on the phase segregation mechanism, to
describe the conduction mechanism over the whole tempera-
ture range, where the function (f), giving the volume fraction of
the ferromagnetic metallic (FMM) regions, satisfies the Fermi-
Dirac distribution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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