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Abstract

Structural, microstructural, magnetic, electrical and magneto-transport properties of La ;,Ca, ;sBag 1,Mng 9551 9503 man-
ganite powders, prepared by the solid state method, were investigated. Two quenching processes were performed on the
samples: quenching in air and quenching to 77 K in liquid nitrogen. X-ray diffraction patterns refinement revealed that the
samples crystallized in the orthorhombic structure. The scanning electron microscopy micrographs presented granular char-
acters. The magnetization vs temperature plot showed a paramagnetic-ferromagnetic transition. The inverse susceptibility
x~1(T) deviation from the Curie-Weiss law revealed the existence of the phase above T in the nitrogen-quenched sample.
The hysteresis cycles reveal that the samples are ferromagnetic at 1.8 K and paramagnetic at 300 K. The resistivity curves
exhibit a ferromagnetic-metallic to paramagnetic-insulating transition. The magnetoresistance increased slightly in the
sample quenched to 77 K in N,.

Keywords Perovskite manganites - Quenching - Structure - Magnetotransport properties - Magnetic properties - Double-
exchange mechanism

1 Introduction behavior, insulator—metal transition, colossal magnetore-
sistance (CMR) [6] and magnetocaloric effect [7, 8]. Such
physical properties are principally explained through the

superexchange interaction and double exchange (DE) mech-

The perovskite manganites R;_ A MnO; (R =rare earth
ions such as Pr, La, Sm, Nd... and A =divalent earth ions

such as Sr, Ba, Ca...) built up the interest of the research-
ers because of their potential use in solid oxide fuel cells
(SOFC) [1], magnetic sensors [2], spintronics devices [3],
magnetic refrigeration technology [4] and biomedical fields
[5]. Manganite materials exhibit numerous properties,
on can cite: charge ordering (CO), ferromagnetism (FM)
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anism. These two interactions are not sufficient to explain
all the magnetoelectric behaviors in manganites other fac-
tors should be considered. According to the DE mecha-
nism, the ¢, electron mobility between two partially filled
d shells causes the magnetic coupling between Mn>* and
Mn** (Hund's rule coupling), which leads to an FM interac-
tion. However, the super exchange (SE) interaction produces
an antiferromagnetic ordering [9]. As a result, depending
on the Mn**/Mn** ion ratio, these two magnetic behaviors
can coexist in a single matrix. This type of competition is
known as phase separation [10]. Meanwhile, the presence
of FM clusters in the paramagnetic region is responsible for
the existence of Griffiths phase in the temperature interval
T-<Tg (T is the Griffiths temperature), which was origi-
nally suggested for a randomly diluted Ising ferromagnet
[11].

Among the intriguing properties, the magneto-resistance
(MR) and temperature coefficient of resistivity (TCR) are
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the most notable and extensively researched. In general, the
MR and TCR maximum in manganites are observed near
the metal-insulator transition (Tyy;), which is followed by a
FM to paramagnetic PM transition [12]. The TCR describes
the sharpness of the M-I transition and characterize the tem-
perature sensitivity of the compounds. The temperature coef-
ficient of resistivity with high values is suitable for infrared
detectors [13]. The MR, on the other hand, describes the
compounds’ sensitivity to an applied external magnetic field.
It is important to achieve the MR maximum at temperatures
above 300 K for magnetic switching applications.

Various factors may affect the magnetic, electrical and
magnetotransport properties. We can cite the most influential
ones: Jahn—Teller effect [14], average A and/or B-site cation
radius [15, 16], A-site cation size mismatch [17], oxidation
degree of cations and oxygen deficiency [18, 19]. The effects
of Mn-site replacement with a variety of elements such as
Ni, Co, and Fe on the electrical and magnetic properties have
been studied in many works [20, 21]. The authors deduced
that the doping increased the electrical resistivity and mag-
netotransport properties of La,Ca sMn 95X, 0505 (X =Co,
Fe, Cr and Ni) manganite. Few studies have been conducted
on the impact of Sn substitution at the Mn site on the man-
ganite’s properties. For instance, Li et al. reported that the
addition of Sn leads to a significant drop in Curie tempera-
ture at low doping in Laj sCa, sMn,_ Sn O; (0<x<0.06)
samples [22]. The influence of Sn substitution on the
structural and magnetotransport properties of (Lag ¢;51 33)
MnOj; has been investigated by Tank et al. [23]. The authors
noticed the resistivity values increase and the Ty transi-
tion temperature decreases. They reported that it could be
due to the reduction in bandwidth caused by the large ionic
radius of the Sn** substitution for Mn**. Kallel et al. exam-
ined the structural, magnetoresistance and magnetic proper-
ties of the La,, ;Sr;3;Mn,_,Sn,O5 system [24].They revealed
that the magnetoresistance increases for a low doping ratio
(x=0.05), which is discussed in light of the changes caused
by Sn doping in the extrinsic MR and in the Mn**-O-Mn**
network.

It is common knowledge that the conditions of the used
elaboration method, such as sintering temperature, pressure,
milling time and quenching process, have an effect on the
physical properties of ceramics. To produce high-quality
materials, these parameters must be carefully monitored and
tuned. Many studies have reported on the effect of sinter-
ing temperature (T,) on the structure, magnetic and electri-
cal transport properties of (La, Ca)MnO; manganite [25,
26]. They found that the magnetic entropy, magnetization,
Curie and metal-insulator transition temperatures increased
with sintering temperature, while the electrical resistivity
decreased. V. Trukhanov et al. [27] studied the effect of pres-
sure on the magnetic properties of La ;Sr, ;sMnO, mangan-
ites and found that the hydrostatic pressure increases the
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FM part of the oxygen-deficient La, ;Sr, ;MnO, g5. Effects
of milling time and grinding speed on the structural and
magnetic properties of the compound La, ,Ca,, ;MnO; were
investigated by W. Cherif et al. [28, 29]. They established
that the Curie temperature, AC conductivity and grain size
increased with the increase in milling time. However, only a
few studies have been proposed to investigate the quenching
process effect in manganite materials [30, 31]. The authors
reported on the resistivity, magnetotransport and magnetiza-
tion measurements on Pr,, 5Sr, sMnO; manganites quenched
from 1400 °C to room temperature in water or in air.They
found that magnetic and magneto-transport properties
intensely depend on the quenching conditions.

In this paper, we studied the effect of the quenching pro-
cess after the last sintering treatment on the physical prop-
erties of La, ;,Ca, 1gBaj ,Mn 4551 95053 (LCBMSO) man-
ganite. For this purpose, we have carried out an analysis
of the structural, microstructural, magnetic, electrical and
magnetotransport properties of samples.

2 Experimental procedure

Polycrystalline samples of La,, ;Ca, ;sBa, ;;Mng 9550 (505
(LCBMSO) were elaborated by the solid-state reaction
method through the use of high-purity oxides La,05, SnO,,
MnO, and carbonates BaCO;, CaCO;. The precursors were
weighted and mixed in an agate mortar. To achieve decar-
bonization, the mixture was calcined at 900 °C for 14 h, then
pressed into pellets of 13 mm diameter under 4 tons and
sintered at 1150 °C/10 h, 1160 °C/10 h and 1170 °C/10 h
with intermediate grinding and pressing. The two samples
were cooled to room temperature in two different ways: one
was quenched in air and the other was quenched to 77 K
in liquid nitrogen. The obtained samples were structurally
characterized at room temperature using a D8-Advance
Bruker-AXS diffractometer with monochromatic Cu K,
radiation at 2= 15406 A. The measurements were taken with
a step of 0.016° for two seconds over an angular range of 20
between 20° and 80.048°. The Rietveld refinement method
was employed to analyze the recorded XRD patterns using
the Fullprof program [32]. The compound morphology was
observed by a scanning electron microscope (JEOL JSM-
6390 LV type) equipped with an energy dispersive X-ray
spectrometer (EDS). The magnetic measurements were per-
formed at temperatures ranging from 1.6 to 300 K in zero-
field cooled (ZFC) and cooled cooling (FCC) modes under
100 Oe using a SQUID magnetometer (MPMS-3. Quantum
Design, USA). The electrical resistivity measurements p (T,
H) were carried out by using the standard four-probe method
in the temperature range between 5 and 300 K, without and
with the application of a 1 T magnetic field.
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Fig.1 XRD patterns of LCBMSO samples quenched in different
ways

3 Results and discussion
3.1 X-ray diffraction analysis

XRD patterns of La, ;Ca, ;sBay ;;Mny 9550, (sO; samples
quenched with different processes are shown in Fig. 1. The
results reveal sharp and intense diffraction peaks, indicating
the high crystallinity of our compounds. Figure 2 presents the
Rietveld refinement results obtained using Fullprof software
[32]. There is a good match between the experimental and
simulated spectra. The refinement indicates that the samples
are monophasic with an orthorhombic structure and Pnma
space group. We note that the asterisk (*) in Fig. 1 denotes the
presence a very low quantity of Mn;0, impurity (JCPDS card,
reference code. 00-001-1127) [33]. The inset in Fig. 2 displays
the 3D representation of the compounds, showing the crystal
structure and the MnOg octahedron. They are generated with
the aid of VESTA software (Visualization for Electronic and
Structural Analysis), using the Fullprof results in the output
* cif files [34]. The calculated unit cell parameters and volume
(a, b, c, V) are summarized in Table 1, along with the refine-
ment factors (R, Ry, Rppaee Ry and (chi)®) and the crystal-
lite size for the samples. The values of the refinement factors
confirm the high quality of our refinement. One can see that
the lattice parameters (a, b and c) verified the relationship of a
~ bl \/ 2 = ¢, implying that our samples own an orthorhombic
structure [35]. A slight variation in unit cell parameters and
volume is noticed.

The tolerance factor, noted ¢, is often calculated to see
how stable the perovskite structure is by applying the fol-
lowing formula:

0.7(La™*) +0.18(Ca’") + 0.12(Ba®*) + 3(0°")
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Fig.2 Rietveld plots of XRD data for LCBMSO samples

where La’*=1.216 A, Ca?*=1.18 A and Ba2t=1.47 A
are the ninefold ionic radii of A-site; Mn>* =0.645 A
Mn**=0.53 A, Sn**=0.69 A and 0>~ =1.35 A are: the
sixfold ionic radii of B-site [36].

It is well known that the perovskite system is determined
according to the tolerance factor value. When ¢ is close to the
unit, the structure is cubic. It is rhombohedral for 0.96 <7< 1
and for t<0.96 the system is orthorhombic [37]. In the present
work, the calculated value of the tolerance factor tth is 0.82,
which indicates that the expected structure of our samples is
orthorhombic. Moreover, the experimental tolerance factor
reflects the degree of the octahedral distortion. It is given by
Eq. (2) [38]:

_ dA—O
texp - T = (2)

V2dy

where d,_ and dj_,, are the average bond lengths between
A — O and B — O, respectively.
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Table 1 Lattice parameters, unit cell volume with reliability factors,
crystallite size and strain values calculated from Debye—Scherrer and
Williamson Hall plot analysis

Sample Quenched in air Quenched
to 77 K in
N,
Lattice parameters
a(A) 5.4815(6) 5.5053(4)
b(A) 7.7616(8) 7.7428(5)
c(A) 5.4854(6) 5.4794(4)
V(A 233.38(17) 233.58(3)
Refinement factors
R, (%) 10.6 22.4
Ry, (%) 14.1 31.1
Rirage (%) 2.50 7.56
Ry (%) 3.15 14.7
Ve 0.424 2.29
Average crystallite size
Dg-(nm) 69.50 78.09
Dy (nm) 74.15 88.31
£ (x1072) 0.146 0.154

For the ideal perovskite structure (tolerance factor t = 1),
the Mn—O bond lengths in MnOg octahedra remain equal
and the Mn — O — Mn bond angles equal 180°. When the
perovskite structure is distorted (tolerance factor < 1), the
MnOg octahedron tilting causes changes in the Mn — O bond
lengths and the Mn — O — Mn bond angle becomes less than
180° [39]. From Table 2, we can see that the tolerance factor
increases from 0.942 to 0.952 and the Mn/Sn — O — Mn/Sn
bond angle gets closer to 180°, which leads to a reduction in
the MnOg, distortion. The increase in Mn/Sn — O — Mn/Sn
angle promotes charge carrier hopping and decreases charge
localization, which is backed up by resistivity data (dis-
cussed in the section below) [40]. It is noteworthy that the
values of 7, and 7, are in the orthorhombic interval < 0.96;
this indicates that the quenching process changes the bond
lengths and the bond angles of the MnOg octahedron while
the crystal structure remains orthorhombic.

In order to comprehend the quenching process effect
on the crystallite size of our compound, Debye-Scherer’s
formula [41] is used to estimate the crystallite size by tak-
ing the most intense XRD reflection peak (002) of both
samples:

_ Ki
¥ Bcosh &)

where is 1=1.5406A the X-ray wavelength, K=0.9 is
the shape factor, 0 is the angle matching to the highest
peak in the diffraction pattern and f = f

sample ﬁinstrumental
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Table 2 Rietveld refined crystallographic parameters of LCBMSO
samples, experimental tolerance factor, bandwidth
cos (%(n—(Mn—O—Mn)))

3.5
d(B—U)

and Jahn-Teller distortion given as

3
5 = \/ 13 [(Mn - 0); - (Mn - 0)]’, where Mn-O-Mn is the

band angle dp_,, is the Mn-O bond length and <Mn-O>is the aver-
age bond length

Sample Quenched in air Quenched
to 77 Kin
N,

Atomic position (La/Ca/Ba)

X 0.01361 —0.00546

y 0.25000 0.25000

z — 0.00669 —0.00313

Bi, 0.98305 0.77405
(Mn/Sn) x 0.00000 0.00000

y 0.00000 0.00000

z 0.50000 0.50000

B, 0.56834 0.50059
o(l) x 0.49666 0.49006

y 0.25000 0.25000

z 0.03638 0.05701

B, 0.02000 2.23215

0Q2) x 0.25325 0.27128

y -0.05055 0.02168

z 0.72151 0.74007

Bi,, 0.02000 0.02528
Bond distance (10\)

Mn-O1 1.95073 1.97304

Mn-02 1.88611 1.90849

Mn-02 2.07775 1.99729

dy_o 2.6264 2.6404
dg_o 1.9715 1.9596
Bond angles (°)

<Mn/Sn—-O-Mn/Sn > 162.1009 162.7467
Texp 0.9420 0.9520
W(eV) 0.0918 0.0938

Oyr 0.0796 0.0375

is the line broadening at half of the maximum intensity
(FWHM). The estimated crystallite size Dy is found to be
69.5 nm in the sample quenched in air and has increased
to 78.09 nm in the sample quenched to 77 K in liquid
nitrogen. According to the Williamson-Hall method [42]
more details can be obtained on the microstructures of our
samples; the following relation was used:

pcosf = l;(_/l + 4esind 4)
WH
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Fig. 3 Williamson-Hall plots for LCBMSO samples

The average crystallite size Dy, and lattice strain € are
calculated from the y-intercept and the slope of the linear
plot of ficosf versus 4sinf as shown in Fig. 3. The results
display a positive slope that specifies the presence of posi-
tive or tensile stresses in the samples, which can lead to
an increase in the cell volume as revealed by XRD analy-
sis [43]. The estimated values of the strain and the crys-
tallite size obtained from both the Debye—Scherrer and
the Williamson-Hall methods are summarized in Table 1.
From these results, we can conclude that the average crys-
tallite size Dy values are too higher than Dg.. The tensile
stresses, which are considered in the Williamson-Hall analy-
sis, can be responsible for this rise in values [44].

3.2 Morphological and elemental studies

Figure 4a, b represents SEM micrographs of the LCBMSO
compounds quenched with two different processes. They are
obtained from the surface of the pellets at the same mag-
nification 3000 X . The micrographs display granular sur-
faces nature for both samples. Grains with polygonal and
spherical-like shapes of different sizes are formed. Needle-
shaped grains appeared within the matrix of the quenched
in air sample and a small number of them can be seen in
the quenched in N, sample. Clearly visible grain boundaries
and low porosity can be observed for the two samples. The
average grain sizes are calculated using ImagelJ software [45]
without taking the needle-shaped grains into account and the
sizes are found to be around 2.42 and 2.50 pm for samples
quenched in air and quenched in N,, respectively.

Energy dispersive X-ray (EDX) spectra are presented in
Fig. 5. All the elements detected from the EDX peak reflec-
tions belong to the constituent elements of the samples. The
spectra show a peak related to carbon at low energy; it may
be due to the incomplete decarbonization of the LCBMSO

compounds or to possible surface contamination caused by
the use of sticking tape during the EDX characterization.
Whereas the appearance of the Si peak can be attributed
to the presence of silicate oxides [46]; we assume it only
occurs on the surface since no trace of its phase was found
in XRD diffractograms. The presence of silicate oxides in
the matrix is most likely responsible for the production of
needle-shaped grains.

3.3 Magnetization measurements data

The magnetization measurements were carried out
in order to investigate the magnetic properties of
La, ,Ca, sBa, ;,Mn, 955, 1505 manganite samples. Magnet-
izations versus temperature (M-T) measurements have been
recorded under a 100 Oe magnetic field for both samples.
They were carried out in two modes. In zero-field cooled
mode (ZFC), the samples were cooled down from room tem-
perature to 1.6 K in the absence of a magnetic field and then
magnetization data were collected up to 300 K by the appli-
cation of a magnetic field of 100 Oe. In field-cooled cool-
ing mode (FCC), magnetization data have been collected
by cooling the samples again down to 1.6 K after applying a
field of 100 Oe. The measured data are displayed in Fig. 6.

The ZFC and FCC magnetization curves are separated at
irreversible temperatures T;,,= 120 K for sample quenched
in air and at 7, =122 K for sample quenched to 77 K in
liquid nitrogen. As the temperature dropped, the divergence
between these curves widened significantly. However, this
divergence is larger for the slow-cooled sample which is in
our case the air-quenched one. The deviation between ZFC
and FCC curves below T}, may be due to the spin-glass
nature of samples [47]. Figure 6 depicts that both samples
exhibit an FM to PM transition at Curie temperature Tc. The
magnetic transition shifted significantly toward high tem-
peratures, as evidenced by the Curie temperature T deter-
mined from the minimum of dM /dT (Fig. 7). It is found to
be at 140 K for the sample quenched in air and at 216 K for
the sample quenched to 77 K in liquid nitrogen. The Curie
temperature is proportional to the width of the e, electron
band (7. = fW), where P is constant [48]. As a result, the
increase in Mn/Sn — O — Mn/Sn angle from 162.1009° to
162.7467° and the decrease in Mn — O/Sn distance from
1.9715 A to 1.9596 A cause the increase in the bandwidth,
which raises the T [49].

In the sections below, we have used the electronic band-
width W to discuss the electrical properties of our samples.
In addition, Fig. 7 shows another small dip in the differen-
tial magnetization curve of the sample quenched to 77 K in
nitrogen, which corresponds to a temperature value higher
than 7. This can be attributed to the presence of ferromag-
netic clusters within the paramagnetic region, as reported
by Chihi et al. [50].

@ Springer
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To get a better understanding of the magnetic behav-
ior, we have plotted the inverse magnetic susceptibility
[)(_l =H/M] versus temperature as depicted in Fig. 8. Con-
trary to the air-quenched sample, it shows that the nitrogen-
quenched one presents a Griffiths phase between 258 and
318 K. It is well known that the relationship between C
(the Curie constant) and T in the paramagnetic (PM) region
should obey the Curie—Weiss (CW) law:

“

where 6, is the Weiss temperature which can be estimated
from the y-intercept of the Curie—~Weiss plot y~! (), the
Curie constant C is extracted from the inverse of the slope.

@ Springer

The y~' (T) curve for the nitrogen-quenched sample pre-
sents a downturn deviation from CW law, which is absent
for air-quenched one. This later adheres completely to the
Curie—Weiss law.

The positive value of 6, reveals the ferromagnetic interac-
tion between the spins of our samples [51]. Moreover 6, is
greater than the 7~ values for both samples. Commonly, the
difference between 7 and ¢, depends on the substance and
may be related to the existence of a short-range order, which
could be caused by magnetic inhomogeneity [52].

Furthermore, we calculated the theoretical effective
moment uélgf and the experimental effective moments y:?f for
both samples using the relations below [53-55]:
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Fig.5 EDX spectra of the samples a quenched in air and b quenched
to 77K in N,
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Fig.6 Temperature-dependent ZFC and FC magnetization M(T) in a
field of H=100 Oe for samples: a quenched in air and b quenched to
77 K in nitrogen
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Fig.8 Thermal dependence of inverse susceptibility (y~!=H/M) of
samples: a quenched in air and b quenched to 77 K in liquid nitrogen

exp _

3K,C
ot = 1] ~"5 = V8Cuy ©)
A”B

where pp =9.27x10"2*JT"! is the Bohr mag-
neton; Uy =49up 5 e =387up  [56];
N, =6.023 x 10 mol™! the Avogadro number and

Kz =1.38x 1072 JK™! the Boltzmann constant. The
obtained values of the C, T, ep, yz.ffp and #3& are

@ Springer
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Table 3 Magnetic data for the two samples: quenched in air and
quenched to 77 K in nitrogen

Sample Quenched in air Quenched
to 77 Kin
N,

T-(K) 140 216

T, (K) - 318

TRand (K) - 258.74

8, (K) 189.3 2422

C (emu.K/Oe.mol) 5.293 5.329

#Z?f (pg) 6.507 6.529

ﬂ;?f (np) 4.533 4.533

A - 0.340

summarized in Table 3. As seen from the effective para-
magnetic moment values, the experimental values are rela-
tively much larger than the theoretical ones. The presence
of ferromagnetic clusters in the paramagnetic region is at
the origin of this difference [54]. These clusters could be
caused by the Griffiths phase in the PM region [11].

It is worth noting that the susceptibility inverse deviates
from CW law at Griffiths temperature T above T (see
Fig. 8b). The boxed area in this figure represents the (GP)
region, which is characterized by the existence of short range
order of ferromagnetic clusters in a PM matrix. According
to the Griffith’s theory [11], this metaphase is distinguished
by a susceptibility exponent (A) which has a value between
zero and unity. This exponent can be determined using the
power law given by [57]:

7N (T) o (T = TRy ™ %

where T84 represents the random FM temperature at which
susceptibility tends to diverge (T < TR < T;). The fitted
values of 4, 7% and T are mentioned in Table 3. The value
of 1 (0<4<1) can be used to evaluate the strength of the
Griffiths phase (GP). The exponent A is expected to be zero
in the pure PM region [58].

Figure 9 displays the variation of magnetization with an
applied magnetic field between + 70 kOe taken at tempera-
tures of 1.8 K and 300 K for both samples. The M-H data
was collected after cooling down the sample to 1.8 K. From
this figure, one can notice that both samples exhibit a sharp
rise in magnetization in the region of a weak magnetic field
up to 10 kOe. Subsequently, the system reached saturation
as the applied magnetic field increased. This proves the fer-
romagnetic character of our compounds as a result of the full
orientation of the spins. At 300 K, magnetization changes
linearly with magnetic field values, indicating that there is
no saturation in magnetization, indicating that our samples
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Fig. 9 Magnetic hysteresis cycles at: a T=1.8 K and b 7=300 K for
both LCBMSO samples

are paramagnetic at this temperature. We can observe a dif-
ference between the curve levels of the two samples, which
may be attributed to the difference in the grain sizes. In fact,
the nitrogen-quenched sample, with higher mean grain sizes,
exhibits a higher level curve. This result is in accordance
with those found by P. Kameli et al. [59] and by V. Dya-
konov et al. [60].

3.4 Electrical and magneto-electrical properties

The electrical resistivity p(7) without and witha 1 T
applied magnetic field and the magnetoresistance (MR) as
a function of temperature for our compounds quenched in
different ways are shown in Fig. 10. Both samples possess
a metal-insulator transition at Ty, which is the tempera-
ture at the obtained resistivity maximum. Semiconductor
behavior is above T);; and metallic behavior is below it. In
addition, Fig. 10 displays the magnetoresistive character
as manifested by the significant decrease in resistivity
with the application of a magnetic field. One can notice
that T, values move towards high temperatures, imply-
ing that the applied magnetic field promotes electron
hopping between adjacent Mn ions, and this finding is
in agreement with the double-exchange (DE) model [61,
62]. We note that the resistivity values change according
to the quenching process. The largest value is obtained
for the sample quenched in air (see Fig. 11). It should
be emphasized that the resistivity values in the granular
manganites are considerably related to the grain size. It
is found to be lower in samples with larger grains and
this has been explained by the fact that grain boundaries
include more magnetic disorder, which increases electron
scattering [63].



Structural, electrical, magnetic and magnetotransport properties of...

Page90of17 26

35

+{ Quenched in air ooT
2.5x10 01T
W o MR [30
2.0x10*
25
—_ N
1.5x10°1 s
E 20 ﬂsﬂ
]
(=% 4_|
1.0x10 L 15
5.0x10° L 10
0.0 L5
T T T T T T T
0 50 100 150 200 250 300
T(K)
45
2.5x10°-{ Quenched to 77K in N, ooT [ 40
o 1T
o MR
I35
2.0x10*
30
—~ 1.5x10* F25
5 0 &
o L
= 1.0x10%
15
F1
5.0x10°] 0
L5
0.0 Lo
T T T T T T T
(] 50 100 150 200 250 300
T(K)
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Fig. 11 Temperature variation of the resistivity of LCBMSO com-
pounds

From the refined results of the Rietveld method of
Mn/Sn — O — Mn/Sn angles and Mn/Sn — O distances
(Table 2), one can explain the electron hopping behavior
between the Mn/Sn — O sites based on electronic band-
width values [61]. In this regard, the Mn/Sn — O — Mn/Sn
angle is proportional to the electronic bandwidth W
[64], which is empirically described by the following
expression:

cos(%zr— (Mn—O—Mn))

W= ®)

3.5
d(B—O)

where < Mn — O — Mn > is the bond angle and d_), is the
Mn — O bond distance. From Table 2, we notice that there
are three different Mn/Sn — O distances, which indicates
that the structure is distorted. Such distortion is mainly due
to the ionic radius of the constituent elements and the Jahn—
Teller effect. According to Eq. (8), the enlargement in the
bond angle Mn — O — Mn and the decrease in bond distance
Mn — O cause the increase in the electronic bandwidth W
[65]. According to our findings, the W is smaller in the case
of the sample quenched in air than in the sample quenched
to 77 K in liquid nitrogen. The of increase in bandwidth
values increases the overlapping of the Mn-3d and O-2p
orbitals resulting in an increase in the exchange coupling
of Mn**~0*"-Mn"**. In an insulator, the gap energy E, is
described as Eg = A — W; A represents the charge transfer
energy. Indeed, in R;_ A MnO; manganite, the A changes
sparely and the bandwidth W becomes the major factor con-
trolling the E, band [66]. As a result, increasing W decreases
the E, band, resulting in a high metal-insulator temperature
Ty and a low peak of resistivity in the sample quenched to
77 K (see Fig. 11).

Furthermore, the change in the quenching process affects
the experimental tolerance factor and the JTD distortion.
This later is calculated according to the following relation
[64]:

3
8 = %Z [(Mn - 0),— < Mn -0 >]* ©)

The degeneration of the Mn 3d orbital in manganites is
lifted by its splitting into #,, and e, orbitals as a result of the
influence of the octahedral crystal field. However, in the
presence of Jahn-Teller distortion, further splitting of the e,
and by orbitals occurs, which leads to the localization of the
electrons [67]. From Table 2, we notice the decrease in the
MnOj, octahedral distortion values with the increase in grain
size. This diminution is in accordance with the increase in
the e, electron delocalization; consequently, the resistivity
decreases.
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Table 4 Resistivity values, metal-insulator transition temperature 1 dp

Ty, maximum of magnetoresistance MR, and maximum of tem-  TCR(%) = { — X T x 100 (11)
perature coefficient of resistivity TCR, p

max

Sample H(T) pQcm) Ty (K) TCR,, % MR, %
Quenched 0 23,298.50 147.05 447/ 30.08
in air T=109 K
1 16,830.69 149.22 4.32/
T=107 K
Quenched 0 20,696.36 151.15 442/ 33.31
to 77 K'in T=119K
nitrogen 1 14,882.39 15579 4.13/
T=120K
6 Q hed
A uenched in air
® Quenched to 77K in Np
4 i“‘ ]
. [
4 ”%
2 2 "
& .
- sl
< ol g, %
g 4 A:h,p"( v
o 6]
2+ 50 100 150 zé} 250 300
] ()
-4 : ' } ’
-6 T T T T T T T T T T T T T
0 50 100 150 200 250 300 350
T(K)

Fig.12 Variation in TCR% with temperature at O and 1 T for
LCBMSO compounds

The temperature-dependent magnetoresistance is given
by the following expression:

p0) — p(H)

MR% =
p(0)

x 100 (10)

where p(0) and p(H) are the resistivities at zero and 1 T of
applied magnetic fields, respectively. The effect of MR is
observed over a wide temperature range from 5 to 300 K.
The MR exhibited a maximum ratio of 33% around Ty, in
the MR-T curves for the sample quenched to 77 K in liquid
nitrogen (Fig. 10). One can see that the magnetoresistance is
more pronounced in the metallic region, as expected. Resis-
tivity values, metal-insulation transition and the magnetore-
sistance MR, are tabulated in Table 4.

The temperature coefficient of resistivity in the nearness
of Ty is very useful in bolometric and infrared detectors
[68, 69]. Figure 12 displays the effect of the quenching pro-
cess and magnetic field application on the TCR. This param-
eter is described by the following equation:
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where p and T are the resistivity and the temperature. The
maximum of TCR value is 4.47% at 109 K for the sample
quenched in air and 4.42% at 119 K for the sample quenched
to 77 K in nitrogen. There is no change in its curves when
a 1 T external magnetic field is applied. Our TCR,,, values
are significantly lower than those found in previous works
[68-71], however, they are high in comparison with values
reported by other studies [69, 72]. We assume that the differ-
ences are primarily due to the elaboration conditions.

3.5 Conduction mechanism

With the aim of better inderstanding the conduction mecha-
nism of our materials, we employed many models to fit our
p(T) curves. These models include a number of interactions
that could alter the magneto-transport properties of our sam-
ples [73].

3.5.1 Low-temperature behavior (T<Ty,)

In the ferromagnetic phase, the electrical conduction below
the M-I transition is mainly understood according to the
double-exchange theory [74]. However, some details on the
variation of low temperature resistivity (7'< T;) and interac-
tions between the different scattering mechanisms resulting
from various contributions are not completely understood
[75]. We have fitted our temperature-dependent resistivity
data using different models. These models are described as
a combination of a number of interactions and given by the
following relations:

p=py+psT° (12)
p=py+pT° +psT° (13)
p=po = posT" + p,T7 + psT° (14)

where p, is the resistivity induced by the grain boundary
effect, the term p, s T represents the weak localization [76];
the electrical resistivity p, T2 in Eqgs. (13) and (14) described
the electron—electron scattering contribution [77]; the elec-
tron—phonon scattering processes is introduced in the last
term p5T5 [78].

The accuracy of our fits is assessed by comparing the
obtained values of the squared linear correlation coeffi-
cients R2. The best results for both samples with and without
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Fig. 13 Fit curves of resistivity versus temperature for LCBMSO
samples by weak localization (ee-ep): a quenched in air and b
quenched to 77 K in nitrogen

applied magnetic fields are related to the model with the
four terms in Eq. (14). They are displayed in Fig. 13. The
R? value is found to be around 0.996. In Table 3, the best fit
parameters are listed. As can be seen, applying a magnetic
field decreases the pg, pg 5, p, and ps values. This could be
understood by the overall reduction of the spin fluctuation
with the application of an external magnetic field [63].
Moreover, the p,, p, s, p, and ps values are found to con-
siderably decrease in the case of the sample quenched in

Table5 Low temperature best fit parameters obtained for our samples

5 1, H= 0T
4
()
oy 000000000
3
g 27
<
£
14
0 -
14

T T
0.010 0.015

1T(K™)

T
0.005

Fig. 14 Determination of Debye temperature for LCBMSO sample
quenched in air under zero tesla magnetic field

nitrogen. This is expected since the resistivity values also
decrease. Such a decrease reflects the eventual lowering in
scattering processes due to grain enlargement compared to
the air quenched sample [79]. We notice from the obtained
values that the term p,,, which represents the residual resis-
tivity, is larger than the terms p, 573, p,T? and psT>, this
indicates that in the conduction process, grain boundaries
play a crucial role.

3.5.2 High-temperature behavior (T>Ty,)

Various models can be used to explain the variation in
the electrical resistivity with temperature above Ty, for
instance: Adiabatic small polaronic conduction (ASPC) [80],
Thermally activated conduction (TAC) [80], Mott's variable
range hoping (VRH) [35], Biadiabatic small polaron hop-
ping (BASPH) [81], Non-adiabatic small polaron hopping
(NASPH) [75], Holstein's adiabatic small polaron (HASPH)
[82] and the Effros-Schklovskii variable range hoping (ES-
VRH) model [83]. From the fitting study performed on our
samples, we have adopted small polaron hopping and 3D
Mott’s variable range hopping models [84], in two comple-
mentary regions separated by the Debye temperature (6p,).
This temperature is estimated from the plot of In(p/T) vs

Sample H (T) po (Q cm) Pos (Qecm K™%  p, (Qcem K ps(x107) (Qem  R?
K™)
Quenched in air 0 1536.1079 121.7179 0.1047 3.9612 0.9966
1 770.7879 6.1259 0.0108 2.9769 0.9991
Quenched to 0 1088.939 48.8392 0.0207 3.1183 0.9965
77 Kinnitro- | 772.5499 25.2730 0.0284 2.0229 0.9976
gen
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Fig. 15 Fit curve of resistivity versus temperature by 3D-VRH for
samples: a quenched in air and b quenched to 77 K

(1/T) shown in Fig. 14. The 3D Mott’s variable range hop-
ping model is given as follows:

T\ /4
o(T) = pwxp(;“) (15)

where p(T) is the experimental resistivity, 7} is the character-
istic temperature, p, is the residual resistivity. The obtained
values of 7, are similar to those mentioned for other man-
ganites [85].

In addition, the density of state near the Fermi level
N (E F) can be calculated using the following equation [86]:

KT, = 24/(aN(Ep)&%) (16)

where,N (E F) is the density of states near the Fermi level,
K is the Boltzmann constant and £ is the localization length,
usually taken to be 0.45 nm [87].
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The obtained Mott parameter 7, allowed us to determine
the density of state N(E) for both samples. The fitting
curves are shown in Fig. 15.

The estimated parameters N (Ej) and T, are provided in
Table 6, and they are consistent with previous works [88,
89]. We note here that the N (Ej) of the sample quenched in
nitrogen is the largest one. This value gives electrons more
opportunities to hope; which improve conductivity values.

Moreover, the applied magnetic field leads to an increase
in N (E F) for both samples, which explains the decrease in
resistivity and hence the magnetoresistive character of the
samples. In order to understand which of the two samples
is more magnetoresistive than the other, we calculate the
AN(Ey) given by:

AN(Ep) =N(EF)1T—N(EF)OT a7

N(EF) ,r and N(EF)OT are the densities of state at 1 and
0T.

From Table 6, we can see that AN(EF) for the 77 K
quenched sample is larger than the air quenched one. This
means that the quenched sample at 77 K is more sensitive to
the magnetic field and thus more magnetoresistive.

According to the 3D-VRH, the expressions of the mean
hopping distance R, and mean hopping energy E; can be
written [90] as follows:

T\ V4
R,(T) = %C‘(?O) as)

1
E, = 4—‘1<BT3/4(T0)‘/4 (19)

The findings are presented in Figs. 16 and 17.

One can see that R), values decrease with increasing tem-
perature, contrary to E, values; this is the main character
of the VRH mechanism, which translates the “intelligent”
hopping of the electrons. The obtained values of the mean
hopping distance R,, are greater than the Mn — O — Mn dis-
tance of 0.39 nm [91, 92].

It is worth noting that the mean hopping energy E, for
the sample quenched in 77 K is greater than the E, val-
ues for the other sample. Under a zero field, the obtained
value of E,, for the sample quenched in air varies between
0.117 eV and 0.145 eV; it ranges between 0.111 eV and
0.138 eV for the sample quenched to 77 K in nitrogen.

It is commonly known that the electrical resistivity
above 0p/2 can be investigated using the adiabatic small
polaron hopping (ASPH) model [26, 93, 94], which is
identified by the following expression:

E
p(T) = poT exp <ﬁ> (20)
B
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Fig. 17 Mean hopping energy of LCBMSO compounds

where p, is the residual resistivity and E, denotes the
activation energy for electrical conductivity. Figure 18
displays the ASPH model's results. The estimated values
of activation energy for this model are recapitulated in
Table 7.

In sum, based on the findings obtained in this sec-
tion, we conclude that the semiconductor phase is well
described by the suitable model in each region.
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Fig. 18 Fit curves of resistivity versus temperature for the samples by
ASPH model: a quenched in air and b quenched to 77 K in nitrogen

4 Conclusion

In conclusion, an investigation of the quenching effects on
the structural, magnetic, electrical and magneto transport
properties of La,Ca, 3Ba; 1,Mng 9551 1505 compounds
elaborated by the solid-state route has been reported.
XRD patterns and Rietveld refinements revealed that the
structure of the two samples was orthorhombic with Pnma
space group. The calculated crystallite size increased from
69.5 nm for the sample quenched in air to 78.09 nm for the
sample quenched to 77 K in liquid nitrogen. The samples

Table 6 Fitting parameters

Sampl H (T Q T, (K N(Ep) (eV~!em™ AN(E, R?
using 3D-VRH model ampe @ Po (€2 cem) 0 K Ep) cm™) Ep)
Quenched inair 0 4515%10712  2.738x10%  3.555x10'8 0.957 0.9951
1 2998x 107" 2.157x10%  4.512x10'8 0.9987
Quenchedto 77K 0 6.005x107""  2.041x10%  4.769x10'8 2.61 0.9990
in nitrogen 1 1.603x 107 1.319%x10%8  7.379%x10'® 0.9966
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Ezz ?AS];;;-tIHIlr%oI()iirlameters Sample H(T)  6,2(K)  p(@cm) T, (K) E,eV) R
Quenched inair 0 197.56 2661x10% 2199384  0.1897 0.9979
1 203.79 1478x10% 2313361 0.1996 0.99859
Quenched 077K 0 203.79 2.835x10% 2236470 0.1929 0.9990
in nitrogen 1 213.67 2407x10% 2266234 0.1955 0.99825

possess a granular morphology. The magnetic properties of
our samples were assessed in both zero field and field cool-
ing magnetization modes. Both samples showed a FM-PM
transition and Tc became higher with the enlargement of
Mn/Sn — O — Mn/Sn bond angle. The Curie—Weiss law
and the Griffiths phase function are used to fit all curves.
The existence of a short-range order of ferromagnetic
clusters in a paramagnetic region revealed the presence
of the Griffiths phase, in the nitrogen quenched sample.
The p(T) curves showed a metal-insulator transition at
151.15 and 147.05 K for the quenched samples to 77 K
and in air, respectively. The resistivity reduction induced
by the application of a magnetic field is explained by the
double exchange theory. The maximum value of mag-
netoresistance is 33% for the sample quenched in liquid
nitrogen. The maximum value of the temperature coef-
ficient of resistivity is 4.47% for the sample quenched in
air. In the metal region T < Ty, the resistivity data are
found to fit well by using a combination of interactions:
weak localization, residual resistivity, electron—phonon
interaction and electron—electron scatterings. In the insu-
lating region 7> Ty, the electrical resistivity data fit well
with two models: Mott's variable range hopping (3D-VRH)
and the adiabatic small polaron hopping model (ASPH).
The calculated parameters such as Mn/Sn — O distance,
Mn/Sn — O — Mn/Sn angle, Jahn—Teller distortion, band-
width and density of state N(E) are found to be coher-
ent with each other and are used in this study to explain
why the sample quenched in nitrogen to 77 K is the most
magnetoresistive.
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