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This paper reports a study on the structural, magnetic and magnetotransport properties of the mixed-
valence perovskite manganite Lag.7Cao.18 Bag.12Mno.955n0.0503 (LCBMSO), synthesized by a solid-state
reaction method. The results of X-ray powder diffraction analysis confirm that the sample possesses
a single orthorhombic phase with space group Pnma. The Rietveld refinement results reveals that
LCBMSO contains distorted MnOg octahedron. Micrographs obtained by scanning electron microscopy
showed that the sample grains have a polygonal shape and are in the micrometer size range. Fourier
transform infrared spectroscopy analysis confirms the presence of Mn-O-Mn and Mn-O stretching
vibration. The magnetization—temperature curve displays a paramagnetic—ferromagnetic transition at
Tc = 145 K. A slight bifurcation between the zero-field curve and the cooling-field curve was noticed,
which is attributed to spin-glass behavior. Based on the hysteresis cycle, a soft ferromagnetic behavior
was observed in our sample at temperatures of 1.8 and 100 K. The electrical resistivity vs temperature
curve shows a metal-insulator transition at Tnvr = 154 K. The magnetoresistance ratio reached 30%
at an applied magnetic field of 1 T, making the LCBMSO material an attractive candidate for use as
a magnetoresistive sensor in various industrial applications. The temperature coefficient of resistivity
reached 3.35%, making this material suitable for use in infrared and bolometric detectors. The relation
p=po— posT®® + psT? + psT° was employed to fit the low-temperature resistivity data below Tiur,
whereas the variable range hopping and small polaron hopping models were used to fit the data in the
insulating region above 1.
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1. Introduction

Manganese oxide perovskites Ln;_,A,MnOg,
where Ln represents trivalent rare earth elements
(La®**, Sm?*, etc.) and A represents divalent
alkaline earth metals (Ca?*, Sr?*, etc), have in-
trigued the scientific community due to their unique
physical properties, such as colossal magnetoresis-
tance (CMR) [1], charge and/or orbital ordering,
and magnetocaloric effect (MCE) [2]. These ma-
terials are highly valuable for various applications
such as magnetic data storage, infrared bolometry,
and magnetic refrigeration [3-5]. Oxides such as
LaMnQOg are typical examples of simple perovskites.
The electrical transport and magnetic properties of
these materials can be modified by changing the
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sintering conditions and substituting different ele-
ments at the La and Mn sites [6]. The parent com-
pound LaMnOjz has an A-type antiferromagnetic
(AFM) character, which is related to the super-
exchange (SE) interaction between the Mn® sites.
Divalent substitution (Ba?*, Ca?*, Sr?T,...) at the
Ln site produces Mn** ions with the electronic con-
figuration (3d°; t3, 1 €J; S = 3/2). Accordingly,
the e, electrons are supposed to be delocalized —
this facilitates transfer of charge in the e, band
and mediates ferromagnetic (FM) coupling between
Mn ions via the double-exchange (DE) mechanism.
The coupling leads to DE interaction [7]. Further-
more, such doping affects the average A-site ra-
dius, its cation mismatch o? [8, 9], Jahn—Teller
distortion (JT), and Mn3*/Mn** ratio [10]. Sub-
stitution of divalent ions like Ca2T, Ba2*, Sr?*


http://doi.org/10.12693/APhysPolA.149.65
mailto:ibtihalbelal94@gmail.com

1. Belal et al.

into LaMnQO3 creates a mixed valence state of
manganese (Mn®* and Mn?"), which profoundly
influences physical properties of this state. This
phenomenon can be studied by referring to the
structural and magnetic phase diagrams developed
for the La;_,Ca,MnO3 and La;_,Sr,MnOg3 sys-
tems [3, 11]. La;_,Ca,MnO3 (LCMO) compounds
have garnered significant interest due to their large
magnetoresistance (MR) and magnetocaloric effect
(MCE), making them promising candidates for di-
verse applications [12-15].

A key challenge associated with the LCMO com-
pounds is that their Curie temperatures T¢ are well
below room temperature. Alternatively, the effect
of doping at the Ca site with larger cations, includ-
ing Ba, Pb and Sr, has been explored in various
studies [16-18]. Barium-doped manganites, such as
Lag.¢5Cag.35_,Ba,MnQOs3, are of particular interest
due to the very large difference in ionic sizes be-
tween Ca and Ba, which leads to the observed in-
crease in the Curie temperature T with increas-
ing Ba content [19-21]. According to the literature,
dopants with larger ionic radii have a high impact
on the mismatch factor o2 [22, 23].

Although magnetoresistance (MR) is generally
one of the most extensively studied properties
in manganite systems, relatively few studies have
focused specifically on the MR behavior in Ba-
doped LCMO compounds, particularly in combi-
nation with B-site co-doping, such as Sn [24]. On
the other hand, substitution of divalent, trivalent,
or tetravalent elements at the Mn site modifies
the Mn3t/Mn** ratio, which can significantly influ-
ence the crystal structure as well as the magnetic
and magnetotransport properties of manganese ox-
ides [25]. Song et al. [26] reported the effect of re-
placing Mn with X = Fe, Co, Ni on the electrical and
magnetic properties of manganites. They deduced
that doping decreased both the metal-insulator
(M-I) transition temperature and the saturation
magnetization, while increasing the electrical re-
sistivity of the samples. Likewise, Qin et al. [25]
found that substituting Mn with A13* enhanced the
magnetoresistance of the Lag g7Srg.33Mnj_,Al, O3
system.

According to the literature, Sn substitution
at the Mn site influences the physical proper-
ties of manganites [27, 28]. Li et al. [28] in-
vestigated the effect of Sn** ions incorporation
on the magnetic and magnetotransport proper-
ties. They found that the Curie temperature
(Tc) decreases at low doping levels in mangan-
ites Lag5CagsMn;_,Sn, 03 (0 <2 <0.06). They
deduced that the introduction of Sn destroys the
charge-ordered state. E. Tka et al. [29] studied
the impact of Sn substitution on the evolution of
structural, magnetic and magnetocaloric properties
in Lao_57Nd0_1ST0,33MH1,ISHZL’03 (005 <z< 03)
They reported that the addition of tin leads to a
decrease in magnetization, a reduction in the Curie
temperature, and an increase in the entropy.
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Among all the properties, magnetoresistance
(MR) stands out as the most extensively studied.
It involves the variation in electrical resistivity when
an external magnetic field is applied, and it serves
as a crucial factor in evaluating the performance
of magnetic sensors [30]. In fact, the application
of an external magnetic field has a significant im-
pact on the physical properties of manganite-based
materials. Namely, it decreases the electrical resis-
tivity around the M-I transition temperature and
enhances both the MR and the temperature coef-
ficient of resistivity (TCR), which is an essential
factor in describing the sharpness of the M-I tran-
sition [31].

In this study, we selected the composition
La0.7Ca0_18Bao_12Mn0,g5Sn0,0503 to investigate the
combined effect of substitutions at both the A-site
(Ba?T) and the B-site (Sn?*) in an LCMO-based
matrix. The motivation behind this specific compo-
sition stems from prior studies showing that Ba?*
substitution increases the average A-site ionic ra-
dius, thereby enhancing the Curie temperature T¢
by improving the double-exchange interaction. Si-
multaneously, Sn** substitution at the B-site is
known to influence electron localization and sup-
press charge ordering, even at low doping con-
centrations. The selected doping levels were care-
fully chosen to achieve measurable changes in ma-
terial properties while maintaining phase purity and
avoiding the formation of secondary phases.

Unlike our previous report on the same compo-
sition La0_7Ca0.18Bao_12Mn0_95Sn0.0503, which pI‘i-
marily focused on the structural and transport
properties, the present study provides a comprehen-
sive magnetic investigation, enabling a deeper un-
derstanding of the structure—-magnetism—transport
correlation in this system. Accordingly, this work
aims to systematically investigate the structural,
magnetic, electrical, and magnetotransport proper-
ties of Lag 7Cag.18Bag.12Mng.g5Sng.0503 manganite
(referred to as LCBMSO through this paper).

2. Experiment details

Polycrystalline sample with the composition
LCBMSO was prepared by the solid-state reaction
method using stoichiometric proportions of LasOs,
CaCO3, BaCO3, MnO, and SnO, as precursors.
The mixture was calcinated at 900°C for 14 h, and
then pressed into pellets under pressure of 4 tons
and sintered at rates of 1150°C/10 h, 1160°C/10 h
with intermediate regrinding and pressing. Finally,
the sample was sintered at 1170°C/10 h and cooled
down in a furnace. Powder X-ray diffraction (XRD)
technique was employed to examine the structure
and phase purity of the sample using a Bruker AXS
D8-Advance X-ray diffractometer with monochro-
matic Cu K, radiation (A = 1.54051 A). The XRD
pattern was obtained in the range 20° < 20 < 80°
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Fig. 1. XRD pattern of the compound
Lag.7Cao.18Bao.12Mng.955n0.0503. The inset

depicts the crystal structure.

with a step size of 0.016°. The FULLPROF pro-
gram, which is based on the Rietveld method, was
used to perform the Rietveld refinement analysis
of XRD data [32]. A scanning electron microscopy
(SEM) using JEOL 6390-LV was utilized to ex-
amine the sample’s microstructure, while the en-
ergy dispersive X-ray (EDAX) was employed to
check its elemental composition and purity. The in-
frared (IR) transmission spectrum was measured by
IR Affinity-1S SHIMADZU FTIR spectrophotome-
ter. The magnetization of the sample was mea-
sured using a SQUID magnetometer (MPMS-3 from
Quantum Design, San Diego, USA) in the range of
1.6-400 K under magnetic field up to 7 T. Electrical
resistivity measurements were performed between 5
and 300 K under 0 and 1 T magnetic fields by us-
ing the standard four-probe method with a He-gas
contact cryocooler and a superconducting magnet
system (Cryo Industries, USA).

3. Results and discussion

3.1. XRD analysis

The XRD pattern of the prepared sample
LCBMSO taken at room temperature is shown
in Fig.1. According to the Rietveld refinement of the
XRD data using FULLPROF software [33], a single-
phase orthorhombic crystal structure was identified
for the LCBMSO sample (SG Pnma) with an impu-
rity phase (unreacted LapOs oxide) [34]. The inset
in Fig. 1 shows a three-dimensional visualization
of the crystal structure and the MnQOg octahedron
established by software VESTA (Visualization for
Electronic and Structural Analysis) using refined
lattice parameters, space group and atomic posi-
tions [35]. The refined cell parameters and unit cell
volume are summarized in Table I; the refinement
factors (R.,p, Rp and goodness of fit (GOF)) are
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TABLE I
Lattice parameters and refinement factors of
LCBMSO.
Parameter Unit Value
Space group Pnma
Lattice parameters
a [A] 5.486(2)
b [A] 7.756(1)
c [A] 5.481(2)
1% [A3)] 233.22(1)
Lay03 [%] 8.40
Discrepancy factors
Ry [%] 14.1
Ruwp [%] 11.7
GOF 0.36

also given. The atomic positions, bond distances
and bond angles, are listed in Table II. The good-
ness of fit is ~ 0.36, proving the quality of the fit.

Based on the average Mn—O distances and the
average Mn-O-Mn angles, it is assumed that
the MnOg octahedron undergoes a distortion,
which is quantified by the Goldschmidt tolerance
factor [36]

da-o
towp = —D 1
" Jadng (1)
where da_o and dg.o are average bond-lengths be-
tween A-O and B-O, respectively (see Table II).
For detailed values of this factor, please consult [24].
In the present work, t.., was found to be 0.8857,
which corresponds to an orthorhombic structure.
It is noticeable that the lattice parameters sat-
isfy the relation a > b/\/§ > ¢; this signifies that
the sample may have an O-type lattice distortion,
probably originated from the Jahn—Teller effect [37],
leading to distorted MnOg octahedra. In this re-
spect, the Jahn—Teller distortion is expressed as fol-
low [38]

=530 [ron-pro]’ @

where (Mn—0O) denotes the different bond distance
and (M-O) is the average bond distance. The &y
value was found to be 0.0825 (Table IIT), which is
nearly equal to the values reported for other or-
thorhombic manganites [39]. As a result, a decrease
in t.qp compared to the ideal cubic structure (¢t = 1)
causes a release of strain for LCBMSO and an in-
crease in orthorhombic distortion D (see Table III).
The distortion D was calculated using the following
relation [40]

3

1
p=gy |t ®

where a = (a1 a2 a2)1/3, and a; = a, as = b/\/2,
as = C.

a; —a
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TABLE II

Refined structural parameters obtained from the
X-ray Rietveld refinement for LCBMSO.

Parameter ‘ Value

Atomic position (La/Ca/Ba)

T 0.01210
y 0.25000
z —0.0042
Oec(La) 0.69253
Oce(Ca) 0.17995
O.c(Ba) 0.11968
Atomic position (Mn/Sn)
T 0.00000
y 0.00000
z 0.50000
Oce(Mn) 0.89000
Oce(Sn) 0.51000
Atomic position O(1)
T 0.27028
Y 0.08940
z 1.25018
Occ 1.73753
Atomic position O(2)
T 0.48993
y 0.25000
z 0.00737
Oce 2.14941
Bond distance [A]
da-o 2.5309
ds-o 2.0205
Bond angles [°]
(Mn/Sn~O-Mn/Sn) 158.1561

Based on the main Bragg reflection peak in the
diffraction pattern, the average crystallite size was
estimated using the Scherer’s expression [41]

KX
Bhkl COS(@), (4)

where D, is the crystallites size, A = 1.5406 A is
the X-ray wavelength of Cu K, radiation, K is the
shape factor equal to 0.9, and (;; is the full width
at half maximum (FWHM) of the highest peak. The
value of Dy, is found to be 28.66 nm, as presented
in Table III. The dislocation density (J) represents
an estimate of the dislocation line length per unit
crystal volume. It is calculated using the following
expression [42]
1
0= Dz

Dsc =

()
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Fig. 2. Williamson-Hall plot for the LCBMSO
sample.

TABLE III

Structural parameters obtained from XRD analysis
for LCBMSO.

Parameter Unit Value
Dsc [nm)] 28.66
Dwu [nm] 64.50
) [nm™?] | 0.0012
e (x107?) 0.2100
texp 0.8857
Orthorhombic distortion (dortho) 0.4832
w [eV] 0.0837
dit 0.0825

where Dy, is the crystallite size. The obtained value
is listed in Table III. Since ¢ represents the number
of defects in the sample, the small § value obtained
in this study confirmed the high crystallinity of our
sample [43].

Moreover, the  Williamson—Hall — method
(W-H) [44] was used to assess the peak broadening
associated with crystallite size and microstrains
arising from crystal defects and distortion. The
W-H method can be expressed as follow

B cos () (6)

The average crystallite Dwpg and lattice strain e
were calculated from the intercept and slope of
the Bcos(f) versus 4esin(f) plot (Fig. 2). The
estimated values of crystallite size and strain of
the LCBMSO compound obtained by the Scherer
and Williamson-Hall methods are summarized in
Table III. Based on these results, we can deduce
that the Dwy value is significantly greater than the
value of Dg., because the strain broadening effect
is taken into account in the W-H method [45].

KX
——— +4¢ sin(6).
D (9)
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3.2. Scanning electron microscopy analysis

The morphological structure of our sample was
investigated using scanning electron microscopy
(SEM). The micrograph of the LCBMSO grain size
and its corresponding histogram are shown in Fig. 3.
The SEM image depicts a granular surface structure
with grains of various sizes and shapes. In the polyg-
onal grain matrix, needle-like substances appeared.
ImageJ software [46] was used to calculate the av-
erage grain size without taking needle-like grains
into consideration. The grain size ranges from 0.5
to 8 um, which is lower than that obtained by Bou-
fligha et al. [47]. This difference can be attributed to
the last sintering temperature chosen when prepar-
ing each sample.

The EDAX spectrum observed in Fig. 4 de-
picts the presence of the elements La, Ca, Ba,
Mn, and Sn, which proves that no constituent el-
ement is completely lost during during the solid-
state preparation of the LCBMSO compound.
The presence of a carbon peak could result from
the sample environment, the specimen holder, the

0 1 2 3 4 5 6 7 8 9

Grain size[um]

Fig. 3. Histogram showing average grain sizes.
The inset represents a scanning electron micrograph
of the LCBMSO compound.

Counts per second [a.u.]

Energy [keV]

Fig. 4. EDX spectrum of LCBMSO compound.
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of LCBMSO taken
450-700 cm ™.
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analysis chamber itself, or from surface contamina-
tion introduced by the adhesive tape used during
the EDAX analysis. On the other hand, the pres-
ence of silicate oxides causes the appearance of the
Si peak in the EDAX spectrum [48], which we be-
lieve is caused by the processing conditions, such as
contamination from the crucible or furnace environ-
ment, or interactions with silicon-containing materi-
als during calcination or sintering, which can lead to
the unintentional incorporation of Si into the sam-
ple. The presence of silicate oxides in the matrix is
undoubtedly related to the formation of needle-like
grains.

3.3. FTIR analysis

The Fourier transform infrared spectroscopy
(FTIR) spectrum presented in Fig. 5 was recorded
in the range of 450-700 ¢cm~!. The presence of
vibrational bands in the 450-700 cm~! range
confirms the formation of the ABOs perovskite
structure for our LCBMSO compound [49]. The
vibrational bands observed at 485 and 490 cm~!
are attributed to the Mn/Sn-O-Mn/Sn bond
bending mode of the (Mn/Sn)Og octahedron [50];
whereas, the vibrational bands ranging from 511
to 681 cm~! correspond to the stretching mode
of the Mn/Sn—O bond, which can be related to
the Jahn-Teller effect [51]. The appearance of
these vibrating modes supports the formation of
La0,7Ca0.18Bao.12Mn0,95Sn0,0503 simple perovskite
manganite, which is consistent with the X-ray
diffraction results.

The transmission wavenumber (v) of the stretch-
ing vibration of the Mn/Sn—-O bond can be deter-
mined using Hook’s law [52]

k

1 1/2
-~ 2me \ p ’

v =

(7)
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TABLE IV

Values of the wavenumber, effective masse, force
constant and Mn/Sn—O bond distance for the
Lag.7Cag.18Bag.12Mng.955n0.0503 compound.

FTIR results

Parameter Unit Value
Wavenumber [cm™] 524
Effective mass (x1072°) [kg] 2.083
Force constant k [N/cm] 2.693
Bond d..istance of Mn/Sn-O [A] 1.848

obtained from FTIR
Bond (%istance of 1\/.In/SnfO 4] 9,020
obtained from Rietveld

where v is the wavenumber, & is the force constant
of the (Mn/Sn—O-Mn/Sn) bond, ¢ is the velocity of
light, and  is the effective masse of the Mn/Sn-O
bond, determined by the following relation
= ]\j\/loi. (8)
o+ Mg

In (8), Mo is the atomic weight of oxygen, and Mgy
is the atomic weight of the B-site elements. In our
case, the B site is occupied by two elements (Mn
and Sn), and My is expressed by the formula

Mg = 0.95Myp, + 0.05Ms,, (9)

where My, and Mg, are the atomic masses of Mn
and Sn, respectively.

The force constant can be related to the aver-
age Mn/Sn—O bond distance (r) using the expres-

sion [53]
17

Using (7)—(10), the Mn/Sn—O bond distance, ef-
fective mass, and force constant were calculated
from the FTIR spectrum and the results are col-
lected in Table IV. It is worth noting that the
Mn/Sn-0 bond calculated from the FTIR spectrum
is in accordance with the results obtained from the
Rietveld refinement.

3.4. Magnetic measurements

To study the magnetic properties of the
LCBMSO compound, we measured the magnetiza-
tion vs temperature in two modes (Fig. 6a), namely
zero-field-cooled (ZFC) mode and field-cooled (FC)
mode, recorded in the temperature range 1.6—400 K
under an applied magnetic field of 100 Oe. The re-
sults of this measurement demonstrate that in the
ZFC mode, the magnetization increases to a max-
imum at T ~ 116 K, and then gradually decreases
up to 400 K. In the FC mode, the magnetization
curve shows a clear bifurcation from the ZFC curve
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Fig. 6. (a) Temperature dependence of magnetiza-

tion measured at a magnetic field of poH = 100 Oe,
and (b) the derivative dM/dT versus temparature.

at T ~ 141 K — this could be due to spin reorien-
tation or a spin glass behaviour of the sample [37].
The FC magnetization decreases and intersects the
ZFC curve at Tsg = 100 K, corresponding to the
spin reversal temperature. The Curie temperature
Tc value was fixed at the minimum of dM/dT and
found to be 145 K for the LCBMSO compound
(Fig. 6b). This value is lower than that reported
in the previous study for the undoped compound
La0,7CaO,18BaO_12Mn03 [54] This difference could
be attributed to the substitution of Mn by a non-
magnetic element Sn with an electronic configura-
tion 4d'°, causing a break of the ferromagnetic in-
teractions Mn3T-O-Mn*+ — possible reason of the
decrease in Tc [47].

As widely established, the magnetic and mag-
netotransport properties are governed by the one-
electron bandwidth W as described by

cos (% (ﬂ' - <MH/SH*O*MH/SH>))

b
3
\/ dMn/SIrO

where Mn/Sn—-O-Mn/Sn is the average bond angle
and dy /sn-o is the average bond distance.

(11)
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TABLE V

Summary of magnetic data
Lao.7Cao.18Bag.12Mng.955n0.0503 compound.

for

Parameter Unit Value
Tc K] 145

Ocw K] 197.3
C [ou K 5.622
wh 5] 6.700
i ] 4533

The substitution of tin for manganese changes
structural parameters, such as the Mn-O bond
distance and the Mn-O-Mn bond angle, lead-
ing to a reduction in the charge carrier band-
width W, calculated to be 0.0837 eV (Table III).
This decrease in W reduces the overlap between
Mn 3d and O 2p orbitals, which in turn diminishes
the Mn3t-O-Mn**+ exchange coupling and lowers
Tc [55]. For a better understanding of the mag-
netic behavior in the ferromagnetic phase, the de-
pendence of FC magnetization vs temperature was
investigated by using spin wave theory. Usually,
in manganite systems, spin waves, their fluctu-
ations and domain boundaries play a key role
in influencing ferromagnetism [56]. In this sense,
Lonzarich and Taillefer [57] proposed that spin
wave theory can explain how magnetization works
in manganite compounds. Magnetization changes
as T3/% (Bloch’s law) at low temperature, and as
T? across a large temperature range. However, at
temperatures close to T, magnetization changes as
V1= (T/Tc)*/3.

In view of this, in the ferromagnetic region, the
magnetization data were fitted using the following
equation

M (T) = Mo + My T¥? + My T?, (12)

where M, represents the temperature-independent
spontaneous magnetization. Figure 6 shows the best
fit curve. It can be concluded that the FM behavior
of the LCBMSO compound can be well-described
within the framework of spin-wave theory [58].

In order to investigate the magnetic interaction
in the paramagnetic region (T' > T¢), we determine
the inverse of the susceptibility (x~!) versus tem-
perature (T), as shown in Fig. 7. In this region, the
susceptibility follows the Curie-Weiss law

C
T—0u’
where 0., represents the Curie-~Weiss temperature
and C refers to the Curie constant, defined as

X = (13)

NANJQB; (
3kp

Here, N = 6.023 x 10%> mol~! is the Avogadro
number, up 9.274 x 1072* J/T is the Bohr
magneton, and kp 1.38016 x 10716 erg/K is

emp)2

= Hers

(14)
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Fig. 7. Thermal dependence of inverse susceptibil-

ity (x ' = H/M) of LCBMSO compound.

the Boltzmann constant. The experimental effective
magnetic moment ;%% of the LCBMSO compound
in the paramagnetic (PM) region was determined

by the following expression [55]
2.828V/C g,

where C is the slope of the linear curve (x ! vs T).
For Mn3* or Mn**, the orbital moment is quenched
(L =0), and as a result S is the accurate quantum
number. We can write

trefs (S) = gus/S(S +1),

where g =2 is the Landé factor. We assume
S =2 for Mn®t and S =3/2 for Mn**, which
leads to fierp(Mn3t) = 4.9up and pepp(Mntt) =
3.87up [59]. The theoretical effective magnetic mo-

exp

Hefr = (15)

(16)

ment ,uffﬁo is described by the following equation
pe = \JOT o+ (03— 0.05) 20y - (17)

From the linear fit of the PM region to the Curie—
Weiss law, the parameters C' and 6., were deter-
mined. The positive value of 0., equal to 197.3 K
(Table V), implies the ferromagnetic interaction be-
tween spins in the LCBMSO compound, supporting
its classification as a ferromagnetic material [34].
The extracted value is higher than the T¢ value
due to the existence of a short-range FM interac-
tion [60]. The obtained values of ug % and pfy5 are
summarized in Table V. In addition, the observed
difference between the experimental and the theo-
retical effective magnetic moments might be due to
short-range ferromagnetic interactions in the mate-
rial [61].

Figure 8a shows the field-dependent magnetiza-
tion M(H) for the LCBMSO sample. The M-H
data has been gathered at various temperatures:
1.8, 100, and 300 K, in the magnetic field range
of H = 450 kOe. From this figure, we observe that
the LCBMSO sample exhibits a similar hysteresis



1. Belal et al.

—300K

m,

L
M [pg/f.u.]

=

-10 0 10
Magnetic Field [Oe]

-20

(b)

0
Magnetic Field [Oe]

. , . T .
-60000 -40000 -20000

T T
0 20000 40000 60000

Magnetic Field [Oe€]

Fig. 8.

300 K. Insets (b, ¢) show zoom of the hysteresis curves.

loop at 1.8 and 100 K. Notably, the magneti-
zation increases sharply at low magnetic field.
We noticed significant saturation, with M, values
of 88.53 emu/g at 1.8 K and 79.98 emu/g at 100 K;
this is evidence of FM behavior of the sample. More-
over, Fig. 8b shows a magnified view of the low mag-
netic field part; we noticed that LCBMSO has low
coercive fields (H.) and remanent magnetization
(M,) at 1.8 and 100 K (see Table VI). From these
values, we can deduct that our sample exhibits soft
FM behavior. This makes it suitable for the fabrica-
tion of high-density data storage devices [62]. Nev-
ertheless, we have observed no saturation at 300 K.
Figure 8c shows that the sample exhibits lower re-
manent magnetization; this indicates that at 300 K
the LCBMSO compound is paramagnetic.

3.5. Electrical properties

Figure 9 depicts the temperature dependence of
the resistivity measured in a magnetic field of 0
and 1 T, and the magnetoresistance (MR) as a
function of temperature for the LCBMSO sample.
Due to ferromagnetic coupling, LCBMSO is mag-
netically ordered, its resistivity at low temperatures
displays a metallic behavior below Ty, the tem-
perature at which resistivity reaches its maximum
value. At high temperatures, the sample exhibits
a semiconductor behavior above Ty. The metal-
insulator transition temperature (Ty) is observed
around 154 K for the sample without an applied
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(a) Hysteresis curves of the LCBMSO compound, measured at different temperatures 7" = 1.8, 100,

TABLE VI

Values of saturation magnetization (M), remanent
magnetization (M,) and coercive field (H.) for
LCBMSO at different temperatures.

Sample | M, [pus/fu] | M, [us/fu] | Hc [Oe€
18K 3.60 0.1 57.2
100 K 3.25 0.02 33.7
300 K - 0.001 7.3

magnetic field, while it rises up to about 4 K toward
high temperatures in a 1 T magnetic field. It is no-
ticeable that the magnitude of the resistivity in the
presence of a 1 T magnetic field is lower compared
to the resistivity value without an applied magnetic
field.

Actually, applying an external magnetic field
reduces electron scattering at grain boundaries,
causes magnetic moments to be reoriented toward
the applied field, and decreases the magnetic dis-
order. As a result, the PM insulating regime can
be partially suppressed in favor of the FM metal-
lic state, leading to the increase in Ty;. This aligns
with the double-exchange (DE) model [63]. Com-
pared with previous results [47], the present one
shows larger resistivity values and a lower metal—
insulator transition temperature. This difference
can be attributed to several combined effects:

e A smaller average grain size (~ 2.5 pum)
increases the density of grain boundaries,
enhancing scattering and intergranular tun-
nelling resistance.
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Fig. 9. Temperature dependence of resistivity (left
axis) and magnetoresistance variation (right axis)
fOI‘ the Laojcao,18Ba0A12Mno,gssno40503 sample.

e A minor, insulating LayO3 secondary phase,
identified by the Rietveld refinement, may be
located along grain boundaries and act as ad-
ditional barriers to charge transport.

e Variation in pellet density and porosity aris-
ing from differences in sintering tempera-
ture can likewise reduce the effective cross-
sectional area available for current flow.

It is known that the application of an external
magnetic field suppresses spin fluctuations, which
results in a reduction in electrical resistivity. The
compound sensitivity to an applied external mag-
netic field is described by magnetoresistance (MR),
which is given by

_ p(0) — p(H)
MR="00)

where p(H) and p(0) are the resistivities at mag-
netic fields of 1 and 0 T, respectively. The MR,
vs T is shown in Fig. 9. For our sample, the
plot shows that the magnetoresistance reached its
maximum value (MR,.x) of ~ 30% around Ty,
which is the intrinsic magnetoresistance (IMR).
This behavior has been associated with the double
exchange mechanism [64]. On the other hand, the
second value of MR at low temperature is the ex-
trinsic magnetoresistance (EMR) and is caused by
intergrain spin-polarized tunnelling (ISPT) through
grain boundaries [65]. The EMR contribution tends
to increase as the temperature decreases; its peak
reached 28.3%.

The variation of the temperature coefficient of re-
sistivity (TCR) of the LCBMSO sample versus tem-
perature is depicted in Fig. 10. The coefficient TCR,
is mainly determined by p and the slope of the p-T'
curve. It is given by the following relation

(1 dp
TCR = (p dT) x 100%.

x 100%, (18)

(19)
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Fig. 10. Temperature  coefficient of  resis-
tivity as a function of temperature for the

Lao.7Cag.18Bag.12Mng.95510.0503 compound.

As shown in Fig. 10, the compound exhibits a max-
imum TCR value around Ty1, which reaches 3.35%.
The TCR curve does not show a significant change
when exposed to a 1 T external magnetic field. Its
maximum value is higher compared to the values re-
ported previously [47, 66]. The difference is mainly
due to the sample synthesis conditions. Conversely,
the maximum TCR value obtained in this work is
inferior to the values reported in other studies.

In a previous study [68], it was found that doping
significantly influenced the TCR value. In addition,
several other factors may affect it, such as prepara-
tion method, sintering temperature, sample quality,
tolerance factor (t), average A-site ionic radius (ra),
and ceramic resistivity.

3.6. Conduction mechanism

To understand the different factors affecting the
conduction mechanism in the compound, various
theoretical models were applied to fit the p(T)
curves.

3.6.1. Low-temperature behavior (T < Ty)

In the low-temperature ferromagnetic regime
(T < Twi), the transport mechanism in mangan-
ites typically depends on various scattering mech-
anisms, including those originating from grain or
domain boundaries, electron—electron interactions
and electron—magnon scattering. Resistivity data in
this temperature range are analysed using the ex-
pression

p=po—posT"" +p2T° + ps T°, (20)
where po denotes the residual resistivity arising

from domain and grain boundaries; po.5 7% rep-
resents the weak localization, p, T2 refers to the
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Fig. 12. Determination of the Debye temperature
for the LCBMSO sample in a 0 T magnetic field.

electron—electron scattering process, whereas ps T
is attributed to electron—phonon scattering [69].
The results obtained from the curve fitting are pro-
vided in Table VII, and a representative plot is
illustrated in Fig. 11.

A reduction in the fitting parameters is observed
upon the application of a 1 T magnetic field. This
behaviour can be explained by the decrease in spin
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TABLE VII

Fitted parameters of the low temperatures resistivity
data of Lag.7Cao.18Bao.12Mng.955n0.0503.

Parameter Unit 0T 1T

00 [ cm] 143.1928 | 91.3154
£0.5 [Q cm/K%?] | 9.7140 4.6151
P2 [Q cm/K? 0.0120 0.0086
ps (x1078) | [ cm/K?] 1.4471 0.9890
R? 0.9991 0.9997

fluctuation caused by the application of an external
magnetic field. Furthermore, it is worth noting that
the residual resistivity pg is much larger than the
other terms; this confirms the important role that
grain boundaries play in the conduction process.

3.6.2. High-temperature behavior (T > Tyir)

In the high temperature regime, the conduction
mechanism is commonly described using two dif-
ferent models, namely the variable range hopping
(VRH) and small polaron hopping (SPH) mod-
els [70, 71]. The VRH model describes the electri-
cal resistivity above Ty and below 6p/2, where
Op is the Debey temperature. The term 6p/2
refers to half of the Debye temperature and repre-
sents a characteristic temperature above which the
phonon population becomes significantly activated.
The SPH model is applied at temperatures exceed-
ing 0p/2, as determined from the plot of In(p/T)
versus (1/T) (see Fig. 12).

Firstly, the variable range hopping (VRH)
model [72] is expressed as follows
T 14
= () (21)

where py represents the resistivity coefficient, and
Ty is the characteristic temperature. It is related to
the density of states near the Fermi level, N(Ep),
by

2403
Ty @

kgN(EFr)’
where a = 2.22 nm~! is the inverse of localization
length, and kg is Boltzmann’s constant. The resis-
tivity curves fitted using the VRH model are shown
in Fig. 13. The fitting parameters Ty and N (FEFr) are
provided in Table VIII. It was noticed that when a
magnetic field is applied, the value of Ty decreases,
whereas the value of N(Er) increases. This could be
due to the decrease in resistivity; it is the evident
impact of the increased charge carrier concentration
at the Fermi level [73].

Secondly, the adiabatic small polaron hopping
(ASPH) model [74] is given by the following expres-
sion

(22)
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Fig. 13. Fitting curve of resistivity versus tem-

perature obtained using the 3D-VRH model:
(a) uoH =0T and (b) poH =1 T.

TABLE VIII

Fitted parameters of the resistivity curves obtained
using the 3D-VRH and ASPH models.

Parameter ‘ Unit ‘ 0T ‘ 1T

Model (3D-VRH)  p(T) = po (%2)"/*
00 [ cm] |1.217 x 1078 | 1.248 x 1073
To K] 6.867 x 107 | 6.793 x 107
N(Er) (5] | 1417 x 10" | 1.432 x 10"
R? 0.9966 0.9955

_ Eq

Model (ASPH) p (T) = paT exp (kBT)
Op /2 K] 203.24 205.65
Pa [ cm] |6.078 x 107° | 6.094 x 107>
To (K] 2095.805 2103.646
E, [eV] 0.1815 0.1808
R? 0.9975 0.9965

E
p(T) = pT exp ( = ) | (23)

where p,, is the residual resistivity, F, is the activa-
tion energy for hopping conduction, and kg repre-
sents the Boltzmann constant. Figure 14 displays
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Fig. 14. Fitting curve of resistivity versus temper-

ature obtained using the ASPH model: (a) poH =
0T and (b) poH =1 T.

the data fitted using (23) for the ASPH model.
Table VIII indicates that when a magnetic field
of 1 T is applied, the activation energy decreases, in
agreement with the observed reduction in resistiv-
ity. Our value of F, is in good agreement with previ-
ous studies [75, 76]. Both considered models provide
satisfactory fits to our data in the semiconducting
region. However, the ASPH model demonstrates a
better correlation factor R? compared to the VRH
model, which suggests that adiabatic small polaron
hopping is the predominant transport mechanism.

4. Conclusions

In summary, a polycrystalline sample of
Layg.7Cag.18Bag.12Mng.955n0.0503 (LCBMSO) was
successfully synthesized through a solid-state
method. Rietveld refinement from XRD data
revealed that LCBMCO crystallizes with or-
thorhombic symmetry with Pnma space group.
SEM micrograph showed the granular nature of
the sample, with an average grain size of 2.53 um.
Moreover, magnetic measurements indicated that
the manganite LCBMSO undergoes a magnetic
transition from PM to FM at T¢, and the magnetic
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susceptibility obeys the CW law. From the M-H
curves at 1.8 and 100 K, it was observed that the
LCBMSO sample exhibits ferromagnetic behavior,
but at 300 K it shows paramagnetic behavior.
Electrical investigations showed that the resistivity
of LCBMSO has a metal-insulator transition at
Ty = 154 K. The maximum magnetoresistance
(MR) value of about 30% under poH =1 T was
obtained. The temperature coefficient of resistiv-
ity (TCR) reached a value of 3.35%, suggesting
that the sample is appropriate for bolometric
applications. The resistivity data in the metal-
lic region T < Ty were fitted by the equation
p(T) = po — posT%® + p2T? + psT°. In the
temperature range above Ty, the resistivity p(7T)
was fitted using the variable range hopping (VRH)
model for temperatures above 6p/2. However,
below 0p/, the adiabatic small polaron hopping
(ASPH) model was used to explain the resistivity
behavior.
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